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Preface to ”Molecular Mechanisms of Steroid

Hormone Biosynthesis and Action”

Dear Colleagues,

Steroids are essential hormones that regulate biological processes across the lifespan. Steroid

hormone production and action must be tightly controlled otherwise there can be detrimental effects

on physiological function leading to disease.

The biosynthesis of steroids and their actions in target tissues and cells are complex but

coordinated processes that rely on a series of diverse cellular and molecular events that include proper

steroidogenic cell differentiation and gene expression, hormone transport, hormone processing, and

hormone action via interaction with specific receptors. The regulation of these events requires the

concerted action of various hormones, growth factors, transcription factors, and other signaling and

regulatory molecules to ensure adequate genomic, cellular and/or physiological responses. Many of

these processes are also targets for endocrine disruption.

This reprint contains original (15) and review (4) articles by experts at the cutting edge of their

fields published in a Special Issue on the “Molecular Mechanisms of Steroid Hormone Biosynthesis

and Action” of the International Journal of Molecular Sciences. The topics are broad and include: 1)

Steroid hormone biosynthesis, including substrate availability, mechanism of steroidogenic enzyme

action and impact of mutations; 2) Molecular and cellular regulation of steroidogenesis, including

steroidogenic cell response to hormone stimulation, signaling pathways, kinases, transcription

factors, and gene expression; 3) Molecular mechanisms of endocrine disruptor action on steroidogenic

cells; and 4) New tools and approaches to detect and study steroid hormones.

I sincerely hope that the readers will appreciate the breath of information this reprint contains in

addition to encouraging them to further explore this constantly evolving and fascinating field.

Finally, I would like to express my sincere gratitude to all the authors and referees for their

dedicated contribution to this Special Issue.

Jacques J. Tremblay

Editor
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Role of STAR and SCP2/SCPx in the Transport of Cholesterol
and Other Lipids

Melanie Galano 1, Sathvika Venugopal 2 and Vassilios Papadopoulos 1,2,*

1 Department of Pharmacology and Pharmaceutical Sciences, School of Pharmacy,
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2 Department of Medicine, The Research Institute of the McGill University Health Centre, McGill University,
Montreal, QC H4A 3J1, Canada

* Correspondence: vpapadop@usc.edu; Fax: +1-323-442-1681

Abstract: Cholesterol is a lipid molecule essential for several key cellular processes including steroido-
genesis. As such, the trafficking and distribution of cholesterol is tightly regulated by various path-
ways that include vesicular and non-vesicular mechanisms. One non-vesicular mechanism is the
binding of cholesterol to cholesterol transport proteins, which facilitate the movement of cholesterol
between cellular membranes. Classic examples of cholesterol transport proteins are the steroidogenic
acute regulatory protein (STAR; STARD1), which facilitates cholesterol transport for acute steroidoge-
nesis in mitochondria, and sterol carrier protein 2/sterol carrier protein-x (SCP2/SCPx), which are
non-specific lipid transfer proteins involved in the transport and metabolism of many lipids including
cholesterol between several cellular compartments. This review discusses the roles of STAR and
SCP2/SCPx in cholesterol transport as model cholesterol transport proteins, as well as more recent
findings that support the role of these proteins in the transport and/or metabolism of other lipids.

Keywords: cholesterol; cholesterol transport; steroidogenic acute regulatory protein; sterol carrier
protein 2; sterol carrier protein-x

1. Introduction

Cholesterol is a lipid molecule that has been associated with many diseases such
as cardiovascular disease, atherosclerosis, Alzheimer’s disease, and different types of
cancers [1–3]. While much of the cholesterol research has focused on its dysregulation
and role in the pathology of these diseases, it is also an essential lipid molecule critical
to the maintenance of a variety of indispensable functions and pathways. Cholesterol
is a 27-carbon molecule containing four fused rings and an 8-carbon tail, making it a
hydrophobic molecule [4]. As such, cholesterol is a major component of cellular membranes,
where cholesterol interacts with other lipids to regulate the membrane permeability of
certain ions and solutes, the rigidity of the membrane to act as a scaffold for membrane
proteins, and the fluidity of the membrane for rapid diffusion, budding to form vesicles, or
fusion with other membranes for trafficking [5]. Furthermore, cholesterol is the precursor
of all steroid hormones, which play vital roles in reproduction, salt and water balance,
and stress response [4]. It is also metabolized into various oxysterols that then give rise to
bile acids, which are critical for the absorption and digestion of lipids [4,6]. Because of its
role in several key cellular processes, cholesterol must be properly trafficked throughout
the cell, which occurs via both vesicular and non-vesicular pathways, of which the latter
involves cholesterol transport proteins [7]. Cholesterol interacts with a variety of cholesterol
transport proteins for its intracellular trafficking, such as the steroidogenic acute regulatory
protein (STAR; STARD1), a key protein in acute steroidogenesis, and sterol carrier protein
2/sterol carrier protein-x (SCP2/SCPx), which are non-specific lipid transport proteins that
may play roles in cholesterol transport and metabolism [8,9]. While STAR is classically
known to transport cholesterol for mitochondrial steroidogenesis, recent data suggest
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that STAR may also function in the transport and/or metabolism of other lipids [10].
Additionally, since the discovery that STAR and not SCP2 is the key cholesterol transporter
for steroid biosynthesis, the general role of SCP2/SCPx in the transport of cholesterol and
other lipids has been ignored [11–13]. In this review, we discuss intracellular cholesterol
distribution and current evidence for the multifunctional roles of STAR and SCP2/SCPx as
model cholesterol transport proteins.

1.1. Synthesis

Cholesterol is derived from two sources: de novo synthesis or dietary intake. While all
mammalian cells are able to synthesize cholesterol, steroidogenic cells of the adrenals, testis,
ovaries, and brain synthesize cholesterol at the highest rates [14,15]. De novo cholesterol
biosynthesis occurs in the endoplasmic reticulum (ER) by a complex process involving
several, tightly regulated enzymes of the mevalonate pathway [4,16,17].

In addition to de novo cholesterol synthesis, cholesterol is also supplied to the cell via
dietary intake. Cholesterol derived from food is absorbed by the small intestine, packed
into chylomicrons, and transported to the liver, where cholesterol is processed into very
low-density lipoproteins (VLDLs) [18]. Through circulation, VLDLs become low-density
lipoproteins (LDLs), which bind to LDL receptors (LDLR) on the cell surface. These
complexes are then endocytosed through clathrin-coated pits into the cytoplasm, which
then fuse to endosomal compartments for processing the LDLs, while LDLR is recycled
back to the cell surface. The cholesteryl esters derived from LDLs are subsequently de-
esterified to free cholesterol by lysosomal acid lipase [4,19]. In contrast, another mechanism
of cholesterol uptake into the cell occurs via a non-endocytic pathway involving the uptake
of high-density lipoproteins (HDLs) by scavenger receptor class B, type I (SR-BI), which
is mostly expressed in steroidogenic cells of the testes, ovaries, and adrenals [20]. HDL
particles bind SR-BI, which transfers HDL cholesterol to the plasma membrane [21]. The
cholesteryl esters derived from HDLs are then hydrolyzed by hormone-sensitive lipase,
forming free cholesterol [22].

1.2. Distribution

Regulation of cellular cholesterol levels occurs at many levels. Cholesterol biosynthe-
sis can be regulated by the sterol regulatory element-binding protein 2, which regulates
transcription of genes important for cholesterol biosynthesis, and by HMG-CoaA reductase
enzyme (HMGCR) [1]. Additionally, cholesterol homeostasis may be regulated by con-
trolling LDLR-mediated uptake or by controlling cholesterol efflux by cholesterol efflux
transporters such as ATP-binding cassette subfamily A member 1 [1]. Further, levels of
cholesterol can be controlled by cholesterol esterification through the regulation of acyl-
coenzyme A: cholesterol acyltransferases (ACAT1 and ACAT2) [23]. While active, free
cholesterol is most commonly found in membranes or trafficked to other organelles for
other functions, cholesterol esterification prevents the accumulation of free cholesterol and
primes esterified cholesterol for storage in lipid droplets [24].

Lipids in biological mammalian membranes include sphingolipids, glycerol-based
lipids, and cholesterol, and the lipid composition of a specific membrane is determined
in part by its subcellular location [25]. In the cell, about 65%–80% of cellular cholesterol
is present at the plasma membrane, while the Golgi apparatus and endosomal recycling
compartment (ERC), which are closely associated with the plasma membrane, have interme-
diate cholesterol levels [26]. However, the ER has only 0.1%–2% of total cellular cholesterol
despite this being the site of cholesterol biosynthesis [27]. This has led to the notion that
newly synthesized cholesterol in the ER is rapidly transported to other organelles for
other functions or stored in lipid droplets as cholesteryl esters. Additionally, mitochondria
are also cholesterol-poor, despite mitochondria being the initiation site of steroidogene-
sis [28,29]. Therefore, these low intrinsic concentrations necessitate the rapid transport of
cholesterol from intracellular stores into mitochondria for steroid production [30].
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1.3. Intracellular Trafficking: Vesicular and Non-Vesicular Cholesterol Transport

The transport of cholesterol between organelles or from intracellular stores is vital
for many cellular processes; therefore, proper cholesterol trafficking is finely regulated.
Because cholesterol itself is insoluble, it is trafficked in the cell in two general ways: vesicular
pathways and non-vesicular pathways. Vesicular cholesterol transport involves the delivery
of membrane cholesterol via a vesicle formed by budding off of the donor membrane,
followed by vesicle fusion with another membrane [31]. Vesicular cholesterol transport,
such as the trafficking of cholesterol via internalization of LDL-derived cholesterol, vesicle
formation, and movement of cholesterol through the endosomal and lysosomal pathways,
requires an intact cytoskeleton and metabolic energy [27,32].

Although much work has been done elucidating mechanisms of vesicular cholesterol
trafficking, evidence shows that inhibiting vesicular transport by genetic or pharmacologi-
cal means does not inhibit intracellular cholesterol transport [33–35]. Furthermore, work
has shown that cholesterol trafficking between the ER and plasma membrane occurs much
faster than vesicular trafficking via membrane proteins [36], implying robust non-vesicular
trafficking. Non-vesicular cholesterol trafficking involves the transport of cholesterol from
a donor membrane to an acceptor membrane that does not require metabolic energy. This
process can occur spontaneously via passive diffusion, the rate of which is dependent on
the donor membrane’s lipid composition; by cholesterol-transport proteins, either soluble
or membrane-bound; or by membrane contact sites that involve brief interactions between
membranes [37]. Although passive diffusion of cholesterol is a slow process, cholesterol-
transport proteins or membrane-contact sites can accelerate cholesterol transport [32,37].
This review focuses on the role of cholesterol-transport proteins in intracellular cholesterol
trafficking for various cellular processes.

1.4. Cholesterol Transport in Steroid Biosynthesis

One important transport route of cholesterol is the delivery of cholesterol from intra-
cellular stores into mitochondria for steroid biosynthesis. The rate-limiting step of acute
steroid biosynthesis is the transport of cholesterol derived from intracellular stores at the
outer mitochondrial membrane (OMM) to the matrix side of the IMM where cytochrome
P450 side chain cleavage enzyme CYP11A1 resides [38–40]. This process is initiated by
stimulation of steroidogenic cells by the pituitary trophic hormones, luteinizing hormone
(LH), follicle stimulating hormone (FSH), and adrenocorticotropic hormone (ACTH), which
induce cyclic AMP (cAMP) production [41]. Previous work in our laboratory showed
that hormonal stimulation and cAMP induction initiates the formation of a multi-protein
complex called the transduceosome, consisting of cytosolic and OMM proteins that together
transport cholesterol across the OMM [42]. The cytosolic components of the transduceo-
some include acyl-CoA binding domain-containing 3, protein kinase A regulatory subunit
1, and hormone-induced STAR, which are anchored to TSPO and voltage dependent an-
ion channel 1 (VDAC1), the OMM components of the transduceosome. While the exact
mechanism by which cholesterol moves through the transduceosome is still unclear, dis-
ruption of the interactions between these proteins and knockdown or deletion studies
have demonstrated the importance of each of these proteins in cholesterol transport for
steroid biosynthesis [10,42–45]. Once at the OMM, proteins of the steroidogenic metabolon,
which include TSPO and VDAC along with the IMM proteins ATPase family AAA domain-
containing protein 3A and CYP11A1, facilitate the transport of cholesterol to the matrix
side of the IMM, where cholesterol is converted to pregnenolone by CYP11A1 [46].

2. Model Cholesterol-Transport Proteins

There are several proteins and protein families that facilitate non-vesicular cholesterol
transport between membranes. Here, we discuss STAR, which is critical for cholesterol
transport into the mitochondria for hormone-induced steroidogenesis, and SCP2/SCPx,
which are non-specific lipid transfer proteins that play a role in the transport and/or
metabolism of many lipids including cholesterol, as model cholesterol-transport proteins.
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2.1. STAR

Hormonal stimulation of steroidogenic cells results in the rapid delivery of cholesterol,
the precursor of all steroids, to the IMM where cholesterol is converted to pregnenolone,
the first step in steroidogenesis [38]. One of the proteins indispensable for steroid biosyn-
thesis is STAR, which is known to facilitate the transfer of cholesterol to mitochondria
upon hormonal stimulation [47]. In addition to STAR, there are many other proteins and
enzymes involved in steroid biosynthesis, spanning several cellular compartments. The
direct interaction between STAR and several of these proteins was shown to be critical for
steroidogenesis [30,48].

2.1.1. Role of STAR in Steroidogenesis

Because steroidogenic cells store only very low amounts, steroids must be synthesized
rapidly in response to hormonal stimulation. While basal steroidogenesis involves the
slow process of transcribing steroidogenic enzymes, hormone-stimulated steroidogenesis
involves the rapid transfer of cholesterol to CYP11A1 [39,40,49]. STAR was first discovered
when it was shown that acute steroidogenic responses paralleled the synthesis of a 37 kDa
phosphoprotein, steroidogenic acute regulatory protein or STAR [50,51]. Overexpression of
STAR in MA-10 mouse tumor Leydig cells was found to induce steroidogenesis to a similar
extent as cAMP, and introduction of STAR into non-steroidogenic COS-1 cells transfected
with the CYP11A1 system increased steroidogenesis 6-fold [47,52–54]. Furthermore, the
key role of STAR in cholesterol transport for acute steroidogenesis was shown when STAR
mutations in humans caused congenital lipoid adrenal hyperplasia (lipoid CAH), a disease
characterized by severe deficiency in steroid production and accumulation of cholesterol in
steroidogenic cells [55,56]. Star knockout (KO) in mice has a similar phenotype as humans
with STAR mutations; however, gonadal function was less affected in mice [57].

2.1.2. STAR Protein Activity

STAR is synthesized as a 37 kDa cytosolic preprotein composed of an N-terminal
mitochondrial targeting sequence and a C-terminal cholesterol-binding STAR-related lipid
transfer (START) domain [52,58,59]. While STAR is constitutively expressed under basal
conditions, hormonal stimulation parallels a rapid increase in STAR levels and leads to
translocation of STAR to the OMM [50–52]. STAR is synthesized from pre-existing mRNA,
as inhibition of gene transcription did not affect induction of steroidogenesis by cAMP
and only newly synthesized STAR protein is active [60,61]. Active 37 kDa STAR is rapidly
processed at the OMM to an inactive 30 kDa mature protein, which is then imported to the
mitochondrial matrix where it is degraded [48,62]. Active STAR has a half-life of 3–5 min
in the cytoplasm, while inactive STAR has an average half-life of 2–4 h in the matrix [63,64].
Deletion of the N-terminal mitochondrial targeting sequence of STAR (N-62 STAR) resulted
in no change in activity, although N-62 STAR haphazardly inserted cholesterol into other
membranes, suggesting that STAR’s targeting sequence is vital for confining its activity to
mitochondria [13,65]. STAR functions solely at the OMM and does not need to enter the
mitochondria for its activity [66,67]. Further work has shown that the residence time of
STAR at the OMM is proportional to its steroidogenic activity [68]. This activity has been
shown to be tightly regulated by various mechanisms, particularly phosphorylation at
Ser-194, which induces its cholesterol transfer activity by 50%, and interaction with 14-3-3γ,
which negatively regulates steroid production by blocking phosphorylation of STAR at
Ser-194 [60,69–71].

2.1.3. STAR Function in Cholesterol Transport and the START Domain

While the exact mechanism by which STAR facilitates cholesterol transport into the
mitochondria is unknown, several studies utilizing cell-free systems have shown that STAR
binds cholesterol and transfers it between membranes [12,13,72]. As mentioned above,
STAR contains a C-terminal cholesterol-binding START domain, a hydrophobic sterol-
binding pocket composed of four α-helices and nine antiparallel β-sheets, which is common
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among other closely related lipid transfer proteins [59,72–74]. Of the START proteins, the
closest homolog to STAR is STARD3, also known as metastatic axillary lymph node protein
64 (MLN64). The START domains of STAR and STARD3 have 35% sequence identity.
However, while both these proteins have been shown only to bind cholesterol, STAR
contains a mitochondrial targeting sequence, whereas STARD3 contains an N-terminal
domain targeting the protein to late endosomes suggesting distinct functions in cholesterol
transport due to differences in subcellular localization [59,75].

One current model of cholesterol transport by STAR is called the molten globule model,
which has the C-helix of STAR’s START domain interacting with protonated phospholipid
head groups at the OMM, inducing the C-helix to swing open [76,77]. According to this
model, this conformational change allows STAR to bind and then release cholesterol [76,77].
In addition to its proposed role in binding and releasing cholesterol itself, another model
suggests that STAR can trigger IMM importation of cholesterol bound to the cholesterol-
binding domain of TSPO [43,76].

2.1.4. Other Roles of STAR

Whereas most studies investigating the function of STAR have focused on the role of
hormone-induced STAR in cholesterol transport for steroid biosynthesis, we developed
a STAR KO MA-10 mouse tumor cell line (STARKO1) to investigate the role of constitu-
tive STAR, i.e., STAR protein present under basal conditions independent of hormonal
stimulation [10]. We showed that the absence of constitutive STAR altered lipid droplet
content, specifically leading to dramatic increases in the amounts of cholesteryl ester, dia-
cylglycerol, and phosphatidylcholine in STARKO1 cell lipid droplets [10]. Alterations in
lipid droplet content paralleled alterations in the levels of many lipid-related genes. These
data suggested that STAR functioned in the transport and/or metabolism of various other
lipids, independent of its role in cholesterol transport for steroidogenesis. Furthermore, our
recent data suggested that absence of constitutive STAR led to alterations in mitochondrial
structure and function, which were exacerbated by reintroduction of STAR into STARKO1
cells [78]. Taken together these results show that STAR may have other distinct func-
tions in addition to its known classical role in cholesterol transport for hormone-induced
steroidogenesis (Figure 1).

Figure 1. Function of hormone-induced STAR and constitutive STAR. Hormonal stimulation induces
STAR to localize to the OMM where it interacts and works with other transduceosome proteins to
transport cholesterol to CYP11A1 at the IMM for acute steroidogenesis. CYP11A1 converts cholesterol
to the first steroid, pregnenolone. Upon reaching the OMM, the mitochondrial targeting sequence of
STAR is cleaved, inactivating the protein, and inducing its import into the matrix. Constitutive STAR
plays a role in the transport and/or metabolism of cholesteryl esters, diacylglycerol, and phosphatidyl-
choline as knockout of STAR results in the accumulation of these lipids. Abbreviations: Ch: cholesterol;
P5: pregnenolone; DAG: diacylglycerol; CE: cholesteryl ester; PC: phosphatidylcholine.
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2.2. SCP2/SCPx

Unlike STAR, SCP2 and SCPx have broad specificity for various lipids, and for this
reason, they are referred to as non-specific lipid transfer proteins [9]. Since it is sometimes
hard to tease out separate functions between the two, we use SCP2/SCPx to indicate
nonspecificity. Both proteins have been shown to function in intracellular cholesterol
transport between several sites such as mitochondria, ER, and plasma membrane [11,79,80].
In addition to cholesterol, previous studies have shown that SCP2/SCPx are involved in
the transport and metabolism of other lipids including cholesteryl esters, fatty acids, fatty
acyl-CoAs, and phospholipids [81].

2.2.1. SCP2/SCPx Gene and Protein Products

The SCP2 gene contains two distinct transcription initiation sites and encodes a 15 kDa
pro-SCP2 protein and the 58 kDa SCPx, which have identical C-termini [82]. Upon further
processing, the 15 kDa pro-SCP2 protein is cleaved to form the mature 13 kDa SCP2. The 58 kDa
SCPx is also post-transcriptionally processed into 46 kDa SCPx, as well as the same mature
13 kDa SCP2 [83,84]. SCP2 and SCPx are both highly expressed in adrenals, testis, ovaries,
liver, and intestine, all tissues with high rates of cholesterol metabolism [85]. While SCP2 and
SCPx have lipid transfer activity, SCPx has been shown to be a critical enzyme in peroxisomal
β-oxidation [86]. Owing to the peroxisomal targeting AKL sequence at the common C-terminus,
SCP2/SCPx are both found in peroxisomes, but SCPx is exclusively localized to peroxisomes,
in line with its critical function in β-oxidation, while SCP2 is also found in the cytosol [87–89].
Additionally, there is evidence suggesting that these proteins contain a predicted mitochondrial
targeting sequence at the N-terminus, suggesting dual targeting [81,90].

2.2.2. Role of SCP2/SCPx in Cholesterol Transport

Because SCP2/SCPx are both synthesized via expression of a single gene, most genetic
manipulation studies described here are non-specific as to whether the findings pertain
to SCP2 alone, SCPx alone, or both proteins. Several lines of evidence have supported
the role of SCP2/SCPx in intracellular cholesterol trafficking. Studies have shown that
recombinant human SCP2 binds cholesterol at a single binding site, however, the reported
Kd values between these studies are drastically different, with one reporting a Kd of
4.2 nM and the other reporting a Kd of 0.3 μM [91,92]. Furthermore, work suggesting
that SCP2/SCPx function in cholesterol transport includes in vitro studies showing that
SCP2/SCPx are effective in enhancing sterol trafficking ~27-fold from plasma membranes
to microsomal membranes and ~12-fold from plasma membranes to mitochondria [93].
Additionally, since cholesterol transport between lysosomes to plasma membrane occurs
within two minutes in intact cells, which is inconsistent with vesicular transport, a choles-
terol transport protein-mediated mechanism involving SCP2/SCPx was postulated [94]. It
was shown that cholesterol transport from lysosomal membranes to plasma membranes
isolated from mouse L-fibroblasts was enhanced 364-fold by SCP2/SCPx [79]. This study
also showed that in L-cells plasma membranes with Scp2 overexpressed, cholesterol lev-
els/mg protein decreased by 38%, consistent with other data showing that SCP2 is involved
in distributing cholesterol away from the plasma membrane to other cellular sites such as
lipid droplets [79,95]. Additionally, cholesterol/mg protein decreased by 17% in lysosomal
membranes isolated from these over-expressing L-cells, while there was a 2.2-fold increase
in cholesterol/mg protein in ER membranes from the same cells [79,94]. In intact cells,
transfection with human SCP2 increased exogenous cholesterol uptake by 1.9-fold and total
cholesterol mass by 1.4-fold [83]. In addition, SCP2/SCPx enhanced cholesterol transport
from the plasma membrane to ER for esterification by ACAT in L-cells and enhanced
intracellular cholesterol cycling in hepatoma cells [83,96,97]. SCP2 was also shown to play a
role in cholesterol efflux because transfection of L-cells with Scp2 inhibited HDL-mediated
cholesterol efflux from lipid droplets to the plasma membrane through lipid rafts [95].

In addition to these studies utilizing intact cells to elucidate a role for SCP2/SCPx in
cholesterol transport, studies using genetic manipulation of Scp2 in animal models have also
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been done. In mice overexpressing Scp2, there was an increase in plasma LDL cholesterol,
a decrease in plasma HDL cholesterol and a 70% increase in hepatic total cholesterol [98].
In Scp2 gene-ablated mice, total hepatic cholesterol decreased 15%, likely due to decreases
in cholesteryl esters [99]. In addition to these findings, animal models have also suggested
a role of Scp2 in biliary cholesterol secretion. In rats with Scp2 overexpression, total hepatic
cholesterol content and total bile acid content increased [98]. Conversely, in rats treated
with Scp2 antisense oligonucleotides that led to a 60% reduction in Scp2 levels in the
liver, there was a delay in biliary cholesterol secretion [100]. Taken together, these data
support the role of SCP2/SCPx in intracellular cholesterol transport between a variety of
membranes and for a variety of critical cellular processes.

2.2.3. Role of SCP2 in Steroidogenesis

In addition to these proposed functions in cholesterol trafficking by SCP2/SCPx, much
work has also been done to delineate a potential role of SCP2 in cholesterol transport to the
mitochondria for steroidogenesis. While STAR is known to mediate the acute, rapid transport
of cholesterol from the OMM to the IMM, thereby depleting the OMM of cholesterol, many
studies have been done to investigate whether SCP2 plays a role in replenishing the OMM with
cholesterol from intracellular stores. In isolated rat steroidogenic adrenal cells, SCP2 enhanced
radiolabeled cholesterol transport from lipid droplets to mitochondria and also significantly
increased pregnenolone production [101]. Introduction of human SCP2 and the components of
the cholesterol side chain cleavage system in non-steroidogenic COS-7 cells also led to increased
steroid production [102]. Furthermore, human SCP2 is most highly expressed in the steroido-
genic tissues (adrenals, testis, and ovaries), and hormonal stimulation of the steroidogenic cells
of these tissues leads to an increase in SCP2 mRNA expression and protein levels by a cAMP
dependent pathway and increased its association with mitochondria [103–106]. Additionally,
in Scp2-overexpressing L-cells, it was shown that sterol transport from isolated lysosomal to
mitochondrial membranes was enhanced by SCP2 [107].

However, although there is much indirect evidence that SCP2 plays a role in steroido-
genesis, the function of SCP2 in cholesterol transport into the mitochondria for steroid
production has been called into question. Firstly, it was shown that human SCP2 enhanced
cholesterol transfer to mitochondrial membranes regardless of whether the mitochondria
were isolated from MA-10 cells or from fibroblasts, showing that the cells need not be
steroidogenic for SCP2 to transport cholesterol to mitochondria [12]. Secondly, it was
found that Scp2 gene-ablated mice had normal serum testosterone, progesterone, and
corticosteroid levels [99]. It may be the case that, although SCP2 is dispensable for steroido-
genesis, it may play a role in cholesterol transport to the mitochondria as a supplementary
mechanism to STAR-mediated cholesterol transport.

2.2.4. Role of SCP2/SCPx in the Transport of Other Lipids

While SCP2/SCPx are classically known as sterol transport proteins, these proteins
also possess high binding affinities for many other lipid classes and have been shown
to play a role in the transport and/or metabolism of many other lipids. For example,
SCP2 has high affinity for fatty acids with a reported Kd of 234 nM, similar to other fatty
acid binding proteins, and previous reports show that SCP2/SCPx enhance the cellular
uptake and intracellular transport of fatty acids [108–111]. Further studies have shown
that SCP2/SCPx function in fatty acid transport to peroxisomes for oxidation and to ER for
phospholipid incorporation [111,112]. Another lipid group for which SCP2 has high affinity
is fatty acyl CoAs, with reported Kds in the range of 2–4 nM [113,114]. In vitro studies and
studies in intact cells have shown that SCP2/SCPx stimulate the incorporation of microsomal
fatty acyl CoA into phosphatidic acid [112,115]. Additionally, SCP2 has high affinity for
phosphatidylinositol (PI) and may play a role in PI transport to the plasma membrane based
on data showing that human SCP2 overexpression results in the significant redistribution
of PI from mitochondrial and ER membranes to plasma membranes [116]. Lastly, SCP2 has
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been shown to have nanomolar affinity to all sphingolipid classes, and in vitro studies using
liver homogenates suggest that SCP2/SCPx increase sphingomyelin transport [117–119].

2.2.5. Role of SCPx in Peroxisomal β-Oxidation

In addition to being a lipid transporter, the 46 kDa SCPx protein that arises from 58 kDa
SCPx exhibits 3-ketoacyl-CoA thiolase activity [120]. The 46 kDa SCPx is responsible for
catalyzing the final step of the peroxisomal β-oxidation of branched-chain fatty acids and the
metabolism of cholesterol for bile acid synthesis, while the classical 3-ketoacyl-CoA thiolase
is specific for catalyzing the final step of peroxisomal β-oxidation of straight-chain fatty
acids [86,121]. Indeed, Scp2 gene-ablated mice had defects in the metabolism of branched-chain
fatty acids with a ten-fold accumulation of phytanic acid in knockout mice [99]. Further,
mice null for Scpx, but with normal levels of Scp2, had altered levels of hepatic fatty acids,
suggesting that branched-chain fatty acid oxidation requires SCPx independent of SCP2 [122].
The indispensable role of SCPx in peroxisomal β-oxidation was further exemplified when a
homozygous 1-nucleotide insertion in SCP2 in a patient resulted in the complete absence of
SCPx protein and led to leukoencephalopathy with dystonia and motor neuropathy, hyposmia,
azoospermia, and an accumulation of branched-chain fatty acids [123]. While deficiencies
in several peroxisomal enzymes and/or proteins leading to neurological diseases, such as
X-linked adrenoleukodystrophy and Refsum disease, have previously been reported across
many patients, this was the first report of a patient with SCPx deficiency [123]. The second
report of SCPx deficiency was caused by a compound heterozygous mutation in SCP2, again
leading to undetectable levels of SCPx and neurodegenerative symptoms [124]. Recently,
our laboratory worked on the characterization of a third patient with SCPx deficiency, the
first associated with a heterozygous mutation in SCP2, leading to low, but detectable levels
of SCPx [125]. Similar to previous reports, the patient presented with severe neurological
symptoms. However, in contrast to previous studies, the patient’s pristanic and phytanic
acid levels were normal, indicating that the patient’s low levels of SCPx were sufficient for
branched-chain fatty acid metabolism. Despite normal pristanic and phytanic levels, levels
of many other lipid species among various lipid classes, including fatty acids, acylcarnitines,
sterols, phospholipids, and sphingolipids were altered in the patient’s fibroblasts, suggesting
a role for SCPx in the transport and/or metabolism of these lipids [125]. Taken together,
these data exemplify the critical and multifunctional roles of SCP2/SCPx as non-specific lipid
transporters and SCPx as a key enzyme in peroxisomal oxidation (Figure 2).

Figure 2. SCP2/SCPx function in the transport and metabolism of cholesterol and other lipids.
SCP2/SCPx may transport cholesterol between various cellular membranes and organelles, such as
the plasma membrane, mitochondria, lipid droplets, ER, lysosomes, and peroxisomes. Cholesterol
intermediates also undergo oxidation in peroxisomes via SCPx for bile acid synthesis. In addition to
cholesterol transport, SCP2/SCPx play a role in fatty acid, phospholipid, and sphingolipid transport.
SCPx is also a key enzyme in the peroxisomal β-oxidation of fatty acids. Abbreviations: Ch: cholesterol;
ER: endoplasmic reticulum.
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3. Future Directions and Conclusions

Cholesterol transport proteins play vital roles in the intracellular distribution of choles-
terol for several key cellular processes. Although STAR is classically known to function
in cholesterol transport for hormone-induced steroidogenesis, recent studies suggest that
it may have additional roles in the transport and metabolism of other lipids. While these
studies point to additional roles of STAR, further studies should be done to clarify the
mechanism by which STAR functions in these roles. For example, while current data
supports a role of STAR in affecting lipid droplet content, it is still unclear how STAR may
promote the transport of various lipids to lipid droplets. Additionally, it will be important
to further investigate the role of STAR in mitochondrial structure and function since current
data indicate that the absence of STAR leads to mitochondrial dysfunction. Furthermore,
while SCP2/SCPx were first recognized as sterol transfer proteins, an accumulation of data
ranging from cell-free systems to patients with SCP2 mutations have suggested a broader
role for these proteins in lipid transport and metabolism. Additional work may also be
done to further elucidate the multifunctional roles of these proteins, including the roles
of these proteins in the transport and metabolism of the various lipids in distinct tissues,
which has been supported by the current data. Thus, the data presented here suggest that
STAR and SCP2/SCPx, classic examples of intracellular cholesterol transport proteins, play
a more general role in lipid transport and metabolism in addition to their respective roles
in cholesterol trafficking.
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Abstract: In the testis, Leydig cells produce steroid hormones that are needed to masculinize typical
genetic males during fetal development and to initiate and maintain spermatogenesis at puberty
and adulthood, respectively. Steroidogenesis is initiated by the transfer of cholesterol from the outer
to the inner mitochondrial membrane through the action of steroidogenic acute regulatory protein
(STAR). Given its importance for the steroidogenic process, the regulation of STAR gene expression
has been the subject of numerous studies. These studies have involved the characterization of key
promoter sequences through the identification of relevant transcription factors and the nucleotide
motifs (regulatory elements) that they bind. This work has traditionally relied on in vitro studies
carried out in cell cultures along with reconstructed promoter sequences. While this approach has
been useful for developing models of how a gene might be transcriptionally regulated, one must
ultimately validate that these modes of regulation occur in an endogenous context. We have used
CRISPR/Cas9 genome editing to modify a short region of the mouse Star promoter (containing a
subset of regulatory elements, including conserved CRE, C/EBP, AP1, and GATA motifs) that has
been proposed to be critical for Star transcription. Analysis of the resultant mutant mice showed
that this short promoter region is indeed required for maximal STAR mRNA and protein levels in
the testis. Analysis also showed that both basal and hormone-activated testosterone production in
mature mice was unaffected despite significant changes in Star expression. Our results therefore
provide the first in vivo validation of regulatory sequences required for Star gene expression.

Keywords: steroidogenesis; testis; transcription; testosterone; Leydig cell; GATA

1. Introduction

Testosterone is the main sex hormone produced by the mature testis. It is essential for
establishing biological maleness in typical XY males: development of the male urogenital
tract during fetal development, acquisition of male secondary sex characteristics at puberty,
and fertility in adults. Testosterone is synthesized and secreted by Leydig cells present
in the testicular interstitium through the process of steroidogenesis. Steroidogenesis is
the multistep conversion of cholesterol into steroid hormones via the sequential action of
multiple proteins/enzymes. Steroidogenesis needs to be tightly regulated as too little or too
much steroid hormone production can lead to incidences of differences of sex development
(DSD) or pathologies such as congenital adrenal hyperplasia (CAH), osteopenia, and
hormone-related cancers (reviewed in [1]). The regulation of testicular steroidogenesis is
complex and involves many regulatory molecules and mechanisms such as luteinizing
hormone (LH), its signaling pathways, and the factors that interpret these signals [1].
The latter include most notably transcription factors acting on the expression of genes
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that encode steroidogenic enzymes and other proteins involved in the biosynthesis of
testosterone (reviewed in [2,3]).

Members of the GATA family of transcription factors are emerging as important
regulators of steroidogenesis (reviewed in [4–6]). The GATA family is comprised of six
factors (GATA1 to 6) that recognize and bind to the DNA motif (A/T)GATA(A/G) through
their two conserved zinc finger domains. GATA factors are found in a broad array of
tissues where they participate in cell differentiation, organogenesis, and the control of
tissue-specific gene expression (reviewed in [4,7]). In both male and female gonads, GATA
factors, especially GATA4 and/or GATA6, are crucial for the formation of the urogenital
ridge, sex determination (gonad differentiation), fertility, and most likely steroidogenesis
(reviewed in [4,7,8]). Insights into the GATA-dependence of steroidogenesis have come
mainly from studies done in whole testis or immortalized Leydig cell lines. For example,
GATA4 knockdown in either MA-10 or MLTC-1 Leydig cells represses the steroidogenic
gene expression program and ultimately the production of sex steroid precursors [9,10]. In
mice, loss of GATA4 and/or GATA6 function in the testis appears to block steroidogenic cell
development and concomitant undermasculization of male embryos [11]. One of the testic-
ular genes shown to be prominently affected by a modulation of GATA4/6 gene expression
or activity is the gene encoding the steroidogenic acute regulatory protein (STAR).

Steroidogenic acute regulatory protein (STAR or STARD1) is a member of the larger
START domain family, a group of transport proteins that share a common functional do-
main, the STAR-related lipid-transfer domain. In humans, 15 members (STARTD1-15) of
the START domain family are known to transport cholesterol, ceramide, phosphatidyl-
choline, phosphatidylethanolamine (PE), and bile acids (reviewed in [12]). The first STARD
protein discovered was the STAR or STARD1 protein which transports cholesterol from
the outer to the inner mitochondrial membrane in steroidogenic cells of both the adrenals
and gonads (reviewed in [13,14]). Cholesterol transport into the mitochondria is the rate-
limiting step of steroidogenesis. STAR function in steroidogenesis was confirmed by both
human disease (lipoid congenital adrenal hyperplasia/lipoid CAH) where the STAR gene
is mutated [14,15], and in Star null mice which have a similar steroidogenic defect as seen
in human lipoid CAH [16]. Being the rate-limiting step in steroidogenesis, STAR expression
and activity is acutely regulated at both the transcriptional and post-transcriptional levels
(reviewed in [13]).

The transcriptional control of the STAR gene has been intensely studied (reviewed
in [13]). The proximal STAR promoter contains many tightly clustered regulatory motifs for
the binding of different transcription factors that have been shown to modulate STAR pro-
moter activity in vitro. These include motifs for the binding of NR5A factors (SF1/NR5A1
and LRH1/NR5A2), NR4A factors (NUR77/NGFI-B/NR4A1, NURR1/NR4A2, and
NOR1/NR4A3), CCAAT/enhancer binding protein β (C/EBP β), CREB family factors
(cAMP response element (CRE)-binding protein (CREB), CRE modulator (CREM), and
sterol element binding protein (SREBP)), activator protein 1 (AP1), dosage-sensitive sex
reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 (DAX1), and Ying
Yang 1 (YY1) (reviewed in [13]). As previously mentioned, GATA factors, mostly notably
GATA4, are known to bind to the proximal Star promoter and enhance its transcription
in vitro both basally and in response to acute hormonal stimulation [17,18]. The endoge-
nous Star gene, however, has not yet been validated as a direct target for GATA binding or
other transcription factors proposed to modulate its expression.

In this study, we report a novel mouse model created by CRISPR/Cas9 genome editing
that modifies the mouse proximal Star promoter region to inactivate the critical GATA-
binding motif as well as an adjacent 19-bp deletion that removes additional CRE, C/EBP,
and AP1 binding motifs. Our results show that this short promoter region containing
the GATA motif is required for endogenous Star expression in both fetal and postnatal
mouse testes.
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2. Results

2.1. The Integrity of a Short Promoter Region Harboring a Conserved GATA-Binding Motif Is
Essential for Maximal Star Gene Expression in the Mouse Testis

Over the last two decades, the importance of GATA factors for the development and
functioning of the mammalian gonads has been demonstrated through the analysis of
GATA loss-of-function models in mice as well as the in vitro characterization of the GATA-
dependence of the promoter regions of potential target genes (reviewed in [4,7,8]). The
validation of these genes, however, as direct targets for GATA factors has been more of a
challenge. CRISPR/Cas9 genome editing now offers the possibility of directly addressing
this important question by allowing the precise targeting and modification of the genomic
regions where GATA factors bind to their target genes. We used this strategy to define the
anti-Müllerian hormone gene as a genuine target for GATA binding in Sertoli cells of the
testis [19]. We now describe here the generation of a new mouse model using CRISPR/Cas9
editing to assess the importance of GATA binding for Star expression. As overviewed
in Figure 1, the proximal mouse Star promoter contains a lone conserved GATA binding
motif. Two sgRNAs were used in microinjections to maximize the chances of obtaining
genome modifications that targeted the Star GATA motif. Less than 2% of founder mice
(2 out of 105 births) were successfully targeted by the sgRNAs. Of these 2 founders, one
was successfully repaired by the donor ssODN and contained the desired mutation of the
GATA motif of the Star promoter. This same mouse also presented a 19-bp deletion created
by nonhomologous end joining immediately upstream of the mutated GATA motif that
also inactivated CRE, C/EBP, and AP1 binding motifs (Figure 1). A second founder mouse
presented a longer 48-bp deletion that removed an SF1/NR5A1 motif in addition to those
for CRE, AP1, and GATA. Both founders were viable and fertile. However, only the first
founder (which we named pStarΔ19-GATAmut) transmitted the modified allele to its progeny.
Mice heterozygous for the Δ19-GATA mutation were crossed to generate homozygotes;
mice resulting from this cross were born at the expected Mendelian frequencies with
a male/female ratio of 1:1. Both male and female pStarΔ19-GATAmut heterozygous and
homozygous mice were visibly undisguisable from wild-type (WT) littermates. Mature
homozygous pStarΔ19-GATAmut mice from both sexes were also fully fertile and showed no
indication of adrenal insufficiency that is characteristic of Star null mice [16].

 
Figure 1. CRISPR/Cas9 genome editing strategy to target a conserved GATA regulatory element in
the mouse Star promoter. The sgRNA and associated PAM sequences used are shown flanking the
Star promoter GATA motif; regulatory motifs are underlined. Of the more than 100 founder mice
screened, only 1 (named pStarΔ19-GATAmut) had a significant modification—a short 19-bp deletion
generated by nonhomologous end-joining repair (NHEJ) and an adjacent mutated GATA motif
introduced by the ssODN template during homology-directed repair (HDR). The 19-bp deletion
removed CRE, C/EBP, AP1, and SRE binding motifs. Breeding of the pStarΔ19-GATAmut founder with
C57BL/6J mice confirmed transmission of the mutant allele.

Despite exhibiting no overt phenotype, we examined whether Star gene expression
was nonetheless affected in pStarΔ19-GATAmut males. Star mRNA levels were first assessed
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in male gonads at embryonic day 15 (E15.5) and E18.5, time points that cover the critical
masculinization programming window and the fetal testosterone surge in the mouse. Star
mRNA levels in homozygous pStarΔ19-GATAmut males were significantly reduced at both
E15.5 (Figure 2A; 55% decrease) and E18.5 (Figure 2B; 79% decrease) when compared
to testes from age-matched WT mice. We then performed immunohistochemistry on
fetal testis sections to ascertain whether the reduction in Star mRNA levels translated
to a similar decrease at the protein level (Figure 3). Beginning at E13.5, a time point
when testis differentiation is complete and when testosterone production begins, there
was no difference in the pattern of STAR protein (localization and level) between WT
and pStarΔ19-GATAmut mice. No change was also observed at E18.5 when the fetal testis
is actively producing testosterone. We then examined testis Star expression and STAR
protein in WT and mutant mice at later life stages (Figure 4): (1) just after puberty (P35)
when Leydig cells are ramping up testosterone production and seminiferous tubules
have engaged their first cycle of spermatogenesis, and (2) at adulthood (P90) when both
testosterone levels and spermatogenic output are at their peak. As we observed for the
fetal testis, Star mRNA levels were significantly lower in pStarΔ19-GATAmut mice than in the
WT counterparts—both in P35 juvenile adults (Figure 4A; 40% less) and P90 mature adults
(Figure 4B; 75% less). Western blotting on whole extracts from adult testes also showed a
consistent and marked reduction in STAR protein in pStarΔ19-GATAmut mice when compared
to age-matched WT control animals (Figure 4C). Immunohistochemistry, however, revealed
no change in cellular localization of STAR protein between pStarΔ19-GATAmut and WT testes
at both postnatal ages (Figure 5).

 
Figure 2. Comparison of Star gene expression in WT and pStarΔ19-GATAmut fetal testis. Star expression
was assessed by qPCR at (A) E15.5 and (B) E18.5. Data are reported as the value relative to age-
matched WT mice (n = 6 to 11). Open circles are outliers. ***, significantly different from WT mice
(p < 0.001).
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Figure 3. In situ detection of STAR and GATA4 protein in WT and pStarΔ19-GATAmut fetal testes.
Immunohistochemistry was performed on paraffin testis sections from both mouse genotypes at
E13.5 and E18.5 using antibodies specific for STAR or GATA4; rabbit IgG was used as a negative
control. Images were taken at 400× magnification; bar = 25 μm. Open arrowheads, GATA4-positive
Sertoli cells; filled arrowheads, STAR-positive Leydig cells.
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Figure 4. Star mRNA expression and STAR protein in postnatal testis of WT and pStarΔ19-GATAmut

mice. Star expression was assessed by qPCR in (A) juvenile P35 and (B) adult P90 testes. Data are
reported as the value relative to age-matched WT mice (n = 6 to 10). The open circle is an outlier; filled
circles are definitive outliers. Significantly different from WT: ** p < 0.01 for P35 testis and *** p < 0.001
for P90 testis. (C) Western blot detection of STAR protein levels in WT and pStarΔ19-GATAmut adult
mouse testis. TUBULIN was used as a loading control.
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Figure 5. In situ detection of STAR and GATA4 protein in WT and pStarΔ19-GATAmut postnatal
testes. Immunohistochemistry was performed on paraffin testis sections obtained from both mouse
genotypes at P35 and P90 using antibodies specific for STAR or GATA4; rabbit IgG was used as
a negative control. Images were taken at 400× magnification; bar = 25 μm. Open arrowheads,
GATA4-positive Sertoli cells; filled arrowheads, STAR-positive Leydig cells.
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2.2. Changes in Star mRNA and STAR Protein Levels in pStarΔ19-GATAmut Mice Are Not
Correlated with Alterations in Basal or Hormone-Induce Testosterone Production

In steroidogenic cells, the transfer of cholesterol from the outer to the inner membrane
of the mitochondria mediated by STAR is the rate-limiting step of steroid biosynthesis.
Therefore, reduced Star mRNA and/or STAR protein levels observed in pStarΔ19-GATAmut

testes might compromise steroidogenesis and lead to a reduction in testosterone production.
To test this hypothesis, we compared basal plasma and intratesticular testosterone levels in
adult P90 WT and pStarΔ19-GATAmut male mice (Figure 6). Although both basal plasma and
intratesticular T were slightly reduced in pStarΔ19-GATAmut males, the difference with WT
mice was not statistically significant. Testicular STAR expression and activity are acutely
regulated by the gonadotropin LH (reviewed in [13,20]). LH stimulation also induces
steroidogenesis in the testis, which triggers numerous signaling pathways, which in turn
can activate several transcription factors including GATA4 (reviewed in [2]). We therefore
hypothesized that acute Star regulation might be impaired in testes of pStarΔ19-GATAmut

mice. Testis explants from both WT and pStarΔ19-GATAmut adult P90 mice were placed in
culture and exposed to a stimulating dose of hCG or left untreated. After 4 h in culture, we
assessed the amount of testosterone released by the tissue ex vivo explants (Figure 7). Al-
though testosterone production was induced after hCG treatment, there was no significant
difference in hCG responsiveness between WT and pStarΔ19-GATAmut testes.

Figure 6. Testosterone levels in WT (open circles) and pStarΔ19-GATAmut (filled circles) adult P90
male mice. (A) Plasma testosterone is expressed as ng/mL (n = 9). (B) Intratesticular testosterone is
expressed as pg/mg testis (n = 9); bar = average. No significant difference was observed between WT
and pStarΔ19-GATAmut mice for both plasma and intratesticular testosterone levels.
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Figure 7. Ability of adult WT and pStarΔ19-GATAmut testis explants to respond to hCG stimulation.
Detunicated adult testis from WT or pStarΔ19-GATAmut mice were placed in culture medium with
antibiotics and treated with or without 1 IU/mL of hCG. After 4 h, culture media were also collected
and assayed for testosterone by ELISA. Testosterone production is expressed as ng/testis (n = 10).
Each individual sample is represented by a circle; bar = average. Open circles, WT in the absence
of hCG; open hatched circles, WT treated with hCG; filled circles, pStarΔ19-GATAmut in the absence
of hCG; filled hatched circles, pStarΔ19-GATAmut treated wikth hCG. Groups identified by different
letters are significantly different, p < 0.05.

3. Discussion

Steroidogenic acute regulatory protein (STAR), identified nearly three decades ago,
is an essential cholesterol transporter in all steroidogenic tissues [21]. The delivery of
cholesterol from the outer to the inner mitochondrial membrane mediated by STAR is the
rate-limiting step in steroidogenesis [13]. As such, many studies have been devoted to
understanding how STAR gene expression and protein activity are regulated in steroid
producing tissues such as the adrenals and gonads. At the transcriptional level, the
regulation of the STAR gene is complex, involving the interaction of numerous transcription
factors to species-conserved binding motifs that are tightly clustered, and sometimes
overlapping, located within the first few hundred base pairs upstream of the transcription
initiation site (reviewed in [13]). Although many transcription factors have been shown to
participate in STAR transcription across many species, to our knowledge, this evidence has
been essentially limited to in vitro studies performed in cell lines or isolated steroidogenic
tissues. No studies have yet probed the importance of these transcription factor binding
sites for Star transcription in an in vivo whole animal context. In the present study, we have
generated the first such mouse model (pStarΔ19-GATAmut), using CRISPR/Cas9 genome
editing, to inactivate a short region of the mouse Star promoter containing a subset of
these transcription factor binding sites. Analysis of the mutant mice confirmed that they
are indeed essential for maximal expression of the endogenous Star gene but not basal or
hormone-activated testosterone production.
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The initial goal of our genome editing effort was to inactivate the lone GATA regula-
tory motif in the mouse Star promoter that has been long proposed to be critical for Star
transcription [18]. However, even after screening more than 100 founder mice, we were
unable to exclusively alter the Star GATA-binding motif. This was not totally unexpected
given the low rate of homology directed repair (HDR) [22]. Despite this, we were success-
ful in creating a mouse (pStarΔ19-GATAmut) with a short 19-bp deletion in tandem with a
mutated GATA motif (see Figure 1). The deleted region contains six additional regulatory
motifs—many of them overlapping—for various transcription factors, including members
of the C/EBP and CREB families. The sequence covered by the Δ19-GATA mutation spans
one of two critical regions that largely govern the positive modulation of STAR expres-
sion as documented through in vitro studies (reviewed in [20,23]). The analysis of our
pStarΔ19-GATAmut mice confirmed that this region is indeed important for maximal Star
expression in fetal, peripubertal, and adult testes. However, we cannot at present formally
attribute the decrease in Star expression to any one of these specific motifs since they were
simultaneously disrupted in pStarΔ19-GATAmut mice. Contrasting our in vivo findings with
existing in vitro data do suggest that the CRE motifs are likely important—MA-10 Leydig
cells transfected with CREB increases Star mRNA levels while mutation of at least the
middle CRE motif (CRE2 in ref. [24]) reduces Star promoter activity by approximately
50% [24], a decrease comparable to what we observed for Star mRNA in pStarΔ19-GATAmut

testes. The proximal Star promoter also contains two C/EBP binding sites; one of these
sites (site C2 identified in ref. [25]) was deleted in our pStarΔ19-GATAmut mice. Mutation of
this C/EBP motif significantly reduces Star promoter activity in MA-10 Leydig cells [25].
The same can be said for the GATA motif—the Star promoter is potently activated by GATA
factors in cells, an effect that is completely lost when motif is mutated [18]. Considering
the short length of the Δ19-GATAmut region as well as the very close proximity of the
regulatory motifs present therein, it is reasonable to speculate that these motifs are not
simultaneously bound by different transcription factors but rather are occupied by dy-
namic binding. Moreover, the proximity of the regulatory motifs further implies a physical
closeness of the various DNA binding proteins that would permit the proteins to directly
interact. Indeed, the existence of regulatory complexes among the different transcription
factors has been well-documented. For example, C/EBP and CREB proteins interact with
GATA4 to increase Star promoter activity, at least in vitro [17,26]. Therefore, we can now
conclude that the integrity of this short region is critical not only for in vitro Star promoter
activity but also for Star transcription in both fetal and postnatal testis in the mouse.

Although STAR protein is plentiful in Leydig cells, it was technically difficult for
us to quantify it in early fetal testes. However, in adult testes, STAR was clearly less
abundant in pStarΔ19-GATAmut than in WT mice. Immunohistochemistry also showed that
this was not accompanied by a change in cellular localization, suggesting that although
less abundant, it should remain functional. Based on these observations, we expected that
this would translate into reduced testosterone production either in plasma or locally within
the testis itself. However, for both intratesticular and circulating (plasma) testosterone,
levels in pStarΔ19-GATAmut adult mice were not significantly different from WT. This was
somewhat surprising knowing that genetic male Star null fetal mice have feminized external
genitalia which is suggestive of a deficit in the production of androgen precursors from
fetal Leydig cells [16]. Moreover, testosterone levels are 10 times lower at 8 weeks in serum
from glucocorticoid-rescued Star null males when compared to age-matched controls [27].
This indicates that despite a 50–75% decrease in Star mRNA or STAR protein observed
in pStarΔ19-GATAmut testes, the amount of STAR remaining must be sufficient to allow for
normal steroidogenesis. In steroidogenic tissues, STAR transcription is rapidly induced
by the gonadotropin LH acting via a cAMP signaling pathway [28]. The short promoter
region targeted in our pStarΔ19-GATAmut mice also harbors regulatory elements known to
confer LH responsiveness, including the GATA-binding motif (reviewed in [20]). Based on
these facts, we surmised that a steroidogenic deficit might be more easily captured under
conditions of hormonal stimulation. Yet again, we observed that ex vivo testis cultures from
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adult pStarΔ19-GATAmut mice still responded to hCG stimulation when compared to WT
controls, therefore reinforcing the notion that STAR protein, while diminished significantly
in amount, was still adequate to elicit an induction of steroidogenesis when stimulated.

Taken together, our results provide new insights into the transcriptional regulation of
the Star gene and highlight the power of CRISPR/Cas9 genome editing for validating the
importance of proposed promoter regulatory sequences for both basal and acute hormone-
stimulated gene regulation.

4. Materials and Methods

4.1. Animals

All mouse experiments were carried out in accordance with the Canadian Council
of Animal Care guidelines for the care and manipulation of animals used in research.
Protocols were approved by the Comité de Protection des Animaux de l’Université Laval,
Québec, QC, Canada (protocol nos. 2019-149 and CHU-19-046).

4.2. CRISPR/Cas9 Generation of Mouse Star Promoter Mutants

A 100-bp genomic region of the proximal murine Star promoter spanning a single
conserved GATA binding motif was searched using the CRISPOR Web tool
(www.crispor.tefor.net, accessed on 15 June 2019) for potential single-guide RNA (sgRNA)
sequences [29]. Guides were selected based on their low predicted off-target potential.
A pX330-U6-Chimeric_BBCBh-hSpCas9 plasmid (no. 42230) purchased from Addgene
(Cambridge, MA, USA) was used to generate SpCas9/chimeric sgRNA expression plas-
mids [30], as previously described [19]. A single-strand oligonucleotide (ssODN) was
synthesized as a template for HDR of the double-strand breaks created by the sgRNAs.
The ssODN contains a mutated GATA motif of the murine Star promoter flanked on each
side by ~90-nucleotide-long homology arms. The oligonucleotides used as primers for
creating the sgRNAs as well as the ssODN used as a donor for HDR are shown in Table 1
(the GATA motif is underlined and the mutated nucleotides are in lowercase). The Sp-
Cas9/chimeric sgRNA constructs were first validated in vitro and then microinjected along
with the ssODN into fertilized C57BL/6J mouse eggs using the microinjection and transge-
nesis platform of the Institut de Recherches Cliniques de Montréal. A total of 105 founder
mice were born and analyzed. Genomic DNA was isolated from tail tips collected from
the founder mice using the HotSHOT method [31]. DNA screened for genomic rearrange-
ments using genotyping primers (listed in Table 1) and Taq FroggaMix 2X master mix
(FroggaBio, Concord, ON, Canada). PCR conditions were: initial denaturation for 3 min
at 95 ◦C followed by 35 cycles of denaturation (30 s at 95 ◦C), annealing (30 s at 68 ◦C),
and extension (30 s at 72 ◦C), and a final extension for 3 min at 72 ◦C. Amplicons were
sequenced and analyzed using the Web tool TIDE (for tracking indels by decomposition)
to evaluate the extent of Cas9-mediated rearrangements that occurred [32] and to identify
the desired mutated or deleted alleles. Founder mice that targeted the GATA motif were
crossed with C57BL/6J mice (stock no. 000664; The Jackson Laboratory, Bar Harbor, ME)
to assess the transmission of the modified alleles. One founder mouse that possessed
a combined GATA mutation and 19-bp deletion (named pStarΔ19-GATAmut) successfully
transferred the modified Star promoter sequence to its offspring. Mice were backcrossed
for a minimum of 5 generations with C57BL/6J mice to eliminate potential off-target effects.
Heterozygous descendants were crossed to generate homozygous as well as wild-type
(WT) control mice for experimentation as well as additional heterozygous mice that were
used for colony maintenance.
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Table 1. Oligonucleotide primers used for the generation and validation of genetically modified mice.

Utility Forward Primer Reverse Primer

Guide 1 5′-CACCGAGTCATCAGTCATTGTGCAG-3′ 5′-AAACCTGCACAATGACTGATGACTC-3′

Guide 2 5′-CACCGATGATGCACAGCCTTCCAC-3′ 5′-AAACGTGGAAGGCTGTGCATCATC-3′

ssODN
5′-AGTCTGCTCCCTCCCACCTTGGCCAGCACTGCAGGATGAGGCAATCATTCCATCCTTGACGCT
CTGCACAATGACTGATGACTTTTTTcggcCAAGTGATGATGCACAGCCTTCCACGGCAAGCATTTA
AGGCAGCGCACTTGATCTGCGCCACAGCTGCAGGACTCAGGACCTTGAAAGGCTC-3′

Genotyping 5′-GCACCTCAGTTACTGGGCAT-3′ 5′-ACACAGCTTGAACGTAGCGA-3′

In the ssODN sequence, the mutated GATA motif is underlined.

4.3. Quantitative Real-Time RT-PCR

Testes were dissected from male mice at various developmental ages: embryonic
day 15.5 (E15.5), E18.5, postnatal day 35 (P35, juvenile adult), and P90 (adult). Testes
from E15.5, E18.5, and P35 testes were processed for total RNA extraction using TRI
Reagent solution (Sigma-Aldrich Canada, Oakville, ON, Canada) in accordance with the
manufacturer’s instructions. Testes from adult male mice were halved while frozen. One
half was used for protein extraction (described below) and the other half was used for
RNA extraction and intratesticular testosterone quantification (described below under
Hormone assay). First-strand cDNA was synthesized from total RNA isolated from tissues
using the iScript Advanced cDNA synthesis kit for quantitative real-time RT-PCR (qPCR;
Bio-Rad Laboratories, Mississauga, ON, Canada). Assessment of gene expression by qPCR
was done using a CFX96 plate thermal cycler and SsoAdvanced Universal SYBR Green
Supermix from Bio-Rad Laboratories using their standard protocol. A panel of reference
genes known for their stability in the mouse gonad [33], as well as typically used reference
genes, were used for normalization. Primers for qPCR are listed in Table 2. Primer pairs
were optimized beforehand for specificity and efficiency using a temperature gradient to
identify the best annealing temperature and by performing a standard curve using a serial
dilution of a pool of samples. PCR amplifications were run in duplicate under the following
conditions: initial denaturation for 3 min at 95 ◦C followed by 40 cycles of denaturation
(10 s at 95 ◦C), annealing (20 s at 62.6 ◦C), and extension (20 s at 72 ◦C) with a single
acquisition of fluorescence level at the end of each extension step. Differences in mRNA
levels between the mouse genotypes was determined using the ΔΔCq method [34].

Table 2. Oligonucleotide primers used for qPCR.

Gene Product Forward Primer Reverse Primer

Star 5′-CAACTGGAAGCAACACTCTA-3′ 5′-CCTTGACATTTGGGTTCCAC-3′

Actb 5′-CTGTCGAGTCGCGTCCACC-3′ 5′-ATTCCCACCATCACACCCTGG-3′

Gapdh 5′-GTCGGTGTGAACGGATTTG-3′ 5′-AAGATGGTGATGGGCTTCC-3′

Polr2a 5′-ATCAACAATCAGCTGCGGCG-3′ 5′-GCCAGACTTCTGCATGGCAC-3′

Ppia 5′-CGCGTCTCCTTCGAGCTGTTTG-3′ 5′-TGTAAAGTCACCACCCTGGCACAT-3′

Rplp0 5′-AGATTCGGGATATGCTGTTGGC-3′ 5′-TCGGGTCCTAGACCAGTGTTC-3′

Tuba1b 5′-CGCCTTCTAACCCGTTGCTA-3′ 5′-CCTCCCCCAATGGTCTTGTC-3′

Abbreviations: Actb, actin beta; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Polr2a, RNA polymerase II
subunit A; Ppia, peptidylprolyl isomerase A; Rplp0, ribosomal protein lateral stalk subunit P0; Tuba1b, tubulin α1B.

4.4. Immunohistochemistry

Whole male embryos were collected at E13.5. For E18.5 fetuses as well as juvenile and
adult mice, gonads were harvested and prepared for histological analysis. Immunohisto-
chemical (IHC) staining was performed using the Rabbit Specific HRP/AEC IHC Detection
Kit-Micro-polymer (ab236468; Abcam, Toronto, ON, Canada) following the manufacturer’s
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protocol. Tissue sections (4 μM) were deparaffinized and rehydrated in graded ethanols.
Tissues were processed for antigen retrieval by treating them with citrate buffer (10 mM
Sodium citrate, 0.05% Tween 20, pH 6.0) in a Decloaking Chamber™ NxGen (Biocare
Medical, Pacheco, CA, USA) for 10 min at 110 ◦C. Sections were incubated overnight at
4 ◦C with primary antibodies for either a rabbit polyclonal anti-STAR IgG (Proteintech Cat#
12225-1-AP, RRID:AB_2115832) diluted 1:200 (1.7 μg/mL) in phosphate buffered saline
(PBS) containing 1% bovine serum albumin (BSA) or a rabbit polyclonal anti-GATA4 IgG
(Abcam Cat# ab84593, RRID:AB_10670538) diluted 1:500 (1.8 μg/mL) in PBS containing
1% BSA. Sections incubated with rabbit IgG isotype control (Invitrogen Cat # 02-6102,
RRID:AB_2532938) diluted 1:2500 (2 μg/mL) in PBS containing 1% BSA were used as
negative controls. All sections were counterstained with Harris Modified hematoxylin
solution (Thermo Fisher Scientific, Nepean, ON, Canada) and mounted in MOWIOL (EMD
Millipore, Gibbstown, NJ, USA). Slides were visualized with a Zeiss Axioscop II microscope
(Carl Zeiss Canada, Toronto, ON, Canada) connected to a Spot RT Slider digital camera
(Diagnostic Instruments, Sterling Heights, MI, USA). At least three animals per genotype
were assessed.

4.5. Protein Extraction and Western Blot Analysis

For western blot analysis, half of a testis was homogenized while still frozen in ice-cold
extraction buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Igepal, 1 mM DTT,
0.5 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), and proteinase inhibitors (Sigma-
Aldrich): 5 μg/mL aprotinin, 5 μg/mL leupeptin, and 5 μg/mL pepstatin. Homogenates
were incubated on ice for 15 min after which the samples were briefly sonicated to break
genomic DNA. Protein concentration was evaluated by Bradford assay [35], using Bio-Rad
protein assay dye reagent concentrate (Bio-Rad Laboratories, Mississauga, ON, Canada)
and BSA as protein standard. Aliquots (40 μg) of testicular homogenates were separated by
SDS-PAGE and then electrotransferred to nitrocellulose membrane (Bio-Rad Laboratories,
Mississauga, ON, Canada). Non-specific antibody binding was prevented by blocking for
1 h at RT using 5% non-fat dry milk in Tris-buffered saline (TBS: 20 mM Tris, 150 mM NaCl,
pH 7.6) with 0.1% Tween 20 (TBS-T). Proteins were detected using commercially available
primary antibodies for either a rabbit monoclonal anti-STAR IgG (Cell Signaling Technology
Cat# 8449, RRID:AB_10889737) at a dilution of 1:5000 in 5% non-fat dry milk in TBS-T, a
mouse monoclonal anti-α-tubulin IgG (used as a loading control, Sigma-Aldrich Cat# T5168,
RRID:AB_477579) at a dilution of 1:10,000 in 5% non-fat dry milk in TBS-T. After washing
in TBS-T, membranes were incubated with horseradish peroxidase-labeled secondary
antibodies: goat anti-rabbit IgG (Vector Laboratories Cat# PI-1000, RRID:AB_2336198)
diluted 1:5000 5% non-fat dry milk in TBS-T for STAR detection or horse anti-mouse IgG
(Vector Laboratories Cat# PI-2000, RRID:AB_2336177) diluted 1:5000 in 5% non-fat dry milk
in TBS-T for α-tubulin. After washing in TBS-T, membranes were finally incubated with
Clarity Western ECL Substrate (Bio-Rad Laboratories) for 5 min. The chemiluminescent
signal was detected on a ChemiDoc Imaging System (Bio-Rad Laboratories).

4.6. Hormone Assay

At the time of sacrifice, blood was drawn from adult mice by cardiac puncture. Blood
was collected in EDTA-coated microtubes to prevent clotting, and plasma was isolated
by centrifugation for 3 min at 2400 g and stored at −80 ◦C until further needed. For
intratesticular testosterone quantification and RNA extraction, half a testis from each
animal was homogenized while still frozen in cold PBS on ice and then centrifuged at
3000 rpm for 5 min at 4◦C. Supernatant was collected and assayed for testosterone. The
pellet was resuspended in TRI reagent to isolate total RNA for qPCR analysis (described
above). For ex vivo stimulation of testosterone, testes were harvested and placed in 500 μL
of DMEM containing 100 IU/mL penicillin and 100 μg/mL streptomycin. Testes were
detunicated and treated with either 1 IU/mL of human chorionic gonadotropin (hCG,
Sigma-Aldrich) or vehicle (H2O) and incubated for 4 h at 32 ◦C. After incubation, tissues
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were centrifuged for 5 min at 2400 g and the culture medium was collected. Testosterone
quantification in plasma, testicular homogenates or culture medium was performed using
an ELISA kit purchased from Cayman Chemical (Cayman Chemical, Ann Arbor, MI,
USA, Cat# 582701, RRID:AB_2895148) following the instructions recommended by the
manufacturer. To obtain readings within the range of the standard curve, samples were
diluted in EIA buffer (provided by the kit manufacturer) as follows: plasma (1:20 and 1:50),
testicular homogenates (1:100 and 1:200) and culture medium (1:200 and 1:500). Microplates
were read using a Tecan Spark® 10M multimode plate reader (Tecan, Morrisville, NC, USA).
The assay has a cross reactivity of 100% for testosterone. Cross-reactivity is negligible for
other sex steroids with the exception of 5α-dihydrotestosterone (DHT) at 27.4% (Cayman
Chemical). However, since mouse intratesticular and plasma DHT levels are very low, this
would not impact the testosterone measurements.

4.7. Statistical Analysis

Statistical analyses were done using JASP version 0.16.3 (https://jasp-stats.org,
accessed on 10 October 2021; JASP Team (2022), Amsterdam, The Netherlands). Quanti-
tative comparisons between wild-type and mutant mice (Star mRNA, plasma and intrat-
esticular testosterone) were analyzed using a parametric Student’s t-test. Measurement
of ex vivo testosterone production was analyzed by one-way ANOVA followed by Tukey
multiple comparisons tests. For all statistical analyses, p < 0.05 was considered significant.
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Abstract: Transcription factors members of the basic leucine zipper (bZIP) class play important roles
in the regulation of genes and functions in testicular Leydig cells. Many of these factors, such as cAMP
responsive element binding protein 1 (CREB1) and CCAAT enhancer binding protein beta (CEBPB),
are regulated by the cAMP/protein kinase A (PKA) pathway, the main signaling pathway activated
following the activation of the luteinizing hormone/choriogonadotropin membrane receptor LHCGR
by the - hormone LH. Others, such as X-box binding protein 1 (XBP1) and members of the cAMP
responsive element binding protein 3 (CREB3)-like superfamily, are implicated in the endoplasmic
reticulum stress by regulating the unfolded protein response. In this review, the influences of bZIP
transcription factors, including CREB1, CEBPB and activator protein 1 (AP-1) family members, on the
regulation of genes important for cell proliferation, steroidogenesis and Leydig cell communication
will be covered. In addition, unresolved questions regarding the mechanisms of actions of bZIP
members in gene regulation will be identified.

Keywords: activator protein 1; CREB; CEBPB; testis; Leydig cells; steroidogenesis

1. Introduction

There is increasing evidence that transcription factors of the basic leucine zipper
(bZIP) class play important roles in gene regulation and function of testicular Leydig
cells. This class of more than 50 members includes the cAMP responsive element binding
protein/activating transcription factor (CREB/ATF), activator protein 1 (AP-1), CCAAT
enhancer binding protein (CEBP) and musculoaponeurotic fibrosarcoma (MAF) families of
transcription factors. The bZIP transcription factors are proteins found only in eukaryotes.
They bind to specific double-stranded DNA sequences as homodimers or heterodimers
to activate or repress gene transcription. Most of the genes encoding bZIP factors are
classified as immediate early genes and are inducible by a multitude of endocrine and
paracrine agents leading to the activation of intracellular signaling pathways. The pri-
mary stimulatory hormone acting on Leydig cells is luteinizing hormone (LH) from the
anterior pituitary gland. This hormone interacts with its membrane receptor luteinizing
hormone/choriogonadotropin (LHCGR) and mostly activates the cAMP/protein kinase A
(PKA) pathway. Then, PKA phosphorylates a multitude of transcription factors, including
bZIP members, leading to their activation and regulation of transcription of their target
genes. Although the roles of certain bZIP transcription factors, such as CREB1, CEBPB, JUN
and FBJ osteosarcoma (FOS), are well documented regarding the regulation of steroidoge-
nesis in Leydig cells, other lesser-known members may play complementary roles in the
regulation of proliferation, survival, and communication in these cells. Thus, this review
aims to present recent advances regarding the involvement of bZIP factors in the regulation
of different functions of Leydig cells from the testis.

2. Classification of bZIP Transcription Factors

Transcription factors members of the bZIP class are characterized by the presence of a
bZIP domain consisting of an approximately 40 amino acid-long α-helix (Figure 1). The
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N-terminal third of this helix has multiple positively charged side chains such as arginine
and lysine and is defined as the basic region involved in DNA-binding. The C-terminal
two-thirds of the helix is the leucine zipper and plays a role in protein dimerization. The
leucine zipper is amphipathic with the hydrophobic regions on the two copies of the leucine
zipper interacting to bring the two bZIP domains together in a parallel orientation. The
two basic regions can then bind to DNA by passing through the major groove on opposite
sides of the double helix. Importantly, the bZIP domain facilitates the dimerization of
two similar transcription factors of the bZIP class. The combination of two transcription
factors containing the bZIP domain enables the proper positioning of the two adjacent
DNA-binding domains in the dimeric complex. For bZIP transcription factors, dimerization
is required for DNA binding.

Figure 1. Schematic diagram of the primary protein structure of transcription factors members of the
bZIP class. (A) Common nuclear bZIP transcription factors. (B) Transmembrane bZIP transcription
factors. Abbreviations: KID, kinase A inducible activation domain; bZIP, basic leucine zipper.

According to the latest TFClass nomenclature, the class of bZIP transcription factors
contains more than 50 members divided into families: JUN, FOS, MAF, B-ATF, X-box
binding protein 1 (XBP1), ATF4, CREB and CEBP (Table 1) [1]. The common AP-1 family of
transcription factors rather consists of members of the JUN and FOS subfamilies, whereas
the common CREB/ATF family refers to CREB1, ATF1 and cAMP responsive element
modulator (CREM) transcription factors.

Table 1. Classification of transcription factors members of the class of bZIP transcription factors
according to the TFClass nomenclature [1].

Family Subfamily Transcription Factors

JUN-related
JUN JUN, JUNB, JUND

NFE2 NFE2, NFE2L1, NFE2L2, NFE2L3, BACH1, BACH2
ATF2 ATF2, ATF7, CREB5
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Table 1. Cont.

Family Subfamily Transcription Factors

FOS-related
FOS FOS, FOSB, FOSL1, FOSL2

ATF3-like ATF3, JDP2

MAF-related
Large MAF MAF, MAFA, MAFB, NRL
Small MAF MAFF, MAFG, MAFK

B-ATF-related BATF, BATF2, BATF3

XBP1-related XBP1

ATF4-related ATF4, ATF5

CREB-related

CREB-like CREB1, ATF1, CREM
CREB3-like CREB3, CREB3L1, CREB3L2, CREB3L3, CREB3L4

ATF6 ATF6, ATF6B
CREBZF-like CREBZF
CREBL2-like CREBL2

CEBP-related
CEBP CEBPA, CEBPB, CEBPG, CEBPD, CEBPE, DDIT3
PAR DBP, HLF, NFIL3, TEF

3. Mechanisms of Gene Regulation by bZIP Transcription Factors

3.1. CREB-like Subfamily Members

CREB1 is a well-known 43 kD bZIP transcription factor that binds to an octanucleotide
sequence called the cyclic AMP response element (CRE) (5′-TGACGTCA-3′) (Figure 2) [2].
This factor can bind to DNA as a homodimer or a heterodimer in association with other
members of the CREB/ATF and AP-1 families [3]. CREB1 plays an essential role in the
regulation of gene expression in response to a variety of extracellular signals. In response to
a cytosolic increase in the second messenger cAMP, CREB can be phosphorylated by PKA
at serine residue Ser133 in the kinase A inducible activation domain (KID) (Figure 2) [2].
This phosphorylation enhances CREB1 transcriptional activity by facilitating its interaction
with the 265 kD CREB-binding protein (CBP) and subsequent recruitment of CBP to target
genes [4]. This cofactor is capable of histone acetyltransferase activity and acts as an adaptor
protein between CREB and the general transcription complex.

The CREB-like subfamily members CREB1, CREM and ATF1, are expressed in the
MA-10 tumor Leydig cell model [5]. In testicular Leydig cells, the constitutively expressed
transcription factor CREB1 represents one of the most important targets of the cAMP/PKA
pathway. Among the target genes of CREB1 in Leydig cells is Nr4a1 encoding the orphan
nuclear receptor NR4A1 (NUR77). Indeed, the rapid activation of Nr4a1 gene expression in
response to LH in Leydig cells is caused, in part, by CREB1 and AP-1 transcription factors
following activation of the cAMP/PKA pathway [6]. In addition to being activated by PKA,
CREB1 can also be activated by the Ca2+/calmodulin-dependent protein kinase (CaMK),
the mitogen-activated protein kinase (MAPK) and/or AKT through phosphorylation at
Ser133 in other cell types (Figure 2) [7–10]. By binding to a G protein-coupled receptor,
the osteoblast-derived hormone osteocalcin also regulates steroidogenesis in Leydig cells
following activation of CREB1 [11].

Although the importance of protein kinase C (PKC) is less than that of PKA, these
two pathways appear to potentiate each other in the activation of steroidogenesis in
response to LH in Leydig cells [12–14]. In addition to contributing to its activation, phos-
phorylation of CREB1 by PKC isoenzymes such as PKCμ (PKD) increases its ability to
bind to CRE regulatory element [2,15]. Moreover, PMA (phorbol-12-myristate-13-acetate),
an activator of the PKC pathway, increases the phosphorylation of CREB1 [12,16].
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Figure 2. Regulation of the activity of CREB-like subfamily members by phosphorylation, followed by
recruitment to the CRE DNA regulatory element. Abbreviations: CaMK, Ca2+/calmodulin dependent
protein kinase; CRE, cyclic AMP response element; CREB, cAMP responsive element binding protein;
MAPK, mitogen activated protein kinase; P, phosphate; PKA, protein kinase A.

In addition to CREB1, cAMP/PKA-mediated increase in transcription can also involve
activation of CREM (cAMP-response element modulator protein) by phosphorylation at
Ser117 and its binding to CBP [17]. Alternative splicing of the Crem transcript can give rise
to several isoforms which act as activators (τ, τ1, and τ2) or repressors (α, β, and γ) of
transcription [18]. Among activators, CREMτ can interact with the steroidogenic factor 1
(NR5A1) and activate the steroidogenic acute regulatory protein (Star) promoter following
treatment of MA-10 Leydig cells with dibutyryl-cAMP [19]. In addition, transcriptional
activity of CREM, like that of CREB1, is increased post-translationally by phosphorylation
following activation of PKA in response to cAMP [17]. The Crem gene contains a promoter
that can be activated by the cAMP/PKA pathway. Such an activation results in the pro-
duction of transcripts encoding a particular isoform of CREM which contains the DNA
binding domain and the phosphorylatable region, but lacks the activation domain [20].
This type of isoform, called ICER (inducible cyclic AMP early repressor), binds to the CRE
regulatory element and repress transcriptional activation by the active isoform of CREM,
thereby limiting cAMP/PKA-dependent activation of target genes [21].

ATF1, another member of the CREB-like subfamily, can dimerize with CREB1 but not
with ATF2 or ATF3, whereas ATF2 can dimerize with ATF3 but not with CREB1 [22–24]. In
addition, certain CRE-binding proteins, including ATF2, ATF3 and ATF4, can heterodimer-
ize with FOS and JUN [24,25]. Interestingly, ATF1-4 are all expressed in adult human Leydig
cells [26] and may participate in the regulation of steroidogenesis. ATF1 can be phosphory-
lated at Ser63 by PKA or CAMK [27], potentially contributing to its transcriptional activity
in Leydig cells.

3.2. AP-1 Members

The AP-1 family of transcription factors, including members of the JUN and FOS
subfamilies, is ubiquitously expressed [28]. FOS subfamily members, including FOS, FOSB,
fos-like antigen 1 (FOSL1, FRA1) and fos-like antigen 2 (FOSL2, FRA2) must heterodimerize
with JUN proteins, including JUN, JUNB and JUND. However, JUN members can form
homodimers or heterodimers with other AP-1 factors. Overall, JUN-FOS heterodimers bind
DNA with more affinity and stability than JUN-JUN homodimers [29,30]. AP-1 members
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were involved in the induction of multiple cellular and viral genes through the phor-
bol ester tumor promoter 12-O-tetradecanoylphorbol-13-acetate response element (TRE)
(Figure 3) [31]. With other bZIP transcription factors such as ATF and MAF, AP-1 members
can form up to 18 different DNA-binding dimeric complexes with versatile functionality
through activation or inhibition of transcription according to the composition of the dimeric
complex and the cell context [32,33]. Despite having comparable DNA binding specificities,
AP-1 dimers differ in their transactivation efficiencies [34,35]. Unlike FOS and FOSB, FOSL1
and FOSL2 lack transcriptional activation domains.

 

Figure 3. Regulation of the activity of AP-1 family members JUN and FOS by phosphorylation,
followed by recruitment to the TRE DNA regulatory element. Abbreviations: ERK, extracellular
signal-regulated kinase; JNK, JUN N-terminal kinase; P, phosphate; PKA, protein kinase A; TRE,
12-O-tetradecanoylphorbol-13-acetate response element.

Regarding their interaction with DNA regulatory elements, JUN:FOS and JUN:JUN
dimers can bind to AP-1 or TRE elements with the consensus sequence 5′-TGA(C/G)TCA-
3′ and to CRE [28]. Notably, JUN:FOS heterodimers have higher affinity for asymmetrical
TRE motifs, whereas JUN homodimers rather bind to symmetric CRE elements [29,36]. The
heterodimers formed from ATF members typically bind to CRE [3].

There may be functional redundancy among AP-1 members. Indeed, FOS, FOSB, and
JUND are dispensable but JUN, JUNB, and FOSL1 are necessary for embryonic develop-
ment [37]. Furthermore, substitution of Jun for Junb allows recovery of liver development
but not heart development, suggesting that knock-in experiments are not equivalent for all
AP-1 members [38].

There are several ways to activate and/or increase the expression of AP-1 factors. In
fact, numerous signaling pathways leading to the phosphorylation of serine and threonine
residues participate in the regulation of their expression and activity [39,40]. The Jun
promoter is primarily activated by the recruitment of JUN/ATF2 heterodimer to a major
Jun/TRE cis regulatory element [41]. Three regulatory elements—the sis-inducible enhancer
(SIE), the serum response element (SRE), and the CRE—can activate the Fos promoter in
response to a variety of hormones, growth factors, and cytokines [33,42–46]. Indeed, the
expression of Fos will be enhanced following the recruitment of ATF or CREB factors to a
CRE element in response to increased levels of second messengers cAMP and calcium [8,44].
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The SRE regulatory element can be bound by a dimer consisting of the serum response
factor (SRF) and ETS Like-1 (ELK1) being activated by exposure to UV light or growth
factors, leading to increased Fos expression [46,47]. The SIE regulatory element allows
the recruitment of dimers of the signal transducer and activator of transcription (STAT)
family, in particular STAT1 and STAT3, to activate Fos gene expression [45,48]. These
STAT members are mainly activated by the Janus kinase (JAK) pathway [49]. In most
cell types, the SRE and CRE in the Fos and AP-1 (TRE) element in the Jun promoters are
involved in basal expression of these genes [50–52]. Moreover, Jun is autoregulated by
its own expression with the JUN/ATF2 heterodimer [41,51]. Similarly, the Fos gene can
also self-regulate after its activation [53]. Hence, AP-1 members can regulate each other to
fine-tune their expression [54].

The MAPK pathway primarily regulates the activity of AP-1 members, through phos-
phorylation by extracellular signal-regulated kinases (ERK), JUN N-terminal kinases (JNK),
and p38 (Figure 3). In addition, other kinases such as glycogen synthase kinase-3 (GSK3),
p34cdc2 kinase (CDK1), casein kinase II (CKII), PKA and PKC can phosphorylate FOS or
JUN in certain cell types. The activated JNK translocates to the nucleus [47], where it phos-
phorylates AP-1 members, promoting their dimerization and transcriptional activities [33].
Interestingly, the dimerization and DNA binding of AP-1 members facilitate their phos-
phorylation by several protein kinases [40]. Different kinases participate in the regulation
of the activity of AP-1 members by phosphorylating different Ser or Thr residues. For
example, the phosphorylation of JUN at Thr235, Ser246 and Ser252 by GSK3, CKII or ERK1/2
decreases its transcriptional activity [39,55–57]. However, phosphorylation at Ser63 and
Ser73 by JNK1 and dephosphorylation at Ser246 increase the stability and transcriptional
activity of the JUN protein [39,55]. Such post-translational modifications of JUN potentiate
its transactivation capacity by increasing its interaction with the coactivator CBP, having
histone acetyltransferase activity [58]. Similar to JUN, JUNB can also be phosphorylated at
Thr102/104 by ERK2 [59,60]. However, the consequence of this post-translational modifica-
tion remains to be defined. The phosphorylation of FOS at Ser362, Ser374, Thr232, Thr325, and
Thr331 by ERK and ribosomal S6 kinase increases its protein stability and transcriptional ac-
tivity [61–63]. Moreover, FOS can also be phosphorylated at Ser362 by PKA [64]. Compared
to other AP-1 factors, JUND cannot interact directly with JNK, but can be phosphorylated
by this kinase as part of a heterodimer with JUN [65]. Hence, in addition to changes in
FOS and JUN protein levels, gene regulation can be influenced by their post-translational
modifications (Figure 3).

In addition to LH and human chorionic gonadotrophin (hCG), several growth factors
are also involved in the activation of AP-1 family members in Leydig cells. In Leydig cells
from 3-week-old pigs, basic fibroblast growth factor (bFGF) and epidermal growth factor
(EGF) increase the expressions of Fos, Jun, and Junb, whereas transforming growth factor
beta (TGF) increases the expression of Jun only, and insulin-like growth factor 1 (IGF1)
increases the expressions of Fos and Junb [66]. Interestingly, EGF and bFGF enhance the
stimulatory action of hCG on Fos and Junb expressions in this model [66]. Regulation of
AP-1 members in Leydig cells can also be influenced by testicular macrophages and tumor
necrosis factor alpha (TNFα) production through regulation of members of the MAPK
family such as ERK [67] and stress-activated protein kinases (SAPKs) [68]. In MA-10 Leydig
cells, the SAPK protein level and activity are increased, whereas those of ERK are decreased,
by TNFα and cAMP [69]. Such a regulation results in increases in JUN and FOS protein
levels and DNA binding activities [69]. In addition, others have shown that CREB nuclear
localisation is decreased in response to TNF, resulting in inhibition of steroidogenesis in
MA-10 Leydig cells [70].

Although JUN and FOS are expressed in MA-10 Leydig cells, only JUN is rapidly
increased in response to activation of the cAMP/PKA pathway [71,72]. However, hCG
increases the expressions of Fos, Fosb, Jun, Junb, Jund and Fosl2 in less than 1 h of treatment,
whereas Fosl1 is increased after 3 h of exposure of MA-10 Leydig cells [73]. In addition to
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the cAMP/PKA pathway, ERK1/2 and PKC are also involved in the activation of AP-1
members by LH/hCG stimulation of testicular Leydig cells [15,74,75].

3.3. CEBP Members

The CEBP subfamily includes six members: CEBPA, CEBPB, CEBPG, CEBPD, CEBPE
and DNA-damage inducible transcript 3 (DDIT3, CHOP) [76]. CEBPB is the major mem-
ber expressed in Leydig cells and its expression depends on Leydig cells’ differentiation
status [77]. Members of the CEBP subfamily can form homodimers or heterodimers with
members of the CREB/ATF family via the leucine zipper dimerization domain [78], which
greatly increases the diversity of DNA binding specificities and transactivation potential.
CEBP members can recognize the consensus DNA-binding sequence 5′-TKNNGYAAK-3′
(Y = C or T, K = T or G) in the regulatory regions of target genes. CEBPB, whose expression
is increased in response to LH and cAMP, plays an important role in hormonal regulation
of gene expression in Leydig cells [77]. In human, DNA-binding of CEBPB is increased
by ERK-dependent phosphorylation of Thr235 [79]. In addition, Ca2+-mediated signals
can also lead to mouse CEBPB activation through phosphorylation of Ser276 in the leucine
zipper [74]. Acetylation and sumoylation have also been implicated in the regulation of
intracellular localization and transcriptional activity of CEBP members [75,80] but have
been barely investigated in the regulation of Leydig cells’ functions.

3.4. Maf-Related Members

The family of MAF-related transcription factors can be divided in two sub-families:
the large MAF, containing MAF, MAFA, MAFB and neural retina leucine zipper (NRL),
and the small MAF, containing MAFF, MAFG and MAFK (Table 1). The heterodimers
formed by MAF factors bind to MAF recognition elements (MAREs) consisting of extended
sequences of the AP-1 motifs [81]. Depending on the binding site and binding partner,
MAF-related members can act as transcriptional activators or repressors. By E14.5 in mouse
embryo and in adult testis, Mafb expression is detected in Leydig cells [82,83]. However,
the target genes of MAFB in fetal Leydig cells during development or in adult Leydig cells
remain to be characterized. Other MAF-related members may play an important role in
regulating adult Leydig cells’ functions as MAF, MAFF and MAFG are highly expressed in
human adult Leydig cells [26].

3.5. XBP1-Related Members

The XBP1-related members family contains only the transcription factor XBP1. This
transcription factor is known to regulate the major histocompatibility complex (MHC) class
II gene by binding to a promoter element known as X-Box [84]. XBP1 is implicated in
cell differentiation, proliferation, apoptosis, cellular stress response and other signaling
pathways. It has also been associated with the expression of genes required for membrane
biogenesis and the secretory pathway [85]. Indeed, XBP1-deficient β-cells fail to secrete
enough insulin to regulate blood glucose levels [86]. Several publications have evaluated
ATF4 and XBP1 transcription factors as endoplasmic reticulum (ER) stress markers in
Leydig cells [87,88]. With ATF4 and ATF6, XBP1 has been characterized as an unfolded
protein response (UPR) transcription factor, which mediates downregulation of the 3-β-
hydroxysteroid dehydrogenase (Hsd3b1) gene expression following high or prolonged hCG
treatment in Leydig cells [89]. Such treatments result in ER stress-mediated apoptosis,
possibly through binding to the ER stress response element (ERSE) found in different gene
promoters [90]. Additionally, XBP1 can also form heterodimers by interacting with FOS [91]
and ATF6 [92]. However, other specific target genes for XBP1 in Leydig cells remain to be
further characterized.

3.6. CREB3-like Subfamily Members

The CREB3-like subfamily includes transmembrane bZIP transcription factors such
as CREB3 (also known as Luman), CREB3L1, CREB3L2, CREB3L3 and CREB3L4. These
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transcription factors play important roles in the UPR. In addition, CREB3L1 is involved in
differentiation, function, and survival of many cell types in which it is expressed. CREB3L1
can interact with other members of this subfamily such as itself and CREB3L3, as well as
with CREM [78]. Targets for CREB3L1 include genes crucial for ER stress such as XBP1
and the chaperone heat shock protein 5 [93]. In addition to forming a heterodimer with
CREB3L1, CREB3L3 can also heterodimerize with ATF6 and CEBPG [78,94]. Interestingly,
CREB3L2 and CREB3L3 can be phosphorylated by cyclin-dependent kinases and influence
cell division [63,95,96].

3.7. ATF-4 Related Members

ATF family members play essential roles in cell proliferation and differentiation, apop-
tosis, and inflammation. All members of this family, including ATF1, ATF2, ATF3, ATF4,
ATF5, ATF6 and ATF7, can be detected in human Leydig cells [26]. However, their roles
and functions in the regulation of gene expression in these cells remain to be determined.
Like CREB1, ATF1 is involved in the regulation of transcription in response to variations
in intracellular cAMP [97]. ATF2 and ATF3 regulate the expression of stress-response
genes [98]. Interestingly, these ATF members can heterodimerize with transcription factors
of the AP-1 family [3,24,99,100] to regulate gene expression. ATF4 is induced by stress
signals including hypoxia, oxidative stress, ER stress and amino acid deprivation [101].
This transcription factor can bind to asymmetric CRE elements as a heterodimer and palin-
dromic CRE elements as a homodimer. With DDIT3, ATF4 activates the transcription of
the integrated stress response regulator tribbles pseudokinase 3 (TRIB3) and promotes ER
stress-induced apoptosis of neuronal cells [102]. Interestingly, TRIB3 is highly expressed
in different Leydig cell lines such as MA-10 and LC540 [103,104]. TRIB3 expression is
rapidly modulated by xenobiotics, suggesting that its transcription may be regulated by
immediate-early transcription factors like ATF4. Of interest for Leydig cells, ATF4 can
heterodimerize with CEBPB [95] or JUN [3]. However, their target genes remain to be
characterized. In addition, the activity of ATF4 can be modulated by phosphorylation at
Ser69 [96,105], however the kinase involved and its functionality in Leydig cells remain to
be determined.

ATF5 can bind to a ATF5-specific response element (ARE) (consensus: 5′-CYTCTYCCTTW-
3′) or an amino acid response element (AARE) (consensus: 5′-WTTGCATCA-3′) present
in many promoters. This transcription factor is involved in the regulation of cell survival,
proliferation and differentiation [99,106]. Precisely, its transcriptional activity is enhanced
by cyclin D3 and is inhibited by cyclin-dependent kinase 4 [106], suggesting that ATF5 may
be an important regulator of Leydig cells’ proliferation.

Similar to CREB3-like subfamily members, ATF6 is involved in the regulation of genes
important for ER stress response [100]. These transcription factors contain a transmembrane
domain, allowing their localization to the ER in the absence of activation of the UPR.

In general, members of the bZIP class of transcription factors are involved in tumori-
genesis and normal physiological processes like cell proliferation, development, steroid
synthesis, and cell-to-cell interactions.

4. bZIP Transcription Factors and Leydig Cell Proliferation and Development

Before reaching the adult stage, progenitor Leydig cells must proliferate and differ-
entiate in the testicular interstitium to acquire their full capacity for androgen synthesis.
Stem Leydig cells (SLC) proliferate and differentiate into progenitor Leydig cells (PLC)
between postnatal day (P)7 and P14 in the rat. PLC are the major Leydig cells of the
testis from P14 to P21 [107]. At around P35, the immature Leydig cells (ILC) population is
established from the differentiation of PLC and mainly produces androstanediol (3α-Diol)
as androgen. By the end of puberty (from P55 to P90), adult Leydig cells (ALC) originate
from the proliferation and differentiation of ILC [108], and are characterized by high levels
of LHCGR and expression of the enzyme HSD3B1 [109]. These changes contribute to the
increased testosterone synthesis from ALC [110] and are essential for normal reproduc-
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tive function [111] and spermatogenesis [112]. Once differentiated, ALCs are primarily
involved in two processes important to support spermatogenesis: testosterone production,
and INSL3 synthesis and secretion.

4.1. CREB-Related Members

Among CREB-related transcription factors, ATF1 may promote gene expression, con-
tributing to Leydig cells’ proliferation. Indeed, cyclin-dependent kinase 3 has been reported
to phosphorylate ATF1 at Ser63, enhancing transactivation capacity of ATF1 and promoting
cell proliferation [113]. CREB3 is a transcriptional coregulator involved in ER-stress. In
mouse Leydig tumor cells (MLTC-1), the shRNA-mediated knockdown of CREB3 decreased
the percentage of S phase cells and increased the expressions of cyclin A1, B1 and D2, lead-
ing to reduced apoptosis and increased cell proliferation [114]. However, the use of tumor
Leydig cell lines to study normal Leydig cell proliferation may not be appropriate, and the
interpretation of the data should be done with caution.

4.2. AP-1 Members

AP-1 members are well known for their ability to regulate cell proliferation. In-
deed, JUN and FOS regulate the expression of cyclin D1, an important activator of cyclin-
dependent kinases that promote cell cycle progression [115]. JUNB and JUND, in contrast
to JUN, negatively regulate cell proliferation. In fact, JUNB inhibits JUN-mediated cyclin
D1 expression [116], whereas JUND activation results in decreased fibroblasts’ prolifera-
tion [117]. The p21-activated protein kinase (PAK)2-dependent phosphorylation of JUN
also contributes to EGF-mediated cell proliferation and transformation [118]. Since AP-1
members can regulate the expression of genes important for cell proliferation and differen-
tiation [37,119–121], these transcription factors may influence Leydig cells’ development
and maturation. Interestingly, Jun and Fos are highly expressed in PLC, and like Junb, Jund
and Fosl2 show a decreased expression upon maturation of PLC to ALC [122]. In addition,
Jun and Fos are highly expressed in rat mesenchymal cells involved in the regeneration
of ALC [123].

Being highly expressed in PLC and ILC [124], the androgen receptor (AR) is critical
for proliferation and differentiation of these cells into adult Leydig cells. Indeed, testicular
feminized (Tfm) male mice, having a non-functional mutated androgen receptor, contain
Leydig cells with reduced levels of LHCGR, are non-responsive to hCG and have decreased
testosterone production due to reduced cytochrome P450 family 17 subfamily A member
1 (CYP17A1) levels [110,125]. In addition, mice with Leydig cell-specific inactivation of
Ar by Cre expression under the control of the Amhr2 promoter [126,127] produced less
testosterone and were infertile due to disrupted spermatogenesis [128]. Proliferation and
differentiation of PLC and ILC may require AP-1 members, since JUN can interact with
AR [129,130] and can influence its transcriptional activity. However, such modulation of
AR activity by AP-1 members remains to be confirmed in Leydig cells.

As suggested previously, increased ATF2 activity under pathophysiological conditions
such as diabetes may increase caspase-3 activity and promote Leydig cells’ apoptosis,
leading to male hypogonadism [131]. ATF2, a transcription factor downstream of p38
MAPK, is a key mediator of extracellular stimulus-induced testicular injury. In addition,
ATF2 can interact with AR [132,133], potentially modulating its transcriptional activity and
influencing Leydig cells’ proliferation.

4.3. CEBP-Related Members

During differentiation of SLC into ALC, the expression of Alkbh5, coding for an RNA
demethylase, is increased, leading to reduced levels of N6-methyladenosine methylation
and increased autophagy in Leydig cells [134]. Interestingly, Alkbh5 expression is increased
in response to hCG by recruitment of CEBPB to its promoter region [134]. In SLCs, CEBPB
also regulates the expression of Ptgs2, encoding the cyclooxygenase 2 enzyme which can
modulate cell proliferation and apoptosis [135]. Thus, this bZIP transcription factor in-
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directly contributes to Leydig cell maturation by influencing mRNA methylation levels
and the production of prostaglandins. DDIT3 can act as a dominant-negative inhibitor
by forming a heterodimer with other CEBP members and preventing their DNA binding
activity [136]. DDIT3 is activated by ER stress and promotes apoptosis [102,137]. Interest-
ingly, decreased expression of DDIT3 is required for CEBPB to upregulate Ptgs2 expression
during SLC maturation [136].

As with other proline and acidic amino acid-rich (PAR) subfamily members, the
bZIP transcription factor D site albumin promoter binding protein (DBP) is involved in
the regulation of cell circadian rhythm, as reported with β-cells and the production of
insulin [138]. Interestingly, the expression of DBP is inhibited by the mycotoxin zearelenone
in Leydig cells [139]. However, further investigation will be required to better define its
implication in regulation of proliferation and steroidogenic genes in Leydig cells.

4.4. Transmembrane bZIP Transcription Factors

In response to ER stress, cells initiate the UPR to restore protein homeostasis. The UPR
is distinguished by three signaling proteins named protein kinase R (PKR)-like endoplasmic
reticulum kinase (PERK), ATF6, and inositol-requiring enzyme 1 alpha (IRE1α). Activation
of PERK leads to phosphorylation of eukaryotic initiation factor 2α, and then induces the
bZIP transcription factor ATF4, causing increased expression of the pro-apoptotic bZIP
protein DDIT3 and cell death [140]. On the other hand, the bZIP transcription factor
ATF6 transits to the Golgi where it is cleaved into an activated form [140]. In addition,
activated IRE1 catalyzes the splicing of a small intron from XBP1 mRNA to produce an
active transcription factor. ATF6 and IRE1 pathways may also induce DDIT3 expression
to trigger apoptosis [141]. Thus, ER stress can activate different bZIP transcription factors,
leading Leydig cells to undergo apoptosis [89].

Overall, several transcription factors of the bZIP class influence the proliferation,
maturation, and apoptosis of adult Leydig cells. However, their involvement in the differ-
entiation of fetal Leydig cells remains to be demonstrated.

5. bZIP Transcription Factors and Steroidogenesis

Regulation of steroidogenesis in ALC is primarily mediated by the hypothalamic-
pituitary-gonadal axis through LH secretion and binding to its LHCGR, resulting in de
novo protein synthesis [142]. Following activation of its receptor, LH mainly stimulates
cAMP production by adenylate cyclase, which leads to activation of PKA enzyme and
upregulation of several genes contributing to increased androgen synthesis by Leydig cells.
Members of the bZIP class being phosphorylated by PKA include CREB1, CREM, ATF1 and
FOS. Hence, these transcription factors may participate in the regulation of steroidogenesis
from Leydig cells.

5.1. CREB-Related Members

Different transcription factors, including bZIP members such as CREB1 [143] and AP-1
members [71,144], are involved in the regulation of Star expression in Leydig cells. The
STAR protein participates in the import of cholesterol inside mitochondria, an essential
step for the initiation of steroidogenesis. Three CRE half sites (−96/−67 bp) have been
characterized and shown to recruit CREB1 to the cAMP-responsive region (−151/−1 bp)
of the mouse Star promoter (Figure 4) [143]. CREB1 can also recruit the CREB regulated
transcription coactivator 2 (CRTC2) to regulate Star expression in response to hormone
and metabolic signals in Leydig cells [145,146]. PKA phosphorylates CREB1 on Ser133,
resulting in increased recruitment to DNA and target genes expression. Activation of the
cAMP/PKA pathway may not be the sole inducer of CREB1 recruitment to its DNA regu-
latory elements. Indeed, PMA (phorbol-12-myristate-13-acetate), an activator of the PKC
pathway, increases the phosphorylation of CREB1 and induces STAR expression in MA-10
Leydig cells [12,16]. Furthermore, activations of PKA and PKC signaling pathways result
in an increased association of phosphorylated CREB1 to the proximal region of the Star

40



Int. J. Mol. Sci. 2022, 23, 12887

promoter [147]. However, phosphorylation of the STAR protein by PKC cannot lead to its
activation, unlike PKA. Thus, the contribution of PKC to the regulation of steroidogenesis
in Leydig cells requires activation of PKA for the STAR protein to be phosphorylated and
functional [12]. Hormone-induced recruitment of phosphorylated CREB1 and coactivator
p300 to the Nr4a1 promoter also requires activation of the Ca2+/CAMKI pathway [148].
NR4A1 is an important mediator of hormone-stimulated Star expression [149,150]. Further-
more, silencing Creb1 impaired NR4A1 expression and steroidogenesis in MA-10 Leydig
cells [148]. NR4A1 is an orphan nuclear receptor involved in cAMP/PKA-dependent
activation of steroidogenic promoters for Star, HSD3B2 and Cyp17a1 [149,151–153]. The
initial substrate of steroidogenesis, cholesterol, is metabolised into pregnenolone by the
cholesterol side chain cleavage enzyme CYP11A1 (cytochrome P450, family 11, subfam-
ily a, polypeptide 1). Then, the enzyme hydroxy-delta-5-steroid dehydrogenase, 3 beta-
and steroid delta-isomerase (HSD3B2 in human and HSD3B1 in rodents) catalyzes the
conversion of pregnenolone into progesterone, whereas CYP17A1 converts progesterone
into androstenedione. Testosterone is then synthesized from androstenedione by the
enzyme HSD17B3.

−151 bp 

Figure 4. Overview of bZIP transcription factors recruited to the proximal region of the Star promoter.
CEBPB is recruited to its regulatory element between −117 and −108 bp (5′-ATGAGGCAAT-3′),
whereas CREB1, JUN and FOS form homo- or heterodimer competing for binding to the −96 to
−67 bp region.

In addition to regulating steroidogenic genes, the CREB1 transcription factor also
modulates the expression of other genes encoding enzymes in response to activation of the
cAMP/PKA pathway in Leydig cells. For example, the expression of acyl-CoA synthetase
4 (Acsl4) is up-regulated by the recruitment of CREB1 to a DNA regulatory element at
−200 bp of its promoter in MA-10 Leydig cells [154]. ACSL4 catalyzes the synthesis of acyl-
CoA from arachidonic acid (AA), contributing to the regulation of AA at the cellular level.
AA has been widely documented as an essential regulator of LH-dependent testosterone
synthesis in rat Leydig cells [155–158].

Others have reported that CREB1 plays a critical role in activating kisspeptin (Kiss1)
expression in mouse Leydig cells leading to autocrine regulation of steroidogenesis [159]. In-
deed, CREB1-deficient Leydig cells fail to induce Kiss1 expression in response to
hCG treatment.

The expression of CREB3 is increased in mouse Leydig cells from prepubertal to adult
stages [160]. The siRNA-mediated knockdown of CREB3 in Leydig cells results in the up-
regulations of Star, Cyp11a1, Hsd3b1 and Cyp17a1 genes’ expressions, leading to increased
testosterone production [160]. Such CREB3-dependent regulation may involve inhibition
of the nuclear receptors NR4A1 and NR5A1 [160], two nuclear receptors important for
steroidogenic genes expressions. Hence, CREB3 may contribute, in part, to the decrease
in testosterone production from Leydig cells according to aging by decreasing levels and
activity of nuclear receptors.

The detection of CREBZF in mouse and human testis Leydig cells is debatable
in vivo [26,161,162] and may be attributed to the characterization of different isoforms.
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However, this transcription factor is involved in hCG-stimulated testosterone produc-
tion [163]. CREBZF does not bind DNA by itself as a homodimer but rather regulates
transcription by heterodimerizing with other transcription factors. In response to MAPK
signaling, CREBZF can interact with ATF4 to enhance its transactivation potential [164].
CREBZF can also heterodimerize with XBP1 or CREB3 to participate in the regulation of the
UPR response [165]. Silencing of Crebzf in primary and MLTC-1 Leydig cells decreased the
expression of Cyp17a1, Hsd3b1 and Hsd17b3, resulting in the inhibition of hCG-stimulated
testosterone production [163]. Interestingly, CBEBZF activates the expression of Nr4a1
and Nr5a1 [163].

5.2. AP-1 Members

In addition to PKA, other signaling pathways such as PKC and MAPK may partici-
pate in the regulation of steroidogenesis in Leydig cells by phosphorylating specific AP-1
transcription factors [15,166]. Indeed, JUN can activate the Nr4a1 promoter following its
recruitment to three AP-1-like DNA regulatory elements in MA-10 Leydig cells [6,167].
In addition, JUN has additive effects with NR4A1 to activate the Star promoter by be-
ing recruited to the AP-1 regulatory element at −78 bp [71]. However, the binding of
JUN to this regulatory element is not altered by treatment with cAMP for up to 2 h [5].
Other nuclear receptors such as NR5A1 and NR5A2 can also cooperate with JUN to ac-
tivate Star gene expression [71]. In addition, NR5A1 cooperates with JUN to activate
the human CYP11A1 promoter in steroidogenic cells [168]. Notably, such cooperation
between JUN and nuclear receptors involves protein–protein interactions. However, oth-
ers have shown that JUN rather inhibits the capacity of NR4A1 to activate the Cyp17a1
promoter in K28 Leydig cells [169]. In this regulatory process, the JNK signaling path-
way is activated by reactive oxygen species, JUN and NR4A1 physically interact, and
DNA binding of NR4A1 is inhibited. JUN may also interact with other nuclear recep-
tors, such as the glucocorticoid receptor [170], the progesterone receptor [129], the estrogen
receptor [129,171], the AR [129,130], the thyroid receptor [161] and the retinoic acid/retinoid
X receptors [162,172], to influence the expression of steroidogenic genes. However, the
implications of these protein interactions on steroidogenesis will need further investigation.

JUN also cooperates with GATA4 to activate Star expression [173]. This regulation is
mostly dependent on the proximal GATA DNA-regulatory element in the Star promoter,
suggesting that these transcription factors physically interact. Although a cooperation
between JUN and FOS activates the Star promoter, JUN homodimers are rather responsible
for the cooperation with GATA4 [173]. However, FOS can still be recruited to the mouse Star
proximal promoter region [174], suggesting that JUN/FOS heterodimers may participate in
the regulation of Star gene expression. Interestingly, Fosl2 overexpression rather inhibits
JUN-dependent activation of the Star promoter [174]. Thus, the combination of AP-1
factors may finely regulate Star expression according to the levels of androgen synthesis by
Leydig cells.

Members of the AP-1 family may regulate steroidogenesis with precision through post-
translational modifications. In response to PKA activation in MA-10 Leydig cells, the levels
of FOS protein are increased and phosphorylated at Thr325, whereas JUN is only phospho-
rylated at Ser73 after 15–30 min of dibutyryl-cAMP treatment [144]. Such post-translational
modifications increase recruitment of these AP-1 members to the AP-1/CRE element lo-
cated at −81 to −75 bp of the Star proximal promoter in mice [144]. AP-1 members JUN and
FOS also promote CREB1 and CBP recruitments to the Star promoter. However, because
AP-1 members can interact with a common DNA-regulatory element for CREB1, activation
of Star expression by CREB1 is inhibited by FOS and JUN [144]. In addition to JUN, other
AP-1 members such as FOS and JUND can also activate the Star promoter [71]. However,
FOS rather inhibits steroidogenic gene expression in adrenal [175] and Leydig cells [144].
Precisely, AMP-activated protein kinase (AMPK)/PKC signaling pathway activation within
Leydig cells represses JUN and NR4A1 but activates FOS and NR0B1 (DAX1), resulting
in decreased Star expression and steroidogenesis [176]. Overall, JUN cooperates with
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several transcription factors to regulate the expression of steroidogenic genes, including
specificity protein 1 (SP1) [177] and NR5A1 to regulate Fdx1 (ferredoxin-1) [72], as well as
GATA4, NR5A1 and NR4A1 to regulate Star [71,173], in Leydig cells. Indeed, JUN and FOS
can physically interact with NR5A1, GATA4 and CEBPB as reported using the mammalian
two-hybrid system [174]. Thus, AP-1 members can form major complexes contributing to
the regulation of steroidogenic genes’ expressions.

Several extracellular signals participate in the activation of members of the PKC family
of serine/threonine kinases. In MA-10 Leydig cells, different PKC isoforms are induced by
PMA and may contribute to Star activation and increased progesterone synthesis [15]. In
addition, PMA increases JUN and FOS protein levels and their phosphorylation [15], sug-
gesting that the activation of Star expression by PMA relies on activation of AP-1 members.
Indeed, PKCμ inactivation decreases the expression and phosphorylation of JUN/FOS, as
well as their association with the Star proximal promoter region, resulting in decreased Star
expression and progesterone synthesis in MA-10 Leydig cells [15]. Interestingly, binding
of JUN/FOS to the Star promoter in response to PMA promotes recruitment of the CBP
cofactor [15], resulting in histone acetylation and increased accessibility to the promoter for
the transcriptional machinery.

Once inside the mitochondria, cholesterol is converted to pregnenolone by the rate-
limiting steroidogenic side chain cleavage enzyme, CYP11A1. In mouse trophoblast and
granulosa cells, the Cyp11a1 promoter activity may be regulated by AP-1 members and
GATA4 [178]. Although AP-1 regulatory elements have been characterized in the Cyp11a1
promoter [179], their implication in transcriptional regulation in Leydig cells remains to
be confirmed.

After being reduced by the flavoprotein ferredoxin reductase, ferredoxin 1 (FDX1)
supports steroid biosynthesis in steroidogenic cells by transferring electrons to CYP11A1.
We have reported that JUN interacts with NR5A1 and these transcription factors cooperate
to activate the Fdx1 promoter in different Leydig cell lines [72]. Such activation involve
regulatory elements located within the Fdx1 proximal promoter region. Thus, AP-1 mem-
bers may contribute to the activation of the CYP11A1 enzyme by increasing Fdx1 gene
expression in Leydig cells.

The gene Tspo encodes the translocator protein, a cholesterol-binding protein pro-
moting the entry of cholesterol inside mitochondria [180–182]. The expression of Tspo in
Leydig cells depends on PKCε-dependent phosphorylation of JUN through the MAPK
pathway [166]. Moreover, PMA, an activator of PKCε, also promotes the binding of JUN to
its AP-1 DNA regulatory element in the Tspo promoter [183]. Such regulatory mechanism
may involve the interaction between JUN and STAT3, resulting in synergistic activation of
the Tspo promoter [166]. However, the consequences of the regulation of Tspo by members
of the AP-1 family on steroidogenesis by Leydig cells will require further investigations.

Different growth factors produced by Sertoli cells have paracrine actions influencing
Leydig cells’ functions. Among them, FGF, IGF1 and TGFα increase, whereas TGFβ
decreases, androgen production from Leydig cells [184–187]. Precisely, IGF1 increases the
availability of cholesterol, as well as the activities of steroidogenic enzymes, promoting
the conversion of pregnenolone to testosterone [188]. Increased Star expression leading
to progesterone synthesis has also been observed in response to stimulations of MLTC-1
cells with IGF1, FGF and TGFα [13]. Importantly, IGF1 and the cAMP/PKA pathway
cooperate to activate CREB1 and JUN, leading to increased Star expression [189]. The
expressions of the receptors for these growth factors can be regulated by AP-1 factors in
Leydig cells, as shown with the upregulation of FGFR1 by FOS in osteosarcoma cells [190].
Although several growth factors are produced by Sertoli cells, only kit ligand (KITL) and
glial cell derived neurotrophic factor (GDNF) are required for male fertility. Interestingly,
the transcription factors JUN and FOS may increase the expression of receptors for KITL
and GDNF in Leydig cells, as indicated with the cKIT promoter [191].

In addition to LH, Leydig cells can also be stimulated by other hormones such as the
growth hormone (GH). Indeed, GH increases Star gene expression and steroidogenesis by
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promoting cooperation between JUN and STAT5B [192]. However, it would be interesting
to determine if such cooperation is also involved in the regulation of other STAT target
genes such as HSD3B2 [193] in Leydig cells.

Being part of the FOS-related family of transcription factors, the Jun dimerization
protein 2 (JDP2) is highly expressed in MA-10 Leydig cells. In addition, its expression can be
modulated by activation of the cAMP/PKA pathway (our unpublished observations). JDP2
binds DNA as a homodimer or as a heterodimer with ATF2 and JUN proteins, but not with
FOS proteins [194]. JDP2 represses transcription either as a homo- or heterodimer [195].
However, its physiological role in regulation of steroidogenesis in testicular Leydig cells
remains to be investigated further.

Overall, AP-1 members are critical regulators of the expression of genes related to
steroidogenesis in Leydig cells. Precisely, the combination of expressed AP-1 factors, the
post-translational modulation of their activities, and the interactions with other partners
can all determine how these transcription factors influence androgen synthesis in the testis.

NFE2 Subfamily Members

The member of the nuclear factor, erythroid 2 (NFE2) subfamily of bZIP transcription
factors NFE2L2 (NRF2) is a master regulator of phase 2 antioxidant genes and seems
to play an important role in preventing the reduction in testosterone production from
aging Leydig cells. Indeed, the knockout of Nfe2l2 in mice results in a greater reduction
in testosterone production by Leydig cells during aging compared to normal mice [196].
Although largely correlated, there is evidence that the redox imbalance occurring with
aging may result in reduced steroid formation by Leydig cells [197]. Under oxidative stress,
NFE2L2 dissociates from kelch-like ECH-associated protein 1 (KEAP1), translocates to the
nucleus, and then activates NFE2L2-responsive genes involved in antioxidant activity and
oxidant inactivation [198]. However, the target genes for NFE2L2 have not been clearly
characterized in Leydig cells.

5.3. CEBP Members

CEBPB is expressed in steroidogenic cells, such as Leydig and granulosa cells [199],
and plays an essential role in LH-regulated differentiation and function of Leydig cells [77].
Indeed, activations of PKA and PKC signaling pathways increase CEBPB protein levels in
MA-10 Leydig cells [147]. CEBPB activates the expression of the Star gene, an important
regulator of cholesterol import inside mitochondria [200,201]. Indeed, CEBPB can bind
to the −117 to −108 bp Star promoter region [202–205], and can positively regulate Star
gene basal expression [147,206]. Like other bZIP members, its transcriptional regulatory
activity is enhanced by activation of the cAMP/PKA pathway [202]. In addition, CEBPB
cooperates with different transcription factors, such as NR5A1 [200] and GATA4 [201], for
cAMP/PKA-dependent regulation of Star promoter activity in MA-10 Leydig cells. It can
also cooperate with nuclear factor kappa B subunit 1 (NFKB1) to regulate the expression of
Nr4a1 in Leydig cells [207].

The prostaglandin endoperoxide synthase 2 (PTGS2, COX2) enzyme, involved in
the synthesis of PGF2α and PGE2, is highly expressed by Leydig cells from infertile pa-
tients [208] as well as during aging [209]. In MA-10 Leydig cells, CEBPB is recruited to a
regulatory element in the proximal region of the Ptgs2 promoter resulting in activation of
gene expression in response to cAMP [135]. DDIT3, an inhibitor of CEBP family members
by heterodimer formation [136], is also expressed in MA-10 cells [135]. In contrast to CEBPB,
DDIT3 expression is rather reduced in response to hCG or cAMP [135]. Thus, induction of
Ptgs2 expression correlates with increased Cebpb and reduced Ddit3 expressions in response
to activation of the LH/cAMP/PKA pathway. Such activation of Ptgs2 by CEBPB may
contribute to decreased steroid production by aging Leydig cells.
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5.4. Transmembrane bZIP Transcription Factors

In addition to the bZIP domain, several transcription factors also contain a transmem-
brane domain and participate in ER unfolded protein stress transduction. These bZIP
transcription factors include ATF6 and the CREB3-like subfamily [210]. Since a major part
of steroidogenesis is taking place in the ER, the UPR may have an indirect influence on gene
regulation through activation of ER transmembrane bZIP transcription factors, leading to
their migration in the nucleus. However, such gene regulation will require further investi-
gation. Prolonged exposure to a high dose of hCG induces ER stress and downregulation of
steroidogenic enzyme gene expression in Leydig cells [89]. Such effect may be attributed to
the triggering of UPR and nuclear translocation of ATF6 in Leydig cells [89]. Interestingly,
other bZIP transcription factors, such as CREB3L4, are involved in ER stress response and
are crucial for proper spermatogenesis and spermiogenesis [211,212].

6. bZIP Transcription Factors and INSL3

Apart from producing steroid hormones, testicular Leydig cells are also the main
source of the peptide hormone insulin-like 3 (INSL3). This hormone regulates the transab-
dominal phase of the descent of testes in the scrotum during fetal development as well as
germ cell survival [213]. However, INSL3 is not required for spermatogenesis and germ
cells’ survival in adult mice [214]. The production of INSL3 is dependent on the differ-
entiation state of Leydig cells and is correlated with the circulating levels of LH [215–218].
Intrestingly, differentiated Leydig cells produce and secrete INSL3 constitutively. The Insl3
gene promoter contains several DNA regulatory elements for ATF3, CREB1 and MAF, sug-
gesting a possible regulation by bZIP members. However, the regulation of Insl3 expression
by these transcription factors may be indirect and involve activation of Nr4a1 expression,
as reported for JUN [157,174,219].

7. bZIP Transcription Factors and Leydig Cell Communication

The regulation of steroidogenesis in Leydig cells depends not only on the activation of
receptors associated with various signaling pathways but may also rely on the exchange of
signaling molecules via gap junctions between adjacent cells. Gap junctions are formed
by connexin proteins that assemble into homomeric or heteromeric connexons to create a
channel for exchange of cytosolic molecules between neighboring cells. Different types of
connexins are encoded by a class of genes including five groups (Gja, Gjb, Gjc, Gjd and Gje),
each composed of several members and isoforms. Leydig cells express mainly Gja1 (CX43),
and to a lesser extent Gja4 (CX37), Gja6 (CX33), Gjc1 (CX45), Gjc2 (CX47), Gjd2 (CX36),
and Gjd3 (CX31.9/30.2) [220–223]. Only the inactivation of GJA1 has been characterized
for its effects on steroidogenesis and does not appear to be critical for Leydig cell devel-
opment, differentiation and function [224,225]. This may be attributed to the functional
redundancy between different types of connexins in Leydig cells [222]. However, GJA1
inactivation in Sertoli cells results in Leydig cell hyperplasia [226,227], suggesting that this
connexin is involved in paracrine communication between these cell types. Interestingly,
this phenotype is also associated with a decrease in Gja1 and Gjc1 expressions in Leydig
cells, without any effect on steroidogenesis [228]. As reported in prostaglandin E2 treated
cells [219], GJA1-dependent potentiation of cAMP/PKA signaling in Leydig cells is not
associated with an increase in cAMP levels, but rather with an increased exchange of this
second messenger between interconnected cells.

7.1. CREB Members

The expression of Gja1 has been reported to be regulated by CREB1 in other cell types.
Indeed, β-adrenoceptor stimulation upregulates cardiac Gja1 expression via PKA and
MAPK signaling pathways, possibly through activation of AP1 and CREB1 factors [229].
In addition, a complex composed of NFKB, CREB1 and CBP is formed following oxytocin
stimulation and participates in the activation of Gja1 expression in mouse embryonic stem
cells [230]. It has been reported that hCG and 8-bromo-cAMP treatments, known to increase
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Cyp11a1 and Star expression, inhibit Gja1 expression in rat Leydig cells [231]. However,
others have shown that these treatments rather increase GJA1 levels in cultured Leydig
cells [232], suggesting that junctional coupling between Leydig cells is hormonally regu-
lated. Indeed, Gja1 expression and cell-to-cell communication are modulated by long-term
(36 h) stimulation with LH or hCG [232]. Furthermore, GJA1 expression in postnatal Ley-
dig cells has been correlated with testosterone production at different stages of postnatal
development [233]. Indeed, Gja1 expression peaks at P40 and remains elevated through-
out adulthood in rat Leydig cells [231]. Thus, gap junctions may enhance testosterone
production by facilitating the exchange of cAMP between neighboring cells to increase
steroidogenic gene expression. However, the implication of CREB1 in the regulation of
Gja1 expression in Leydig cells remains to be confirmed.

7.2. AP-1 Members

AP-1 members JUN and FOS are major regulators of Gja1 expression in mouse TM3
Leydig cell line [234]. Such synergy involves the recruitment of FOS to an AP-1 DNA-
regulatory element located in the proximal region of the Gja1 promoter (Figure 5). This
element is highly conserved among species, suggesting that the ability of AP-1 members
to regulate Gja1 expression has been conserved throughout evolution. In addition, AP-1
members may be functionally redundant as JUN, JUNB and FOSL2 also efficiently increased
Gja1 promoter activity in TM3 Leydig cells [234]. With significant endogenous levels in
Leydig cells [223,235], FOS or FOSL2 can interact with JUN, JUNB or JUND to regulate
Gja1 expression. Thus, AP-1 dimers binding to the Gja1 promoter may consist of FOS/JUN,
FOS/JUNB, FOS/JUND, FOSL2/JUN, FOSL2/JUNB or FOSL2/JUND in mouse Leydig
cells. AP-1 members are therefore important for optimal Gja1 expression in testicular
Leydig cells. In addition to variations in the abundance of FOS and JUN proteins in Leydig
cells, activation of the Gja1 promoter may also involve their post-translational modifications
by protein kinases and their interactions with other partners or coactivators [121].

−150 bp 

Figure 5. Overview of bZIP transcription factors recruited to the proximal region of the Gja1 promoter.
JUN, JUNB, JUND, FOS and FOSL2 can participate in the formation of homo- or heterodimers to be
recruited to the −45 bp AP-1 DNA regulatory element.

7.2.1. NFE2 Subfamily Members

In response to treatments with the polyphenolic compound luteolin, the transcription
factor NFE2L2 translocates into the nucleus of TM4 Sertoli cells and is associated with
an increased expression of Gja1 [236]. However, even though the Gja1 promoter contains
several NFE2L2 DNA regulatory elements in its proximal region, the recruitment of NFE2L2
to this region remains to be confirmed. In addition, such regulation of Gja1 expression by
NFE2L2 in Leydig cells should be characterized further.

7.2.2. ATF3-like Subfamily Members

As reported previously, JDP2 is highly expressed in MA-10 Leydig cells and is
inducible following activation of the cAMP/PKA pathway (our unpublished observa-
tions). Interestingly, JDP2 overexpression in myocardial cells results in loss of Gja1 ex-

46



Int. J. Mol. Sci. 2022, 23, 12887

pression [237], suggesting that such regulatory mechanism may be present in Leydig cells.
Moreover, several JDP2 DNA regulatory elements can be found in the proximal region of the
Gja1 promoter.

7.3. MAF-Related Members

In chicken embryos, overexpression of Maf and Mafa induced ectopic expression of
Gja1 [238]. In human testis, MAF is highly expressed in Leydig cells and cells from the
seminiferous tubules [26]. In addition, the Gja1 promoter contains several MAF regulatory
elements in its proximal region. However, the molecular implication of MAF transcription
factors in the regulation of Gja1 expression in Leydig cells remains to be investigated.

7.4. CEBP Members

In breast cancer cells, CEBPA regulates GJA1 expression by binding to the DNA
regulatory element 5′-AATTGTC-3′ at −456 bp of the promoter region [239]. However,
CEBPA expression in Leydig cells appears to be very low [26]. Thus, its role in the regulation
of Gja1 expression may be replaced by CEBPB but remains to be confirmed.

8. Conclusions

Significant progress has been made over the past 40 years in our knowledge of the
signaling pathways and the underlying processes that control the activity of bZIP transcrip-
tion factors in different cell types. As highlighted in this review, CREB, CEBP and AP-1
members of the bZIP family play important roles in regulating gene expression critical for
adequate Leydig cell function in the testis. Their specificity of action in Leydig cells relies on
bZIP-dependent homo- and heterodimer formation, as well as interactions with other types
of transcription factors or cofactors. Hence, major questions remain regarding the mecha-
nisms of action of bZIP members in Leydig cells and include: What are the contributions
of signaling pathways in the activation of bZIP members and in the formation of dimers
leading to the regulation of Leydig cell-specific target genes? What is the importance of
redundancy between bZIP members in the formation of heterodimers? Can heterodimers
between bZIP members vary depending on the target gene, cellular context, or signaling
pathways activated? How is the binding of bZIP factors to their DNA regulatory elements
coordinated with the recruitment of other transcription factors nearby, and what are the
consequences of these recruitments to DNA on transcriptional regulation? Answers to
these questions are essential to a better understanding of how transcription factors of the
bZIP class influence gene expression in Leydig cells.
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Abstract: Leydig cells produce testosterone, a hormone essential for male sex differentiation and
spermatogenesis. The pituitary hormone, LH, stimulates testosterone production in Leydig cells
by increasing the intracellular cAMP levels, which leads to the activation of various kinases and
transcription factors, ultimately stimulating the expression of the genes involved in steroidogenesis.
The second messenger, cAMP, is subsequently degraded to AMP, and the increase in the intracellular
AMP levels activates AMP-dependent protein kinase (AMPK). Activated AMPK potently represses
steroidogenesis. Despite the key roles played by the various stimulatory and inhibitory kinases, the
proteins phosphorylated by these kinases during steroidogenesis remain poorly characterized. In the
present study, we have used a quantitative LC-MS/MS approach, using total and phosphopeptide-
enriched proteins to identify the global changes that occur in the proteome and phosphoproteome of
MA-10 Leydig cells during both the stimulatory phase (Fsk/cAMP treatment) and inhibitory phase
(AICAR-mediated activation of AMPK) of steroidogenesis. The phosphorylation levels of several
proteins, including some never before described in Leydig cells, were significantly altered during the
stimulation and inhibition of steroidogenesis. Our data also provide new key insights into the finely
tuned and dynamic processes that ensure adequate steroid hormone production.

Keywords: testis; Leydig cells; steroidogenesis; star; AMPK; phosphoproteomics; proteomics

1. Introduction

Leydig cells are located in the interstitial space between the seminiferous tubules
of the mammalian testis [1,2]. These cells are the source of androgens, the main one
being testosterone [3]. Steroidogenesis is the biological process of converting cholesterol
into steroid hormones, which involves cholesterol transport into the mitochondria, where
steroidogenesis is initiated. In males, androgens are essential for male sex differentiation
during fetal life and for initiating and maintaining spermatogenesis from puberty onwards.
Androgens are also needed to acquire male secondary sex characteristics during puberty.
Inadequate androgen production is associated with some cases of differences/disorders of
sex development (DSD) in males [4].

Since androgens have pleiotropic roles in male reproductive function and overall
health, their synthesis is regulated tightly. Steroidogenesis in Leydig cells is stimulated
mainly by the pituitary luteinizing hormone (LH) [5]. The binding of LH to its G protein-
coupled receptor (LHCGR) on Leydig cells activates adenylate cyclase, which leads to an
increase in intracellular cAMP levels [6]. LH/cAMP-induced steroidogenesis then triggers
the activation of several kinases, including protein kinase A (PKA), mitogen-activated
protein kinase (MAPK), and calcium/calmodulin-dependent protein kinase I (CAMKI),
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which in turn phosphorylates several proteins required for increased steroid hormone
synthesis (reviewed in [7]). This includes several transcription factors, such as the cAMP
response element-binding protein (CREB)/CRE modulator (CREM), GATA4, and SF1 (re-
viewed in [8]). Furthermore, the de novo synthesis of the NR4A1/NUR77 (nuclear receptor
subfamily 4, group A, member 1) transcription factor is required for maximal hormone-
induced steroidogenesis [9]. The induction of Nr4a1 expression and the stimulation of
steroidogenesis in Leydig cells also requires the release of Ca2+ from internal stores through
the ryanodine receptors, leading to the activation of CAMKI [10]. Once adequate testos-
terone levels are reached, stimulation of steroidogenesis is blunted by two mechanisms.
The first is the classic negative feedback loop, where testosterone acts at the level of the
hypothalamus and pituitary to inhibit LH production [11]. The second is at the level of the
Leydig cell itself. In Leydig cells, cAMP is degraded into AMP by phosphodiesterase (PDE)
8A, PDE8B, and PDE4 [12]. The ensuing increase in the intracellular AMP levels activates
AMP-activated protein kinase (AMPK), a ubiquitous serine/threonine kinase best known
as an energy balance sensor. AMPK is a heterotrimeric complex containing one catalytic
subunit (alpha) and two regulatory subunits (beta and gamma) [13]. Once activated, AMPK
potently blunts the LH/cAMP-induced steroidogenesis in Leydig cells [14].

We previously compared the transcriptome of Leydig cells that were either un-
treated, stimulated with Forskolin (Fsk, an agonist of adenylate cyclase), or co-treated
with Fsk+AICAR (an agonist of AMPK). This led to the identification and characterization
of several genes that were upregulated by the LH/cAMP stimulatory pathway and subse-
quently downregulated by the AMPK repressive pathway [14]. In addition to the changes
in the transcriptome, the protein levels are also affected by the stimulation/repression of
steroidogenesis in Leydig cells. However, global changes in protein and phosphoprotein
levels have never been reported in this context. In the present work, we have used a quan-
titative mass spectrometry approach to elucidate the global and dynamic changes in the
phosphoproteome of Leydig cells in response to stimulatory (Fsk/cAMP) and inhibitory
(AICAR/AMPK) treatments.

2. Results

2.1. Validation of MA-10 Leydig Cell Responsiveness

Before analyzing the samples by quantitative LC-MS/MS, we first validated the re-
sponsiveness of the MA-10 Leydig cells to the different treatments. MA-10 Leydig cells were
treated for 1 h with the vehicle (DMSO), Forskolin alone (Fsk), or Fsk+AICAR. Fsk is an
agonist of adenylate cyclase, leading to increased intracellular cAMP levels and stimulation
of steroidogenesis. AICAR is an agonist of the AMPK kinase, which we have identified as
a potent repressor of hormone-activated steroidogenesis [14]. Although 1 h is sufficient to
detect changes in the protein phosphorylation levels, it is usually too short to detect changes
in the total protein levels by Western blot. We, therefore, isolated total RNA, which was
used in a qPCR to quantify the mRNA levels for the steroidogenic acute regulatory (Star)
protein. The Star gene codes for the steroidogenic acute regulatory (STAR) protein, a protein
essential for hormone-induced cholesterol transport into mitochondria and, consequently,
steroidogenesis [15]. The Star gene is an excellent marker of the dynamic steroidogenic
process in Leydig cells, as its expression is strongly induced by LH/Fsk/cAMP and re-
pressed by AICAR/AMPK ([14] and reviewed in [8]). As shown in Figure 1, the Star mRNA
levels from the three samples used in LC-MS/MS (described below) were increased six-
to ten-fold in the presence of Fsk. As expected [14], this increase was potently repressed
when the MA-10 Leydig cells were co-treated with AICAR in addition to Fsk (Figure 1).
These results confirm the responsiveness of the MA-10 Leydig cells to Fsk and AICAR
and validate that the protein samples isolated from these cells are suitable for LC-MS/MS
analysis.
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Figure 1. Validation of treatments on MA-10 Leydig cells by assessing Star mRNA levels. MA-10
Leydig cells were treated with either DMSO (control, grey bars), Forskolin alone (Fsk, 10 μM, blue
bars) or Forskolin and AICAR (Fsk+AICAR, 10 μM, and 1 mM, respectively, red bars) for 1 h. Total
RNA was extracted and reverse-transcribed, and qPCR was performed to quantify Star mRNA levels.
Rpl19 was used to normalize the data. The numbers on the x-axis refer to the three different samples
used in the LC-MS/MS analysis. Results are displayed as the mean of three individual experiments,
each performed in duplicate. For a given experiment, different letters indicate a statistically significant
difference between groups (p < 0.05).

2.2. Treatment of MA-10 Leydig Cells with Fsk or Fsk+AICAR Significantly Affects the Levels of
20 Proteins

Total proteins from the MA-10 Leydig cells treated for 1 h with either the vehicle
(DMSO), Fsk alone, or Fsk+AICAR were extracted, digested, and quantitively analyzed
by LC-MS/MS. A total of 5887 proteins were identified, and 4819 were quantified (data
not shown). The level of the majority of these proteins was not significantly changed
by the treatments due to the short treatment time. Only 20 proteins (listed in Table 1)
were significantly affected between treatments (DMSO vs. Fsk, Fsk vs. Fsk+AICAR, and
DMSO vs. Fsk+AICAR). The protein levels either increased (shown in red in Table 1) or
decreased (shown in blue in Table 1). In addition, the same protein was sometimes found
in different comparison groups. For instance, the protein levels of the orphan nuclear
receptor NR4A1 (NUR77), a known regulator of the hormone-induced steroidogenic gene
expression in Leydig cells [10,16], was increased by 2.4-fold by the Fsk treatment (DMSO vs.
Fsk group), and this increase was blunted after the AICAR treatment (down by 2.34-fold;
Fsk vs. Fsk+AICAR group), as previously reported [14]. Since the levels of the NR4A1
protein are back down to the control levels after treatment with Fsk+AICAR, the NR4A1
protein levels were not significantly changed in the DMSO vs. Fsk+AICAR group. These
changes in NR4A1 protein levels (increased by Fsk/cAMP and reduced upon activation
of AMPK by AICAR) serve as a positive control and validate the quantitative LC-MS/MS
approach used.
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The level of the protein Dymeclin, a Golgi-associated protein believed to be involved in
intracellular trafficking [17–19], was the most increased after 1 h of Fsk treatment
(23-fold; Table 1). Similar to NR4A1, the Fsk-dependent increase of Dymeclin was prevented
when AMPK was activated by AICAR (decreased by 23-fold and back to control levels).
Another protein affected by both Fsk and AICAR is the Mpv17-like protein 2 (MPV17L2).
MPV17L2 is required for the assembly and stability of the mitochondrial ribosome, and in its
absence, protein synthesis in mitochondria is impaired, and mitochondrial DNA aggregates
[20]. Contrary to NR4A1 and Dymeclin, the MPV17L2 levels were reduced by 5.35-fold in the
presence of Fsk and increased by 5.23-fold by AICAR-mediated AMPK activation (Table 1).

As summarized in Table 1, in addition to Dymeclin (up by 23-fold) and NR4A1 (up by
2.4-fold), the top Fsk-induced proteins included the homologous-pairing protein 2 homolog
(PSMC3IP; up by 5-fold), acyl-coenzyme A dehydrogenase family member 12 (ACAD12;
up by 4-fold), and N-acetyltransferase domain containing 1 (NATD1; up by 3.6-fold). In
addition to MPV17L2, the most induced proteins in the presence of AICAR (activation
of AMPK) included the cyclic AMP-responsive element-binding protein 1 (CREB1; up by
18-fold), while decreased proteins, in addition to Dymeclin and NR4A1, included the Lemur
serine/threonine-protein kinase 2 (LMTK2; down by 2.8-fold). These results showed that
after a short 1-h treatment, the level of some proteins involved in mitochondrial function
and in steroidogenesis was already altered.

2.3. Identification of Proteins Differentially Phosphorylated in MA-10 Leydig Cells in Response to
Fsk and AICAR

Our quantitative analysis of the phosphoproteome of MA-10 Leydig cells revealed
significant changes in the phosphorylation levels of several phosphopeptides corresponding
to various proteins in response to the treatments. The treatments included DMSO (the
vehicle used as the control), Fsk to increase the cAMP levels mimicking LH-stimulated
steroidogenesis, and Fsk+AICAR simultaneously, where AICAR activates AMPK, a kinase
previously reported to potently inhibit hormone-induced steroidogenesis [14]. The top 10
differentially phosphorylated (up and down) phosphopeptides for each pairwise comparison
(Fsk vs. DMSO, Fsk+AICAR vs. Fsk, Fsk+AICAR vs. DMSO) are presented in Table 2.
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2.3.1. Proteins Differentially Phosphorylated in Response to Fsk

We first compared the phosphopeptides between the control and Fsk-treated MA-10
Leydig cells to identify changes in protein phosphorylation during the stimulatory phase
of steroidogenesis. This led to the identification of 12,125 phosphopeptides, of which 8471
were quantified. As shown in Figure 2A, the quantified phosphopeptides were mapped
on a volcano plot based on the significance and the ratio between the Fsk-treated and
control (DMSO) MA-10 Leydig cells. A total of 61 phosphopeptides had significantly
different phosphorylation levels between these two conditions; the phosphorylation of
35 phosphopeptides was increased, while the phosphorylation of 26 phosphopeptides was
decreased following the Fsk treatment. These 61 phosphopeptides correspond to 60 unique
phosphoproteins and are shown along with their relative phosphorylation levels between
the two conditions on the heatmap in Figure 2B.

 

Figure 2. Analysis of differentially phosphorylated proteins in MA-10 Leydig cells in response Forskolin.
LC-MS/MS was performed on enriched phosphopeptides extracted and digested from MA-10 Leydig
cells treated with either DMSO (control) or Forskolin (Fsk, 10 μm) for 1 h. Phosphorylated proteins were
then quantified and compared between treatments. Results are the mean of three individual experiments,
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each performed in triplicate. (A) Volcano plot comparing the level of phosphorylated proteins
detected by LC-MS/MS in control and Fsk-treated MA-10 Leydig cells. Each dot represents a
distinct phosphoprotein. A Log2 fold change of +/−1.17 (corresponds to 2.25-fold) with a p-value
of 0.05 was used and is represented by the blue dotted lines. In response to Fsk, blue dots depict a
decrease in phosphorylation level (two proteins are identified in that group: MAPT and PARD3),
while red dots correspond to an increase in phosphorylation level (four proteins are identified in
that group: SRP14, NR4A1, RAF1, AKAP1). Grey dots correspond to proteins with no significant
changes in phosphorylation levels. (B) Heatmap of protein phosphorylation levels for differentially
phosphorylated proteins between treatment groups (control DMSO vs. Fsk). The name of the
protein is indicated. The scale on the right represents expression levels (Log10). Biological Process
(C), Pathway Analysis (D), Cellular Component (E), and Molecular Function (F) of the differentially
phosphorylated proteins are shown.

The proteins exhibiting increased phosphorylation after the Fsk treatment included
the nuclear receptor NR4A1, the signal recognition particle SRP14, the protein kinase A
anchoring protein AKAP1, and the serine/threonine kinase RAF1. In comparison, the
proteins showing a reduction in their phosphorylation level in response to Fsk included
the microtubule-associated protein tau (MAPT) and the Par-3 family cell polarity regulator
protein PARD3 (Figure 2A,B). In response to Fsk in MA-10 Leydig cells, the differentially
phosphorylated proteins are mostly implicated in the metabolic processes and the reg-
ulation of translation (Figure 2C). A pathway analysis revealed that these proteins are
implicated mainly in the mTOR and Hippo signaling pathways, two pathways involved in
metabolism (Figure 2D). As shown in Figure 2E, the differentially phosphorylated proteins
are associated with various cellular components. Finally, the 60 differentially phosphory-
lated proteins are associated with various molecular functions, including binding to protein
phosphatase, phosphatidyl inositol phosphate, and nucleic acid (Figure 2F).

2.3.2. Proteins Differentially Phosphorylated in Response to AMPK Activation

The activation of AMPK with AICAR represses LH/cAMP-induced steroidogenesis
but does not significantly affect the unstimulated steroidogenic cells [14]. Therefore, to
identify potential target proteins of AMPK, we compared all phosphopeptides between
the Fsk- and Fsk+AICAR-treated MA-10 Leydig cells. The differences between those two
conditions should reflect mainly the proteins phosphorylated by AMPK. This comparison
identified 12,125 phosphopeptides, of which 8581 phosphopeptides were quantified. It
also revealed that the phosphorylated amino acid in cells exposed to AICAR was, by far,
a serine, as shown by the sequence motif presented in Figure 3A. Quantified phospho-
peptides were then mapped on a volcano plot based on the significance and the ratio
between the Fsk+AICAR- and Fsk-treated cells (Figure 3B). A total of 46 phosphopep-
tides had significantly different phosphorylation levels between these two conditions; in
the Fsk+AICAR group, the phosphorylation of 27 phosphopeptides was increased, while
the phosphorylation of 19 phosphopeptides was decreased compared to the Fsk group
(Figure 3B,C). These 46 phosphopeptides correspond to 44 unique phosphoproteins, as
some proteins have more than one phosphorylated residue (phosphopeptide sequence).
These 44 phosphoproteins are presented along with their relative phosphorylation levels
between the two conditions on the heatmap presented in Figure 3C.
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Figure 3. Analysis of differentially phosphorylated proteins in MA-10 Leydig cells treated with Forskolin
or Forskolin+AICAR. LC-MS/MS was performed on enriched phosphopeptides extracted and digested

69



Int. J. Mol. Sci. 2022, 23, 12846

from MA-10 Leydig cells treated with Forskolin (Fsk, 10 μm) or Fsk+AICAR (10 μM and 1 mM,
respectively) for 1 h. Phosphorylated proteins were then quantified and compared between treatments.
Results are the mean of three individual experiments, each performed in triplicate. (A) Consensus
sequence motif of phosphorylated peptides. The amino acid chosen is the one with the highest
probability of being phosphorylated. (B) Volcano plot comparing the level of phosphorylated proteins
detected by LC-MS/MS in Fsk-treated vs. Fsk+AICAR-treated MA-10 Leydig cells (to observe the
effects of AICAR). Each dot represents a distinct phosphoprotein. A Log2 fold change of +/−1.17
(corresponds to 2.25-fold) with a p-value of 0.05 was used and is represented by the blue dotted lines.
In response to AICAR, blue dots depict a decrease in phosphorylation level (one protein is identified
in that group: NUMA1), while red dots correspond to an increase in phosphorylation level (three
proteins are identified in that group: MAPT, PARD3, NFATC3). Grey dots correspond to proteins
with no significant changes in phosphorylation levels. (C) Heatmap of protein phosphorylation levels
for differentially phosphorylated proteins between treatments (Fsk vs. Fsk+AICAR). The name of the
protein in indicated. The scale on the right represents expression levels (Log10). Biological Process
(D), Pathway Analysis (E), Cellular Component (F), and Molecular Function (G) of the differentially
phosphorylated proteins are shown.

The proteins with increased phosphorylation in the AICAR group included NFATC3
(transcription factor), PARD3, and MAPT; an example of a protein with reduced phosphoryla-
tion in the AICAR group is the nuclear mitotic apparatus protein NUMA1 (Figure 3A,B). The
proteins differentially phosphorylated between the Fsk+AICAR and Fsk groups are mostly
implicated in the microtubule polymerization or its organization (Figure 3D). This is supported
by the localization of these proteins, mostly with microtubules (Figure 3F), with their main
molecular functions being microtubule binding, histone binding, and deubiquitinase activity
(Figure 3G). The pathway analysis revealed that the 44 proteins are mainly associated with
the MAPK signaling pathway and mRNA surveillance pathway (Figure 3E).

2.3.3. Proteins Differentially Phosphorylated in Response to Combined Fsk+AICAR

Comparisons were made between the Fsk+AICAR and the control (DMSO) groups
to identify all the changes in the protein phosphorylation triggered by the simultaneous
treatment of the MA-10 Leydig cells with Fsk (stimulatory) and AICAR (inhibitory). A total
of 12,125 phosphopeptides were identified, of which 8711 were quantified. As shown in
Figure 4A, the quantified phosphopeptides were mapped on a volcano plot based on the
significance and the ratio between the Fsk+AICAR and control (DMSO) cells. A total of
73 phosphopeptides exhibited significantly different phosphorylation levels between these
two conditions; the phosphorylation of 38 phosphopeptides was increased in the MA-10
Leydig cells treated with Fsk+AICAR, while the phosphorylation of 35 phosphopeptides
was decreased. These 73 phosphopeptides correspond to 68 unique phosphoproteins, as
some proteins harbor more than one phosphorylation site, such as MAP1A. The 68 phos-
phoproteins identified, along with their relative phosphorylation levels between the two
conditions, are shown on the heatmap presented in Figure 4B.

Some of the proteins with increased phosphorylation in the MA-10 Leydig cells in
response to Fsk+AICAR included NR4A1, NUMA1, the protein GOLGA5 involved in
maintaining the Golgi structure, and the microtubule-associated proteins MAP1A and
MAP1B. MAP1A was also present amongst the proteins with reduced phosphorylation.
This is explained by the fact that MAP1A contains two distinct phosphopeptides: one
showed increased phosphorylation, while the other showed reduced phosphorylation in
the presence of Fsk+AICAR (Figure 4A). In terms of the biological processes, differentially
phosphorylated proteins were mainly associated with microtubule polymerization, depoly-
merization, and organization (Figure 4C). Consistent with this, these proteins are mostly
localized with microtubules, and their main functions are to bind to the microtubules, actin,
and tubulin (Figure 4F). The pathway analysis associated the differentially phosphorylated
proteins with the axon guidance pathway (Figure 4D).
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Taken together, these results provide the first description of the global changes in the
phosphoproteome of MA-10 steroidogenic Leydig cells after a stimulatory treatment (Fsk)
and an inhibitory treatment (activation of AMPK by AICAR).

 

Figure 4. Analysis of differentially phosphorylated proteins in MA-10 Leydig cells in response to
Forskolin+AICAR. LC-MS/MS was performed on enriched phosphopeptides extracted and digested
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from MA-10 Leydig cells treated with DMSO (control) or Fsk+AICAR (10 μM and 1 mM, respectively)
for 1 h. Phosphorylated proteins were then quantified and compared between treatments. Results are
the mean of three individual experiments, each performed in triplicate. (A) Volcano plot comparing
the level of phosphorylated proteins detected by LC-MS/MS in control (DMSO) vs. Fsk+AICAR-
treated MA-10 Leydig cells. Each dot represents a distinct phosphoprotein. A Log2 fold change
of +/−1.17 (corresponds to 2.25-fold) with a p-value of 0.05 was used and is represented by the
blue dotted lines. In response to Fsk+AICAR, blue dots depict a decrease in phosphorylation level
(one protein is identified in that group: MAP1A), while red dots correspond to an increase in
phosphorylation level (five proteins are identified in that group: MAP1A, MAP1B, NR4A1, NUMA1,
GOLGA5). Grey dots correspond to proteins with no significant changes in phosphorylation levels.
(B) Heatmap of protein phosphorylation levels for differentially phosphorylated proteins between
treatments (control DMSO vs. Fsk+AICAR). The name of the protein is indicated. The scale on the
right represents expression levels (Log10). Biological Process (C), Pathway Analysis (D), Cellular
Component (E) and Molecular Function (F) of the differentially phosphorylated proteins are shown.

2.4. Phosphorylation Trajectory of Representative Proteins

Several proteins exhibited an altered phosphorylation status in response to Fsk and to
Fsk+AICAR in the MA-10 Leydig cells (Figures 2–4). Although the protein levels remained
unchanged for the majority of proteins (Table 1), changes in the phosphorylation level
in response to Fsk and to Fsk+AICAR could still be the result of a concomitant change
in the protein level. Therefore, the phosphorylation status of the representative proteins
was plotted and compared to their protein levels, allowing for better visualization of the
phosphorylation trajectory of a given protein.

The phosphorylation level of NR4A1, an orphan nuclear receptor known to regulate
the expression of several steroidogenic genes, was increased by more than 20-fold after the
Fsk treatment, while the total NR4A1 protein level was only increased by 2.4-fold. This
increase tended to be attenuated when cells were treated with AICAR in addition to Fsk
(Figure 5A). Interestingly, the phosphorylation levels of the progesterone membrane recep-
tor components 2 (PGRMC2), a protein belonging to the membrane-associated progesterone
receptor (MAPR) protein family, was significantly increased when cells were treated with
Fsk and with Fsk+AICAR (Figure 5B). No change in the total PGRMC2 protein level was
noted. The NUMA1 exhibited the same phosphorylation pattern as PGRMC2 (Figure 5C),
with an increase in phosphorylation of the phosphopeptide QAASSQEPSELEELR. On the
other hand, a different phosphopeptide (IASSSSENNFLSGSPSSPMGDILQTPQFQMR) of
the NUMA1 protein remained unchanged in response to Fsk, whereas AICAR caused a
significant reduction in its phosphorylation level (Figure 5D). Finally, the phosphoryla-
tion level of two proteins, known to be downstream of AMPK, MAPT, and PARD3, was
significantly reduced when the MA-10 Leydig cells were treated with Fsk. However, this
decrease in phosphorylation was no longer apparent when the cells were co-treated with
Fsk+AICAR, suggesting that AMPK phosphorylates these proteins (Figure 5E,F). The total
protein level of PGRMC2, NUMA1, MAPT, and PARD3 was not affected by the treatments.
These results validate AMPK activation in the MA-10 Leydig cells treated with AICAR.

Altogether, these results reveal that protein phosphorylation, in response to Fsk and
Fsk+AICAR in MA-10 Leydig cells, is a very dynamic process and is mainly independent
of the changes in protein levels.
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Figure 5. Representative proteins that are differentially phosphorylated in MA-10 Leydig cells in
response to Forskolin and to Forskolin+AICAR. Intensity plots of representative phosphoproteins
(blue lines) and total proteins (red lines). Ctl, DMSO-treated cells; Fsk, Forskolin-treated cells;
Fsk+AICAR, cells treated with Forskolin and AICAR. Results are shown as Fold Change compared
to the control. Results are the mean of three individual experiments +/−SEM. The phosphopeptide
sequence is shown beneath the graph. For a given protein, different letters indicate a statistically
significant difference between treatment groups (p < 0.05).
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3. Discussion

Several studies have reported changes in the expression of a single gene or its protein
levels in response to hormone-induced steroidogenesis. However, Leydig cell steroidogen-
esis is a strictly regulated process that requires changes in gene expression, protein levels,
and protein phosphorylation of many genes and proteins. Therefore, the main objective of
this work was to elucidate the global phosphoproteomic changes that occur in MA-10 Ley-
dig cells in response to Forskolin-induced steroidogenesis, followed by AICAR-activated
AMPK, leading to repression of steroidogenesis.

3.1. Global Variation in Protein Levels in MA-10 Leydig Cells 1 h after Fsk or
Fsk+AICAR Treatment

We first determined the changes in the global protein levels and found that the level
of only 20 proteins was significantly modified in the Leydig cells treated for 1 h with either
Forskolin alone (stimulatory) or Forskolin+AICAR (inhibitory). One of those proteins
was the nuclear receptor NR4A1. Our global proteomic analysis revealed that the NR4A1
protein levels were increased by 2.4-fold after the Forskolin treatment, and this increase was
blunted when cells were co-treated with AICAR. This is consistent with previous studies
from our group that reported the pattern of Nr4a1 mRNA levels [14], as well as a time
course of NR4A1 protein levels [10], in response to (Bu)2-cAMP treatment of mouse MA-10
Leydig cells and primary Leydig cells from rats. Therefore, the observed changes in the
NR4A1 protein levels in our current study validate our experimental approach.

Another protein affected by the treatments was Dymeclin, which was induced 23-fold
in response to Fsk and then lost upon AMPK activation. Although it has never been
reported in Leydig cells, Dymeclin is believed to be implicated in vesicle trafficking, as it
shuttles between the cytosol and the Golgi apparatus in a highly dynamic manner [18,19].
Vesicle trafficking is an important process for steroidogenesis. For instance, the life cycle
of lipid droplets, which are a source of cholesterol substrate for steroid hormones [21],
involves intracellular trafficking (reviewed in [22]). The significant and rapid changes in
Dymeclin protein levels in response to Fsk and Fsk+AICAR suggest that Dymeclin might
play an active role in hormone-regulated steroidogenesis in Leydig cells.

The transcription factor, CREB, is known to activate steroidogenic gene expression
in Leydig cells [23–28]. Despite this, the CREB protein levels remained unchanged in
response to the Fsk/cAMP treatment, which is identical to what we observed in our current
global proteomic analysis. Unexpectedly, the CREB protein levels were increased by 18-fold
in the MA-10 Leydig cells treated with AICAR to turn on the repressive kinase, AMPK
(Fsk+AICAR-treated MA-10 Leydig cells compared to the Fsk-treated cells). This would
appear to suggest a repressive role for CREB in steroidogenesis. Although mainly known
as an activator, CREB has also been reported to act as a repressor. For instance, CREB
represses the expression of the cFos gene [29]. Furthermore, alternate exon usage is also
known to switch CREB from an activator to a repressor [30]. It is, therefore, possible that
activated AMPK influences CREB exon usage and that CREB would, therefore, repress
steroidogenic gene expression in that context.

The MPV17L2 protein levels were also modulated by the treatments. MPV17L2 is
an integral mitochondrial inner membrane protein [20], and as such, it is implicated in
mitochondrial ribosome assembly [20] and in reactive oxygen species (ROS) production [31],
two processes known to influence steroidogenesis in Leydig cells [32]. We found that the
MPV17L2 protein levels increased 5-fold in the presence of AICAR, while it was reduced
by 5-fold in the Fsk-treated cells. Our data are consistent with transcriptomic data from the
pancreas, where the Mpv17l2 mRNA levels are decreased by 1.6-fold in AMPK-deficient
mice [33], indicating that activated AMPK increases its expression.

Overall, our data show that globally, the levels of 20 proteins, including some never
before reported in Leydig cells, are rapidly and differentially modulated in response to Fsk
(stimulatory) and to Fsk+AICAR (inhibitory).
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3.2. Comprehensive Analysis of the Phosphoproteome during Stimulation and Inhibition of
Steroidogenesis in MA-10 Leydig Cells

In Leydig cells, the response to hormone stimulation involves the activation of various
signaling pathways, leading to increased activity of various kinases, including PKA, MAPK,
CAMKI, and AMPK. These kinases then phosphorylate various proteins, thus ensuring a
proper cellular response to the stimulus. Although some phosphorylated proteins have
been identified, the majority of studies have focused on a single protein at the time. One
study reported the changes in the phosphoproteome of Leydig cells in which the cAMP lev-
els were maintained artificially high by inhibiting all phosphodiesterase activity [34]. This
study identified alterations in several phosphosites, some of which were also detected in our
current study. However, constitutively high cAMP levels might trigger non-physiological
responses. In our present work, we used Fsk, an agonist of adenylate cyclase that leads to a
typical increase in cAMP levels, triggering a stimulatory response, and AICAR, an agonist
of AMPK, leading to an inhibitory response. In both cases, the levels of cAMP, the main
second messenger in Leydig cells, followed a normal increase–decrease rate typical of a
more classic response [14]. Using this treatment scheme and a quantitative phosphopro-
teomics approach, we now report the global changes in the phosphoproteome that occur in
Leydig cells in response to both a stimulatory and an inhibitory signal. We found that the
phosphorylation level of a large number of proteins was modified in response to either Fsk
(stimulatory response) or Fsk+AICAR (inhibitory response).

The proteins displaying increased phosphorylation levels in the MA-10 Leydig cells
treated with Fsk include AKAP1 (also known as AKAP121), RAF1, NR4A1, and SRP14.
The phosphorylation of both AKAP1 and RAF1 was previously reported as being altered in
the MA-10 Leydig cells depleted of PDE4 and PDE8 activity [34]. PDE activity is required
for normal Leydig cell function. Indeed, PDEs regulate steroidogenesis by their ability to
degrade cAMP into AMP, thus inactivating several cAMP-dependent pathways and kinases,
such as PKA, while simultaneously activating the repressive kinase AMPK [12]. AKAP1 is
a member of the AKAP family of scaffold proteins. AKAP1 is known to interact with PKA
and therefore regulates its intracellular localization, especially at the outer mitochondrial
membrane (OMM) (reviewed in [35]), where PKA can phosphorylate its target proteins [36].
A key target of PKA at the OMM for the stimulation of steroidogenesis is the STAR
protein [36,37]. PKA-dependent phosphorylation of STAR increases its cholesterol shuttling
activity, leading to enhanced steroidogenesis [36,37]. AKAP1 is, therefore, considered an
important mitochondrial signaling hub, and the mitochondrion is an essential organelle
for steroidogenesis in Leydig cells. To date, AKAP1 is not known to be phosphorylated.
Our current work demonstrates that AKAP1 is phosphorylated in response to Fsk. The
physiological implication of AKAP1 phosphorylation remains to be established, although a
previous study suggested that phosphorylation of AKAP1 can modulate the AKAP1-PKA
association [38].

Another protein exhibiting increased phosphorylation in response to Fsk is SRP14.
SRP14 is involved in protein translation and, more specifically, in the elongation arrest and
efficient translocation of proteins into the endoplasmic reticulum [39]. This is consistent
with the requirement of a de novo protein synthesis in hormone-induced steroidogenic
cells [10]. Interestingly, the level of SRP14 protein in glioblastoma cells is increased by
CYP17A1 [40], an enzyme implicated in steroidogenesis. As we observed in the Fsk-
treated MA-10 Leydig cells, SRP14 was also found to be phosphorylated during a large
screen of phosphorylated proteins in Ras-transformed cells [41]. The significance of SRP14
phosphorylation, however, remains unknown.

The proteins displaying reduced phosphorylation levels after Fsk treatment include
MAPT and PARD3. Phosphorylation of both proteins was restored when AMPK was
activated (Fsk+AICAR-treated cells). MAPT, a protein involved in microtubule assembly
and stabilization, is a known target of AMPK [42]. Furthermore, phosphorylation of MAPT
is reduced in the MA-10 Leydig cells deficient in PDE4 and PDE8 activity to maintain high
cAMP levels [34]. These data are consistent with our present data showing a reduction in
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MAPT phosphorylation in the context of high cAMP levels (Fsk-treated cells) and increased
phosphorylation in AMPK-activated cells. Phosphorylation of MAPT is known to influence
protein stability and degradation (reviewed in [43]).

The protein PARD3 is part of the PAR3/PAR6/aPKC complex implicated in tight-
junction assembly [44]. Activation of AMPK facilitates tight-junction assembly [45]. Whether
activated AMPK interacts with and directly phosphorylates the PAR3/PAR6/aPKC com-
plex remains uncertain [45]. However, our current data now indicate that PARD3 is
phosphorylated upon AMPK activation. Furthermore, PARD3 is known to be phospho-
rylated by the PAR1 kinase, leading to PARD3 translocation from the tight junction to
the cytosol [46]. Once in the cytosol, PARD3 promotes the interaction between PP1A
phosphatase and LATS1, a mediator of the Hippo signaling pathway [46]. This results in
the dephosphorylation and inactivation of LATS1 and, consequently, dephosphorylation,
activation, and nuclear translocation of the TAZ transcriptional co-activator [46]. Once in
the nucleus, TAZ represses Leydig cell steroidogenesis by suppressing the expression of
several steroidogenic genes via an interaction with the nuclear receptor NR4A1, preventing
it from binding to DNA and activating its target genes [47]. It is tempting to speculate that
the phosphorylation of PARD3, which we observed in the AMPK-activated Leydig cells,
might lead to the same events, therefore contributing to a repression of steroidogenesis.

The transcription factors belonging to the nuclear factor of activated T cells (NFAT)
family are well-known transcriptional activators (reviewed in [48,49]). In our phosphopro-
teomic screen, the phosphorylation of the transcription factor NFATC3 remained unchanged
in the presence of Fsk alone. However, it was significantly increased in the MA-10 Leydig
cells treated with Fsk+AICAR, indicating that NFATC3 becomes phosphorylated upon
activation of AMPK. Interestingly, phosphorylated NFAT transcription factors are known
to be sequestered in the cytoplasm since phosphorylation masks the nuclear localization
sequence [50,51]. The phosphorylation of NFATC3 that occurs upon activation of AMPK in
MA-10 Leydig cells would be consistent with the exclusion of NFATC3 from the nucleus
and a reduction in its ability to activate gene expression, therefore contributing to reduced
steroidogenesis.

Another group of differentially phosphorylated proteins includes those where the
phosphorylation level was significantly different only in the Fsk+AICAR-treated MA-10
Leydig cells vs. control cells (vehicle-treated). This included the NUMA1 protein, which
was differentially phosphorylated on two different peptides; one exhibited increased phos-
phorylation, while the phosphorylation of another residue of the protein was significantly
decreased. NUMA1 is a component of the nuclear matrix (reviewed in [52]) and is impli-
cated in ciliogenesis and autophagy, as is AMPK [53]. NUMA1 was indeed proposed as a
potential target of AMPK, although this remains to be validated [54]. Our current results
support direct phosphorylation of NUMA1 by AMPK.

The PGRMC2 protein also exhibited increased phosphorylation in the MA-10 Leydig
cells treated with Fsk+AICAR vs. controls. PGRMC2 is a membrane-associated pro-
gesterone receptor (MAPR) present in Leydig cells and is believed to play a role in the
progesterone auto/paracrine action on Leydig cells [55,56] in addition to potentially reg-
ulating the activity of some cytochrome P450 enzymes [57]. We showed that PGRMC2 is
present in MA-10 Leydig cells and that it is phosphorylated after AMPK activation.

The MA-10 Leydig cell line is the gold standard for studying Leydig cells, although
they are not identical to the cultured primary Leydig cells. The MA-10 Leydig cell line was
originally established from a Leydig cell tumor in a mouse (M5480P) [58] and has since been
meticulously characterized. Treatment of MA-10 cells with the luteinizing hormone, Forskolin,
or cAMP analogs, increases steroid hormone production in the same way as in normal Leydig
cells ([58] and reviewed in [59]). The rate-limiting step in hormone-induced steroidogenesis is
the transport of cholesterol into the mitochondria, where steroidogenesis is initiated (reviewed
in [60]); this is also true for MA-10 Leydig cells [10,15,61]. MA-10 cells mainly produce
progesterone because of a mutation in the Cyp17a1 coding sequence [58]. MA-10 Leydig
cells are, therefore, suitable for the study of hormone-induced steroidogenesis and, more
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specifically, the early steps of steroidogenesis [62]. Since our current work focuses on the
modulation of protein phosphorylation that occurs early following hormone treatment, the
MA-10 Leydig cell line is a suitable and convenient model to use.

In conclusion, using a quantitative approach, our present study determined the global
phosphoproteomic profile of MA-10 Leydig cells in response to Fsk (stimulation of steroido-
genesis) and AICAR-mediated AMPK activation (repression of steroidogenesis). Our
results indicate that steroidogenesis is a very dynamic process that involves differential
protein phosphorylation by various kinases, altogether contributing to the fine-tuned
regulation that is needed to achieve the appropriate production of steroid hormones.

4. Materials and Methods

4.1. Cell Culture

The MA-10 cell line was obtained from ATCC (Cat# CRL-3050, RRID:CVCL_D789.
ATCC, Manassas, VA, USA). The MA-10 cells were grown in a DMEM/F12 medium
supplemented with 2.438 g/L sodium bicarbonate, 3.57 g/L HEPES, and 15% horse serum
on gelatin-coated plates. Penicillin and streptomycin sulphate were added to the cell culture
media to a final concentration of 50 mg/L, and the cells were kept at 37 ◦C, 5% CO2, in a
humidified incubator. The MA-10 Leydig cell line was validated by morphology and by
quantifying the progesterone output, as previously described.

4.2. Chemicals

The AMPK agonist, AICAR, was obtained from Tocris Bioscience (Minneapolis, MN,
USA). Forskolin (Fsk) was purchased from Sigma-Aldrich, Canada (Oakville, ON, Canada).

4.3. RNA Isolation, Reverse Transcription, and Quantitative PCR

The MA-10 Leydig cells were cultured in the presence of either DMSO (vehicle), Fsk
(10 μM), or Fsk+AICAR (10 μM + 1 mM) for 60 min. Isolation of RNA, cDNA synthesis,
and reverse transcription-quantitative PCR (RT-qPCR) were performed as previously de-
scribed [63,64]. Briefly, the total RNA from the MA-10 Leydig cells grown and treated, as
described above, was isolated using TRIZOL (Life Technologies, Burlington, ON, Canada)
and reverse-transcribed using the iScript Advanced cDNA Synthesis Kit (Bio-Rad Laborato-
ries, ON, Canada). A quantitative real-time PCR was performed using a CFX96™ Real-Time
PCR Detection System (Bio-Rad Laboratories, ON, Canada) along with the SsoAdvanced
Universal SYBR Green Supermix kit (Bio-Rad Laboratories, ON, Canada) according to the
manufacturer’s protocols. Relative expression was normalized to the expression of Rpl19,
which was used as an internal control. The mouse Star primers were: forward 5′-GTT
CCT CGC TAC GTT CAA GC-3′ and reverse 5′-GAA ACA CCT TGC CCA CAT CT-3′.
The mouse Rpl19 primers were: forward 5′-CTG AAG GTC AAA GGG AAT GTG-3′ and
reverse 5′-GGA CAG AGT CTT GAT GAT CTC-3′. The melting temperature of both primer
couples was 62.6 ◦C.

4.4. Sample Preparation for LC-MS/MS

The MA-10 Leydig cells (5.8 million) were plated in 15-cm plates and then treated at
80% confluence with either the vehicle (DMSO), Fsk (10 μM) or Fsk+AICAR (10 μM + 1 mM)
for 60 min at 37 ◦C and 5% CO2. This experiment was repeated three times in triplicate.

Protein extraction, digestion, phosphopeptide enrichment, and mass spectrometry
analyses were performed by the proteomics platform of the CHU de Quebec Research
Centre (Quebec City, QC, Canada). Cell pellets were resuspended in an extraction buffer
(50 mM ammonium bicarbonate, 0.5% sodium deoxycholate (SDC), 50 mM DTT, protease
inhibitor cocktail, phosphatase inhibitor PhosSTOP, and 1 μM pepstatin) and vortexed
for 1 min. They were then sonicated with a microprobe (Sonic Dismembrator 550, Fisher
Scientific) 20 times for 1 s (on/off). The extract was centrifuged at 16,000× g for 15 min,
the supernatant was collected, and then acetone-precipitated. The pellet was resuspended
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in ammonium bicarbonate 50 mM/SDC 1% and treated with bioruptor 15 times for 30 s
(on/off). The protein concentration was determined by performing a Bradford assay.

Protein aliquots of 10 μg for the global protein analysis or 2 mg for the phosphopeptide
analysis for each condition (vehicle, Fsk, Fsk+AICAR) were used. The proteins were first
heated at 95 ◦C for 5 min and reduced with 0.2 mM DTT at 37 ◦C 30 min. They were then
alkylated with 0.8 mM IAA (iodoacetamide) for 30 min at 37 ◦C in the dark. This was
followed by digestion with trypsin (1:50) at 37 ◦C overnight. Digestion was stopped with
the addition of formic acid; the sodium deoxycholate was removed after centrifugation.
The peptides were desalted using a stage-tip column (for the global protein analysis) or
HLB column (for the phosphopeptide analysis).

Phosphopeptide enrichment was performed using the High Select Phosphopeptide
Enrichment Kits & Reagents kit (Fisher Scientific Canada, Catalog number A32993) ac-
cording to the manufacturer’s protocol. Two (2) mg of dry protein from each condition
(vehicle, Fsk, Fsk+AICAR) were resuspended in 150 μL of binding/equilibration buffer
(pH < 3). The TiO2 spin-tip columns were washed and then equilibrated before adding
150 μL of the resuspended samples. The TiO2 spin-tip columns loaded with the samples
were centrifuged twice at 1000× g for 5 min to bind the phosphopeptides. The TiO2 spin-tip
columns were then washed twice with the binding/equilibration buffer, once with the
wash buffer and then with HPLC water. The phosphopeptides were finally eluted with
50 μL of phosphopeptide elution buffer twice.

4.5. Quantitative Sample Analysis by LC-MS/MS

Aliquots of 1 μg (for global protein analysis) and 1 mg of enriched phosphopeptide
were analyzed by nanoLC-MS/MS using a Dionex UltiMate 3000 nanoRSLC chromatogra-
phy system (Thermo Fisher Scientific, Ontario, Canada), connected to an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific Ontario, Canada). Peptides were trapped at
20 μL/min in a loading solvent (2% acetonitrile, 0.05% TFA) on a 5 mm × 300 μm C18
Pepmap cartridge pre-column (Thermo Fisher Scientific, Ontario, Canada) for 5 min. The
pre-column was then switched online with a Pepmap Acclaim column (Thermo Fisher
Scientific, Ontario, Canada) 50 cm × 75 μm internal diameter separation column. The
peptides were eluted with a linear gradient of 5–40% solvent B (A: 0.1% formic acid, B:
80% acetonitrile, 0.1% formic acid) over 270 min for a total of a 300-min run at 300 nL/min
for the global protein analysis. For the phosphopeptide analysis, elution with the solvent
gradient was completed in 90 min for a total run of 120 min. Mass spectra were acquired
using a data-dependent acquisition mode using Thermo Xcalibur software, version 4.1.50.
Full-scan mass spectra (350 to 1800 m/z) were acquired in the orbitrap using an AGC
target of 4e5, a maximum injection time of 50 ms, and a resolution of 120,000. An internal
calibration using lock mass on the m/z 445.12003 siloxane ion was used. Each MS scan
was followed by the acquisition of fragmentation involving MS/MS spectra of the most
intense ions for a total cycle time of 3 s (top speed mode). The selected ions were isolated
using the quadrupole analyzer in a window of 1.6 m/z and fragmented by higher energy
collision-induced dissociation (HCD) with 35% of collision energy. The resulting fragments
were detected by the linear ion trap at a rapid scan rate with an AGC target of 1 × 104

and a maximum injection time of 50 ms. The dynamic exclusion of previously fragmented
peptides was set for a period of 30 s and a tolerance of 10 ppm.

4.6. Quantitative Data Analyses

Spectra were searched against the Uniprot Reference mus musculus (61,295 entries) us-
ing the Andromeda module of the MaxQuant software, v. 1.6.10.43. The trypsin/P enzyme
parameter was selected with two possible missed cleavages. The carbamidomethylation of
cysteines was set as a fixed modification, while methionine oxidation and phosphorylation
(Ser, Thr, Tyr) were set as variable modifications. The mass search tolerances were 5 ppm
and 0.5 Da for MS and MS/MS, respectively. For the protein validation, a maximum false
discovery rate of 1% at the peptide and protein levels was used based on a target/decoy
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search. MaxQuant was also used for label-free quantifications. The ‘match between runs’
option was used with a 20 min value as the alignment time window and 0.7 min as the
match time window. For the global protein analysis, the protein group files were used,
while for the phosphopeptide analysis, the modificationSpecifPeptides file was used. RStu-
dio 1.2.5019 was used for data processing. A normalization step was performed using the
median of the median intensities of each condition. The missing peptide intensity values
were replaced by a noise value corresponding to the 1% percentile of the normalized value
for each condition. A peptide was considered quantifiable only if at least three intensity
values in one of the two conditions were present and with a minimum of two peptides (for
the global protein analysis).

4.7. Statistical Analysis

For the RT-qPCR, statistical analyses were carried out using a nonparametric one-way
ANOVA on ranks via the Kruskal–Wallis test, followed by a post-hoc Mann–Whitney U
test. A p-value of < 0.05 was considered significant. For the LC-MS/MS analysis, a p-value
limma test, a limma q-value (Benjamin–Hochberg correction), and a z-score were calculated.
Phosphopeptides or proteins were considered variants if the q-value was <0.05 and the
z-score was +/− 1.96. All statistical analyses were performed using the OriginPro Version
2021 software (www.originlab.com, accessed on 10 August 2022) (OriginLab Corporation,
Northampton, MA, USA).
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Abstract: Glucocorticoids are steroids involved in key physiological processes such as development,
metabolism, inflammatory and stress responses and are mostly used exogenously as medications to
treat various inflammation-based conditions. They act via the glucocorticoid receptor (GR) expressed
in most cells. Exogenous glucocorticoids can negatively impact the function of the Leydig cells in
the testis, leading to decreased androgen production. However, endogenous glucocorticoids are
produced by the adrenal and within the testis, but whether their action on GR in Leydig cells regulates
steroidogenesis is unknown. This study aimed to define the role of endogenous GR signalling in
adult Leydig cells. We developed and compared two models; an inducible Cre transgene driven by
expression of the Cyp17a1 steroidogenic gene (Cyp17-iCre) that depletes GR during development and
a viral vector-driven Cre (AAV9-Cre) to deplete GR in adulthood. The delivery of AAV9-Cre ablated
GR in adult mouse Leydig cells depleted Leydig cell GR more efficiently than the Cyp17-iCre model.
Importantly, adult depletion of GR in Leydig cells caused reduced expression of luteinising hormone
receptor (Lhcgr) and of steroidogenic enzymes required for normal androgen production. These
findings reveal that Leydig cell GR signalling plays a physiological role in the testis and highlight
that a normal balance of glucocorticoid activity in the testis is important for steroidogenesis.

Keywords: glucocorticoid receptor; androgens; leydig cells; AAV9; steroidogenesis

1. Introduction

Stress and illness are known to reduce testosterone production by the testis. Although
the mechanisms underpinning this observation remain unclear, it is widely accepted
that, under stress conditions, the hypothalamus-pituitary-adrenal axis acts to suppress
gonadal function as fertility is a secondary consideration to survival [1]. The production
of androgens by the testis is essential for men’s health and fertility. Disruption to the
production or action of androgens is associated with lifelong chronic pathologies, including
infertility [2–5].

It is well established that elevated circulating levels of glucocorticoids, such as those
induced during inflammation, reduces androgen production and fertility in men [6,7].
Exogenous glucocorticoids are commonly used to treat a wide variety of inflammatory
conditions, such as arthritis, asthma, and allergies. Conversely, long term medication or
prolonged stress can lead to glucocorticoid resistance, which can also impact on androgen
production [6]. Therefore, before such therapies are considered, it is essential to establish
the role of GR in the steroidogenic Leydig cells.
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Glucocorticoids act via a ligand activated nuclear receptor GR (encoded by the nuclear
receptor subfamily 3 group member 1 gene Nr3c1). GR signalling regulates the homeostasis
between basal and stress-related conditions of key processes such as metabolism and im-
mune functions [8–10]. Glucocorticoids can also act at the level of the hypothalamus-gonad
axis and stress, or exogenous glucocorticoids can shut down the reproductive function and
inhibit LH pulsatile secretion which can lead to a reduction of testosterone production [11].
In the testis, GR is expressed in both somatic and germ cells [12–15]. GR signalling in
Sertoli cells is required for normal Sertoli cell maturation, spermatogenesis and for Leydig
cell steroidogenesis [16], suggesting a physiological role of GR in the testis. Whilst most
glucocorticoids are produced by the adrenal, resident interstitial macrophages produce glu-
cocorticoids within the testis [17] and the intratesticular concentration of glucocorticoids is
tightly regulated by specific metabolizing enzymes (11β-hydroxysteroid dehydrogenase en-
zymes, or HSD11Bs) [14,18]. Previous studies have shown that elevated glucocorticoids can
regulate testicular LH receptor expression [19,20] and decrease testosterone production by
Leydig cells via a reduction in the expression of steroidogenic enzymes [21–25]. However,
whether GR signalling in Leydig cells supports normal steroidogenesis is unknown.

To investigate the role of GR signalling in Leydig cells, we developed and compared
two inducible transgenic mouse models to specifically ablate GR signalling in Leydig cells
along testis development; an inducible Cre transgene driven by expression of the Cyp17a1
steroidogenic gene (Cyp17-iCre) and a viral vector-driven Adeno Associated Virus 9 Cre
(AAV9-Cre). The results demonstrate that viral-mediated vectors can be used to selectively
knockdown gene expression in adult Leydig cells and reveal that GR signalling regulates
Leydig cell steroidogenesis.

2. Results

2.1. Confirmation of Cyp17-iCre Leydig Cell Cre Recombinase Activity

GR is widely expressed in the testis, including in Leydig cells, Sertoli cells and germ
cells from fetal life through to adulthood [12,15,16]. The transgenic mouse line expressing
an inducible Cre recombinase (iCre) under the control of the Cyp17a1 (cytochrome P450
17αhydroxylase/17, 20-lyase) promoter (referred to as Cyp17-iCre) [26] was used to direct
gene deletions to testicular Leydig cells and ovarian theca cells. The Cyp17a1-iCre line was
bred to a Rosa-26:RFP reporter floxed line (CYPTR) (Figure 1A). Previous studies using an
independently derived line have shown that the transgene is active in E16.5 testes through
to adulthood [26]. Epifluorescence analysis of freshly dissected CYPTR mice at day (d)
80 confirms RFP expression in the testis (Figure 1B), but expression was also observed
in the adrenal, epididymis and liver (Supplementary Figure S1). Immunohistochemical
localisation of RFP and the Leydig cell-specific marker protein 3βHSD in CYPTR testis
sections demonstrated co-localisation of RFP and 3βHSD in Leydig cells, with no off-
target expression in other testicular cells (Figure 1C). To determine targeting efficiency, we
quantified the percentage of Leydig cells (3βHSD-positive cells) that were RFP-positive
and showed that 99% of Leydig cells expressed the CYPTR transgene (Figure 1D). Finally,
we determined that the Cyp17-iCre transgene co-localised with GR positive Leydig cells
(Figure 1E). Taken together, these data confirm that the Cyp17-iCre transgene is specific to
Leydig cells in the testis and co-localises with Leydig cell GR, making it a suitable model
for the deletion of GR in Leydig cells.
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Figure 1. Confirmation of RFP expression in testes from Cyp17a1-iCre:RT26 RFP (CYPTR) mice.
(A) Diagram of the breeding strategy to generate Cyp17-iCre;RT26 RFP reporter (CYPTR) mice.
(B) Representative epifluorescence microscopy images of freshly dissected CYPTR testis at d80
confirming RFP expression in adult testis. Organs were imaged under an RFP filter and show a lack
of RFP in Controls but positive RFP expression in CYPTR testis (fluorescent images taken after 5.5 s of
exposure). Scale bars 0.5 cm. (C) Dual-label immunofluorescence of RFP and the testicular Leydig cell
marker protein 3βHSD (green), counterstained with the nuclear stain Sytox (blue). Insets demonstrate
40× magnification of single channel 3βHSD, RFP and merged channels. (D) Percentage of 3βHSD+
interstitial cells that co-express RFP in wildtype and CYPTR mice, indicating that CYPTR mice
express RFP in Leydig cells, whereas wildtype mice do not (n = 3 per group, Chi Square p = 0.0001).
(E) Double immunostaining of RFP (purple) and GR (brown) in testis from adult CYPTR mice
demonstrated co-localisation of RFP with GR in Leydig cells. Insets demonstrate 40× magnification
of single channel 3βHSD, RFP and merged channels. Scale Bars 50 μm.
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2.2. Assessment of Glucocorticoid Receptor Ablation in Leydig Cells Using a Traditional
Cre/LoxP Model

We next utilised the Cyp17-iCre line to generate a mouse model with Leydig cell-
specific GR ablation. We bred the Cyp17-iCre females to homozygous (Hom) GRflox/flox

males (‘GRGR’ mice) [27], resulting in an offspring heterozygous (Het) for Cre+/;GRflox/+

or Cre−/;GRflox/+. For total Leydig cell GR ablation, Cre+/; GRflox/+ males were again
bred to Grflox/flox female resulting in the following offspring: Cre−/;GRflox/flox (Cre- Hom)
termed ‘littermate control’, Cre−/;GRflox/+ (Cre-Het), termed ‘Het littermate control’,
Cre+/;GRflox/flox (Cre+ Hom), termed ‘CYP GR knockout’ (CYPGRKO), Cre+/;GRflox/+

(Cre+ Het), termed ‘Het CYPGR knockout’ (Het CYPGRKO).
Co-immunohistochemical localisation of GR and 3βHSD in adult (d80) control mice

demonstrated that GR is expressed in the nuclei of most interstitial cells; Leydig cells,
endothelial cells, and macrophages; as well in the tubules in Sertoli and peritubular myoid
cells and early stage germ cells. In contrast, in the CYPGRKO testis, GR depletion was
observed in some, but not all, Leydig cells (black and white arrowheads) (Figure 2A).
Stereological quantification of GR positive and negative Leydig cells (3βHSD positive cells)
in control and CYPGRKO revealed that an average of 28% Leydig cells had lost their GR
expression (Figure 2B). Nr3c1 transcripts and direct downstream targets of GR, Stc1 and
Tsc22d3 are unperturbed in the CYPGRKO testis in all cohorts analysed (Figure 2C). In
adulthood (d80), there was no difference in body weight between the genotype and the
gross reproductive system of CYPGRKO males appeared unchanged compared to control
(Figure 2D,E). Testis weight remained unchanged, and the histology of the testis showed
no differences between control and CYPGRKO males (Figure 2F,G).

Despite the significant decrease in the number of GR-positive, 3βHSD-positive Leydig
cells in CYPGRKO mice, no changes were observed in the expression of Leydig cell-enriched
steroidogenic enzyme transcripts (Supplementary Figure S2). Leydig cells are well known
for their ability to show steroidogenic compensation following physiological challenge
or manipulation, and normal steroidogenesis can be observed in mice with as little as
30% functional Leydig cells [28,29]. The results suggest that the targeting efficiency of the
Cyp17-iCre in Leydig cells is only able to ablate GR in 28% of Leydig cells and this is not
sufficient to impact testis function. Thus, CYPGRKO mice are an inadequate model to
study the role of GR in Leydig cell development and regulation.

2.3. Validation of the AAV9 Inducible Cre/loxP System

We next investigated the physiological role of GR by acute ablation in adult Leydig
cells (mice > 60 days of age) to dissect the effects of developmental vs. adult GR function
in Leydig cells. We have previously demonstrated that AAV9 specifically and efficiently
targets adult Leydig cells [30]. Thus, we utilised AAV9 carrying Cre recombinase to
generate a GR knockout in adult Leydig cells (Figure 3A).

First, to validate the targeting capability of AAV9-Cre in the adult testis, we used a
Cre inducible Tomato Red Floxed reporter line (TRTR) [31] to verify the site of expression
of the AAV9-Cre transgene (via expression of RFP). TRTR adult (postnatal day (d) 80)
males were injected within the testicular interstitium with either vehicle, AAV9-GFP and
AAV9-Cre-GFP (both carrying transgenes downstream of a CMV promoter) and the testes
were collected 7 days post injection (dpi) (Figure 3A). The fluorescence was assessed on
freshly dissected testis. While both AAV9-GFP and AAV9-Cre-GFP induced expression
of GFP in the interstitium compared to the vehicle injected testis, only AAV9-Cre-GFP
generated RFP expression within the testis (Figure 3B). To evaluate potential off-target
effects following delivery of the Cre into the interstitial compartment, several organs were
collected and assessed under for RFP expression. RFP was only detected in adrenal and
liver (Supplementary Figure S3). To confirm that the downstream results are correlated with
a direct consequence of GR depletion within the Leydig cell and not the off-target effects,
we assessed the colocalization of GR and RFP proteins in both liver and adrenal. These
results showed that cells expressing GR in the adrenal are not targeted by AAV9, suggesting
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that disruption of glucocorticoid signalling in the adrenal would be unlikely. There was a
small degree of RFP and GR co-localisation observed in the liver (Supplementary Figure S4)
but no changes in liver size, gross histology or health of animals were noted (not shown).
We conclude that the AAV9-Cre-GFP is a suitable model to acutely target the testis with
minimal off-target effects.

Figure 2. Validation of glucocorticoid receptor ablation in CYPGRKO Leydig cells. (A) Immunohisto-
chemical localisation of testicular GR demonstrates ablation in 3βHSD+ Leydig cells but not in other
testicular cells. Black arrowheads denote Leydig cells with GR ablation, white arrowheads denote
Leydig cells with GR intact. (B) Percentage of cells co-expressing GR protein and the Leydig cell
marker 3βHSD demonstrates a significant reduction in the number of Leydig cells expressing GR
(n = 3, Chi Square p = 0.0001). (C) Comparative analysis of testicular Nr3c1 gene expression shows no
changes in CYPGRKO when compared with littermate controls. Direct GR response gene transcripts
Stc1 and Tsc22d3 do not show any changes in CYPGRKO when compared with littermate controls
(one-way ANOVA; n = 6–8, Tukey’s post hoc analysis, error bars SEM). Scale Bars 50 μm. Annotations;
I, Interstitium; ST, seminiferous tubule). (D) Adult body weight of CYPGRKO compared to control
did not change. (E) The gross morphology of the reproductive system in adult (d80) was comparable
across the different groups (n = 6–7, t test). (F) No difference was noted in adult testis weight between
groups (n = 6–7, T Test), and (G) testicular histology was normal. Scale Bars 50 μm.
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Figure 3. RFP expression in Leydig cells following delivery of the Cre Recombinase using adeno-
associated virus serotype 9 (AAV9-Cre). (A) Schematic diagram of the generation of the inducible
model (B) Representative images of freshly dissected Tomato Red (TRTR) testis at 7 days post injection
(dpi) following injection of vehicle, AAV-GFP or AAV9-Cre-GFP; higher magnification of the dashed
boxes is shown in the panel below. (C) Co-immunostaining of RFP and 3βHSD demonstrates RFP
expression localised within Leydig cells (D) Quantification of cells co-expressing 3βHSD protein and
RFP indicates only the AAV9-Cre-GFP induced expression of RFP in ~97% of Leydig cells (n = 3).
(Chi~2 **** p = 0.0001). Scale Bars 100 μm.

Next, to confirm that the AAV9-inducible Cre/LoxP system specifically targets Leydig
cells within the testis, we co-localised the Leydig cell marker 3βHSD and RFP [32]. RFP
localisation was restricted to 3βHSD-positive Leydig cells in the testis (Figure 3C). The num-
ber of RFP-positive versus RFP-negative Leydig cells was quantified in vehicle, AAV9-GFP
and AAV9-Cre-GFP injected testes (7 dpi). In accordance with the immunohistochemistry
(Figure 3C), only the AAV9-Cre-GFP induced expression of RFP in ~97% of Leydig cells
(Figure 3D). These data demonstrate that AAV9 inducible Cre/loxP can target Leydig cells
within 7dpi and thus is a suitable model for the inducible knockdown of GR expression in
adult mice.
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2.4. Validation of the Inducible Model of GR Depletion in Adult Testis (AAV9-LCGR Mice)

Adult (>d60) GRflox/flox males (GRGR mice) (Figure 4A) were injected with either
vehicle, AAV9-GFP or AAV9-Cre-GFP in their testicular interstitium and sacrificed 35 days
later (the duration of mouse spermatogenesis) (Figure 4A). Fluorescence was assessed on
freshly dissected testis and confirmed GFP expression in the interstitial compartment in both
AAV9-GFP and AAV9-Cre-GFP compared the vehicle-injected testis (Figure 4B). Consistent
with the inducible AAV9-Cre-GFP recombinase expression and action in the Tomato Red
reporter line (Figure 3), GRGR mice injected with AAV9-Cre-GFP (hereafter referred to as
AAV9-LCGR mice) displayed an absence of GR protein specifically in 3βHSD+ Leydig cells
but not in other GR-expressing cells including Sertoli cells, germ cells, peritubular myoid,
endothelial cells and interstitial macrophages (Figure 4C). Quantification of the number
of 3βHSD-positive Leydig cells with or without GR expression revealed GR was depleted
in ~48% of Leydig cells (Figure 4D). The increased number of GR-ablated Leydig cells in
AAV9-LCGR mice, compared to the CYPGRKO mice, was reflected by decreased testicular
expression of Nr3c1 expression and of its direct downstream target, Stc1 (Figure 4D),
indicating that even a halving of the number of adult Leydig cells expressing GR leads to a
reduced read out of GR-mediated transcription in the testis.

In summary, we have developed a model that permits the acute and specific ablation
of GR in approximately half of adult Leydig cells, allowing the investigation of the effects
of reduced GR signalling in Leydig cells separate from developmental impacts. This model
also provides a unique opportunity to determine the roles of autocrine GR signalling within
Leydig cells, as has been previously shown for AR [28].

2.5. Reduced GR Signalling in Adult Leydig Cells Does Not Impact the Reproductive System

We assessed the impact of reduced GR signalling in AAV9-LCGR adult Leydig cells
on the gross morphology of the reproductive system in males 35d post injection, however
no differences were observed between the cohorts (Figure 5A). The body and reproductive
organs (testis, seminal vesicle, and epididymis) weights between the cohorts were also un-
changed (Figure 5B–D). As seminal vesicle weights serve as a key biomarker of circulating
androgen action, this suggest that a reduction in GR signalling in adult Leydig cells does
not have a major influence on circulating androgen levels. We next determined whether the
loss of GR signalling in approximately half of the adult Leydig cells alters adult testicular
architecture, however gross testis morphology in AAV9-LCGR mice was similar to controls
(Figure 5E).

2.6. Reduced GR Signalling in Adult Leydig Cells Impairs Their Function

We further investigated the impact of reduced GR signalling on specific functional
endpoints. Analysis of steroid enzyme transcripts and circulating hormones were carried
out in uman Chorionic Gonadotrophin (hCG) stimulated mice. This is due to the intra-
variability of the AAV9 targeting, and natural variation observed in Leydig cell function in
mice, which is observed in unstimulated cohorts (Supplementary Figure S5). We stimulated
Leydig cells of AAV9-LCGR and control mice), to induce maximum output from Leydig
cells [28]. Steroidogenic enzymes transcripts (StAR, Cyp11a1, Hsd3b6 and Cyp17a1) were
significantly decreased (Figure 6A–F), however, the expression of Hsd3b1 and Hsd17b3, the
enzyme responsible for testosterone synthesis, was unchanged (Figure 6G). Circulating
LH, and testosterone were not significantly altered (Figure 6H–I), though we do note an
increase in serum DHT between AAV9-LCGR and vehicle-treated animals (Figure 6J),
when analysed without the hCG-treated cohort; this could be physiologically important
as DHT is a particularly potent androgen. Despite reduced levels of Lhcgr, there was
no change in hCG-stimulated circulating androgen levels (Figure 6I,J). Taken together,
the data suggest that a 50% reduction in GR signalling reduces Leydig cell expression
level of key steroidogenic enzymes, indicating that GR signalling in Leydig cells supports
their function.
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Figure 4. GR depletion in Leydig cells following delivery of the Cre Recombinase using AAV9-Cre-
GFP. (A) Diagram of the model to ablate GR in adult Leydig cells (B) Representative fluorescent images
of freshly dissected GRGR testis at 35 dpi injection of vehicle, AAV-GFP or AAV9-Cre. Scale bars
0.5 cm. (C) Co-immunostaining of GR and 3βHSD demonstrates depletion of GR protein in Leydig
cells at 35 dpi AAV9-Cre. The micrographs in the bottom Insets demonstrate 40× magnification. Scale
Bars = 50 μm. GR+ Sertoli cells, spermatogonia and spermatocytes (*), peritubular myoid cells (#),
endothelial cells (<) and interstitial macrophages (+) are indicated. Arrowheads denote GR negative
Leydig cells. (D) Quantification of cells co-expressing 3βHSD protein and GR indicates only the
AAV9-Cre-GFP induced GR ablation, and this was observed in 48% of Leydig cells (n = 3, Chi-square
**** p = 0.0001). Analysis of the testicular expression of Nr3c1 and Stc1 by qPCR demonstrates
significantly reduced transcript levels (one-way ANOVA; n = 6–8, * p < 0.05, Tukey’s post hoc analysis,
error bars SEM).
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Fi 5 R d d GR i lli i d l L di ll d l h h l
Figure 5. Reduced GR signalling in adult Leydig cells does not alter the gross morphology of
the male reproductive system. (A) The gross morphology of the reproductive system in adult
(d80) was comparable across the different groups. In adult (d80) no difference was noted in the
(B) testis (C) seminal vesicles or (D) epididymis between the groups (n = 6–7, ANOVA). (E) Gross
testicular morphology appeared normal. Insets in the panel below demonstrate 40× magnification
of the testicular interstitium and arrowheads indicate the normal appearance of Leydig cells. Scale
Bars = 100 μm, Abbreviations; I, Interstitium; ST, seminiferous tubule.
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Figure 6. Reduced GR signalling impacts on Leydig cell function. (A–I) Comparative testicular
expression of Leydig cell steroidogenic transcripts in adults (d80) in human chorionic gonadotrophin
(hCG)-stimulated conditions (n = 5–7 per group ANOVA (* p < 0.05, ** p < 0.01 Tukey’s post hoc
analysis, error bars SEM). (H) Circulating LH and circulating (I) testosterone, (J) DHT were assessed
in basal and hCG-stimulated conditions. Insets show statistical analysis of testosterone and DHT in
non hCG-stimulated mice, n = 5–7 per group ANOVA (* p < 0.05, ** p < 0.01 **** p < 0.0001, Tukey’s
post hoc analysis, error bars SEM).
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3. Discussion

Glucocorticoids control fundamental processes in the human body including cell
metabolism [33], growth [34], differentiation [35], apoptosis and inflammation [36]). Gluco-
corticoid signalling is a common target for pharmaceutical intervention in certain conditions
such as in the treatment of chronic inflammation [37]) or anxiety and depression [38]) and
GR agonists and antagonists are commonly used as treatments in a wide range of clinical
settings. Given the widespread use of GR agonists and antagonists by males at different
stages of the life course, it is important to determine the role of GR signalling in Leydig
cell development and adult function, particularly in terms of steroidogenic capacity of the
Leydig cells in adulthood.

GR is expressed in the Leydig cells from fetal life onwards [15,39]. We first utilised
the Cyp17a1-iCre model to investigate the role of GR in supporting the development and
function of the adult Leydig cell population [26]. While the Cyp17-iCre model has previ-
ously been shown to efficiently target estrogen receptor alpha (Esr1) in Leydig cells, we
found that only 28% of adult Leydig cells had depleted GR. Because this model could
deplete Nr3c1 expression in Leydig cells from late fetal life [26], it is possible that there
could be some compensation during development that could lead to the majority of adult
Leydig cells retaining GR. Depletion of GR signalling in Leydig cells from e16.5 encom-
passes the masculinisation programming window [26,40]. The normal development of
the reproductive system in the adult CYPGRKO males suggests that the Leydig cells can
maintain normal androgen levels across fetal life. The low level of GR ablation (28%) in
adult CYPGRKO mice could be due to reduced targeting efficiency and/or developmental
compensation during perinatal and pubertal Leydig cell proliferation and development. In
adult CYPGRKO mice, ~70% of adult Leydig cells retain GR expression with no alterations
in testicular morphology and steroid enzyme transcripts. demonstrating that the 70% of
Leydig cells retaining GR expression can adequately compensate for any physiological
loss of GR. This study is in in line with our previous androgen receptor knock out model
in Leydig cells which has shown that targeting of approximately 50% is needed to have
a substantial developmental and functional impact in Leydig cells [28]. The ability for
nuclear receptors to be able to compensate for and activate reciprocal response elements,
can add additional challenges when trying to define the role of a single nuclear receptor.
Further consideration should be given to mineralocorticoid receptor, which has been shown
to also have a high binding affinity for glucocorticoids and are present in Leydig cells [41],
which may have also contributed to the lack of phenotype observed. Given the lack of
suitability of the CYPGRKO model to effectively knockdown GR signalling in adult Leydig
cells, and the lack of a phenotype in these mice, we next chose to develop a model of adult
Leydig cell GR ablation.

We next focused on using a viral-mediated delivery system to knockdown Leydig
cell GR signalling in adult mice. The recent characterisation of AAV-9 as tools to target
Leydig cells provided an opportunity to develop an inducible Cre/loxP system [30] for
this purpose. Utilising AAV-9. we generated a model that depletes GR in adult Leydig
cells and found that this approach had improved targeting efficiency for Leydig cell gene
knockdown compared to the Cyp17-iCre line. Furthermore, we demonstrated that this
model had minimal off target GR ablation effects. Thus, our study offers the first evidence
of a novel cost-effective method to investigate adult Leydig cell function and demonstrates
that viral-mediated delivery of Cre recombinase to the interstitial compartment of the testis
permits the knockdown of a gene of interest (in this instance GR) in adult Leydig cells.

Use of the AAV9 system enabled refined assessment of the effects of reduced GR
signalling in approximately half of the adult Leydig cells. It is known that supra- or sub-
physiological levels of glucocorticoids can impact Leydig cell function and survival [21,42]
and down-regulate the expression of Lhcgr [43] and steroidogenic transcripts [44]. How-
ever, there is little information regarding a requirement for GR-signalling in adult Leydig
cell function. GR signalling in Sertoli cells is required to support normal testis develop-
ment and Leydig cell differentiation and steroidogenesis [16]. Results from the present
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study demonstrate that GR signalling within Leydig cells is also important for Leydig
cell steroidogenic function, as a significant decrease in Leydig cell steroidogenic enzyme
expression was observed even when half of the Leydig cell population retained GR ex-
pression. We have previously shown that Sertoli cells support adult Leydig cell function
and steroidogenesis [45] and thus the data from Hazra and colleagues [16] suggests that
some of the Sertoli cell effects on Leydig cells are mediated by GR signalling in Sertoli cells.
The mechanisms underlying the cross talk between Sertoli, and Leydig cell GR regulation
warrants further investigation.

Whilst our inducible Leydig cell knockout model did not impact the reproductive or
testicular morphology, we observed a significant downregulation in steroidogenic enzyme
transcripts, including StAR, Cyp11a1, and Cyp17a1. This suggests that GR-signalling is
required to support Leydig cell steroidogenesis and confirms that GR has a physiological
role across the somatic cells of the testis [16]. These variations were, however, not reflected
in terms of circulating LH and testosterone levels, although DHT did show a significant
increase. Taken together, the data suggests that depleting only 50% of GR signalling can
induce a biological effect in Leydig cells, with a reduction in LHCGR expression and
reduced transcription of key steroidogenic enzymes. The normal levels of circulating LH
and testosterone may be associated with an ability of Leydig cells to maintain steroidogenic
output in a setting of reduced enzyme expression [28] combined with the AAV9 targeting
variations, across the cohorts, may explain the overall sampling variation.

Both low and high levels of circulating glucocorticoids (as reported in Cushing Syn-
drome or Addison disease) suppress male steroidogenesis and fertility, whilst normal phys-
iological levels regulate testis function [46,47]. This study developed two distinct Cre/LoxP
models to target GR signalling in Leydig cells and showed that there is a threshold of GR
inactivation to induce a Leydig cell defect (approximately 30% versus 50% GR targeting).
This data highlights an intricate homeostatic balance of GR signalling in reproductive
function, and whether it involves compensation mechanisms via the mineralocorticoid or
other nuclear receptor remains to be investigated [48,49].

To conclude, our findings suggest that GR-signalling plays a physiological role in
normal adult Leydig cell function. Our results also demonstrate the development of a
novel transgenic mouse model that provides new opportunities to elucidate the roles of
glucocorticoid signalling in Leydig cells, while simultaneously validating a new way to
rapidly generate a model of adult Leydig cell gene knockdown. A considerable advantage
of deliverable transgenics is that the panel of AAV isotypes permits targeting of different
organs and cells, and thus our model is applicable to dissecting the genetic regulation of
many physiological processes.

4. Materials and Methods

4.1. Ethics Statement

The research animals used in this study were monitored, handled, and euthanized in
accordance with the NSW Animal Research Act 1998, NSW Animal Research Regulation
2010 and the Australian Code for the Care and Use of Animals for Scientific Purposes 8th
Edition as approved by the University of Newcastle Animal Care and Ethics Committee
(approval number A-2018-827 and A-2018-823). Mice used for experiments were housed
at the institute’s Central Animal House under a 12 h light/12 h dark cycle at a constant
temperature of 21–22 ◦C with food and water ad libitum. Animals were euthanized
immediately before use via carbon dioxide asphyxiation.

4.2. Generation of CYPTR Reporter and CYPGRKO Knockout Mice Using Cyp17a1-iCre

To generate Leydig cell reporter mice, female C57BL/6 mice carrying a random
insertion of the Cyp17a1-i Cre [50] were mated to C57BL/6 male mice homozygous (Hom)
for a floxed loxP-flanked STOP cassette preventing transcription of a CAG promoter-
driven red fluorescent protein variant (tdTomato) [31]. These matings resulted in Cre-
Heterozygous (Het) ‘Controls’ and Cre+ Het ‘CYPTR’ mice. To generate Leydig cell GR
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knockout mice, female C57BL/6 mice carrying a random insertion of the Cyp17a1-i Cre [50]
were mated to C57BL/6 male mice homozygous (Hom) for floxed GR [27]. The first
generation resulted in offspring heterozygous (Het) for GRflox that were either Cre+ or
Cre-. For total Leydig cell GR ablation Cre+ GR heterozygous males were again bred to
C57BL/6 female mice homozygous for floxed GR resulting in the following offspring: Cre-
Hom termed ‘littermate control’, Cre- Het, termed ‘Het littermate control’, Cre+ Hom,
termed ‘CYP GR knockout’ (CYPGRKO), and Cre+ Het, termed ‘Het CYPGR knockout’
(Het CYPGRKO).

4.3. PCR Genotyping of Mice

Mice were genotyped for the inheritance of Cre recombinase as previously
described [51]. PCR amplification products were resolved using QIAxcel capillary system
(QIAGEN, Sydney, NSW, Australia). An amplicon of 102 bp indicated the inheritance of the
Cre recombinase transgene. Mice were also genotyped for the inheritance of floxed GR us-
ing primer sequences forward GGCATGCACATTACTGGCCTTCT, reverse 1 GTGTAGCAG
CCAGCTTACAGGA and reverse 2 CCTTCTCATTCCATGTCAGCATGT. Expected band
sizes are 2.5 kb for wild type GR and 500 bp for recombined GR.

4.4. Viral Vectors

Adeno-Associated viral particle 9 (AAV9) containing GFP and CRE expressing trans-
genes downstream of a CMV promoter were obtained from GeneCopoeia (via United
Bioresearch, Maroota NSW, Australia, Cat. No: AC001). Viral particles were supplied
at a titre of ≥5 × 1012 GC/mL. Utilising viral vectors that express fluorescent reporters
downstream of the powerful CMV promoter enabled confirmation and identification of all
transduced cells carrying delivered transgenes (GFP and/or Cre recombinase).

4.5. Testicular Delivery of Adeno-Associated Viral Particle 9

Viral particles were introduced into the interstitial compartment of adult (>60 days
post-natal) mouse testes using an Ultra-Fine 23 gauge 0.3-mL insulin needle, injecting close
to the rete testis as previously described [30]. A maximum volume of 20 μL was delivered.
Successful delivery of the particles was monitored via the addition of Trypan Blue dye to
the viral particles (0.04%). Animals were culled 7 days or 35 days post injection.

4.6. Inducible Model Using AAV9 Viral Vector

For assessment of the viral vector Cre recombinase delivery, we utilised Gt(ROSA)
26Sor(tdTomato-WPRE) termed ‘TRTR’ mice carrying an insertion of a Cre reporter allele
inserted into the Gt(ROSA)26Sor locus [31]. When TRTR mice are injected with the Cre-
encoding viral construct directly into the interstitial area, RFP will be expressed specifically
in cells where Cre was active. These mice were obtained from the Jackson laboratory (JAX
stock #007914). To generate Leydig cell GR knockout mice, GR floxed (‘GRGR’, JAX stock
#007909) mice which possess loxP sites flanking exon 3 of the Nr3c1 gene, were injected as
previously described.

4.7. Tissue Collection and Processing

Mice were culled between d80 and d100 by inhalation of carbon dioxide and sub-
sequent cervical dislocation Body weight was measured and organs were removed and
weighed. Tissues were fixed in Bouin’s fixative for 4–24 h depending on tissue size. Bouin’s-
fixed tissues were processed and embedded in paraffin wax, and 5 μm sections were used
for histological analysis. Tissues were stained with haematoxylin and eosin using standard
protocols and examined for histological abnormalities.

4.8. Quantitative RT-PCR

RNA was obtained from frozen tissues using the RNeasy Mini extraction kit with
RNase-free DNase on the column digestion kit (Qiagen, Sydney, NSW, Australia) according

95



Int. J. Mol. Sci. 2022, 23, 15015

to the manufacturer’s protocol. RNA yield was quantified using a NanoDrop 1000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Random hexamer primed
cDNA was prepared using the SuperScript VILO cDNA synthesis kit (Life Technologies)
according to manufacturers’ protocols. Quantitative PCR was performed on the genes of
interest listed in Table 1 using an Lightcycler 96 instrument (Roche, Sydney, NSW, Australia)
and the Roche Universal Probe Library (Roche, AU). The expression of each gene was
related to external housekeeping gene assay Luciferase (Roche, AU).

Table 1. Details of Antibodies and detection methods used.

Primary Antibody
(AbI) Name

References
Dilution

AbI
RRID

Detection
System

GFP Abcam
ab6556 1/1500 AB_305564 IHC/IF

3 b-HSD Elabscience
E-AB15112 1/1000 ND IHC/IF

RFP Evrogen
#AB233 1/1500 AB_2571743 IHC/IF

GR Abcam ab183127 1/1000 AB_2833234 IHC/IF

IHC: Immunohistochemistry IF: immunofluorescence.

4.9. Immunohistochemistry

Immunolocalization was performed either by a single antibody colourimetric (DAB)
immunostaining method, as described previously [52] a single or double antibody tyramide
fluorescent immunostaining method, as described previously [50,53], or automated Bond
immunostaining method, as described previously [52]. Antibodies used are listed in
Table 2. A minimum of five individual sections for each genotype were immunostained in
each experiment. For whole organ fluorescence, freshly dissected organs were visualised
with a Zeiss Discovery V.12 Fluoroscope under either brightfield (transmitted light) or an
epifluorescent GFP/RFP filter.

4.10. Extraction and Analysis of Steroid Hormones from Plasma

Immediately after culling (after CO2 and before cervical dislocation), blood was
collected from mice via cardiac puncture with a syringe and needle with a wide bevel to
reduce lysis, blood was collected in EDTA coated tubes to prevent coagulation. Plasma was
separated by centrifugation and stored at −80 ◦C. LH was measured by ELISA according
to manufacturer instructions (ab235648). The inter-assay coefficient of variance (CV) was
<5.2% and the intra-assay CV was <5.4%. Steroid hormones were assessed using LC-
MS/MS at the ANZAC Research Institute (University of Sydney, Sydney, NSW, Australia)
as previously described [54].

4.11. Assessment of Cre Efficiency in Cre/LoxP and AAV9 Inducible Mice

Analysis of Cre efficiency in reporter mice and GR knockout mice was achieved via
quantitation of cells positive for the Leydig cell specific protein 3βHSD and the reporter
gene RFP, and the presence/absence of glucocorticoid receptor immunohistochemical
localisation. Testis sections were imaged and then counted in Zen lite (ZEISS)). Each cohort
had n = 3 and 5 sections from each animal was counted. Each section was scanned on the
Axioscan to provide a whole section view.
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Table 2. Details of primer sequences used for genotyping and qRT-PCR.

Gene Forward Primer Reverse Primer Probe

GRGR-FLOX Atgcctgctaggcaa atgat Ttccagggctataggaagca Genomic

CYP17A1 ICRE CaggttttggtgcacagtCa GctgtagcttctccactcCac Genomic

TRTR WT Aagggagctgcagtggagta Ccgaaaatctgtgggaagtc Genomic

TRTR MUTANT Ggcattaaagcagcgtatcc Ctgttcctgtacggcatgg Genomic

Lhcgr Gggacgacgctaatctcg Cctggaaggtgccactgt Upl #80

Star Aaactcacttggctgctcagta Tgcgataggacctggttgat Upl #83

Cyp11a1 Cccattggggtcctgttta Tggtagacagcattgatgaacc Upl #67

Cyp17a1 Catcccacacaaggctaaca Cagtgcccagagattgatga Upl #67

Hsd3b1 Gaactgcaggaggtcagagc Gcactgggcatccagaat Upl #12

Hsd3b6 Accatccttccacagttctagc Acagtgaccctggagatggt Upl #95

Hsd17b3 Gagttggccagacatggact Agcttccagtggtcctctca Upl #47

Srd5a1 Gggaaactggatacaaaataccc Ccacgagctccccaaaata Upl #41

Srd5a2 Ggtcatctacaggatcccaca Tcaataatctcgcccaggaa Upl #50

NR3C1 Caaagattgcaggtatcctatgaa Cttggctcttcagaccttcc Upl #81

STC1 Gaggcggaacaaaatgattc Gcagcgaaccacttcagc Upl #45

TSC22D3 Ggtggccctagacaacaaga Tcaagcagctcacgaatctg Upl #10

Luciferase Gcacatatcgaggtgaacatcac Gccaaccgaacggacattt 5′ned- tacgcggaatacttc

4.12. Statistical Analysis

Power calculations based on previous cell quantitation experiments determined that
a sample size of 3 is appropriate for quantitative end points for cell counting and im-
munohistochemistry [55]. Statistical analysis is performed via GraphPad Prism (version 8;
GraphPad Software Inc., San Diego, CA, USA). Statistical tests include a one-way ANOVA
with Tukey’s post hoc test (if comparing multiple groups), a two-way ANOVA with Tukey’s
post hoc test (if comparing multiple groups and variables), and Chi Squared test for deter-
mining proportion targeting/ablation. Values are expressed as mean ± S.E.M.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232315015/s1.
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Abstract: The peptide hormone insulin-like 3 (INSL3) is produced almost exclusively by Leydig cells
of the male gonad. INSL3 has several functions such as fetal testis descent and bone metabolism in
adults. Insl3 gene expression in Leydig cells is not hormonally regulated but rather is constitutively
expressed. The regulatory region of the Insl3 gene has been described in various species; moreover,
functional studies have revealed that the Insl3 promoter is regulated by various transcription factors that
include the nuclear receptors AR, NUR77, COUP-TFII, LRH1, and SF1, as well as the Krüppel-like factor
KLF6. However, these transcription factors are also found in several tissues that do not express Insl3,
indicating that other, yet unidentified factors, must be involved to drive Insl3 expression specifically
in Leydig cells. Through a fine functional promoter analysis, we have identified a 35-bp region that
is responsible for conferring 70% of the activity of the mouse Insl3 promoter in Leydig cells. All tri-
and dinucleotide mutations introduced dramatically reduced Insl3 promoter activity, indicating that
the entire 35-bp sequence is required. Nuclear proteins from MA-10 Leydig cells bound specifically to
the 35-bp region. The 35-bp sequence contains GC- and GA-rich motifs as well as potential binding
elements for members of the CREB, C/EBP, AP1, AP2, and NF-κB families. The Insl3 promoter was
indeed activated 2-fold by NF-κB p50 but not by other transcription factors tested. These results help to
further define the regulation of Insl3 gene transcription in Leydig cells.

Keywords: Leydig cells; insulin-like 3; transcription; transcription factors; linker-scanning mutagenesis;
DNA–protein interactions

1. Introduction

Leydig cells located in the testis produce testosterone and insulin-like 3 (INSL3), two
hormones essential for male sex differentiation and reproductive function. More specifically,
testosterone is required to masculinize the male embryo during fetal life, and postnatally
to complete internal and external male organ development as well as for the initiation
and maintenance of spermatogenesis [1]. INSL3 regulates the inguino-scrotal phase of
testicular descent during fetal life [2,3] and bone metabolism in adults [4]. INSL3 has also
been proposed to reduce germ cell apoptosis [5,6], modulate skeletal muscle metabolism
and function [7], regulate motor and sensory brain functions [8], and contribute to corneal
wound healing [9]. INSL3 is an exclusive marker for the differentiation and functional
status of Leydig cells in the testis [10,11].

The Insl3 gene is composed of two exons (219 and 404 bp) separated by a 739-bp intron.
The Insl3 gene is atypically located entirely within the last intron of the Jak3 gene [12–14].
Consequently, the regulatory elements controlling Insl3 gene expression in Leydig cells
are believed to be located within a short promoter region of about 1000 bp. The genomic
region corresponding to the Insl3 promoter has been isolated from rat [13], mouse [12,15],
human [16], dog [17], and pig [16]. Functional studies have identified several transcription
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factors regulating Insl3 promoter activity in Leydig cells. These include the Krüppel-like
factor KLF6 [18] as well as the nuclear receptors SF1 (Ad4BP, NR5A1) [13,17,19,20], LRH1
(NR5A2) [21], NUR77 (NGFI-B, NR4A1) [21,22], testosterone-activated androgen receptor
(AR, NR3C4) [23,24], COUP-TFII (NR2F2) [25], and DAX1 (NR0B1) [19]. Transcriptional
cooperation between COUP-TFII and SF1 [25,26], and between KLF6 and NUR77 and
SF1 [18] on the Insl3 promoter has also been reported. However, most of these transcription
factors are also found in cell types that do not express the Insl3 gene, such as Sertoli and
adrenal cells, indicating that additional transcription factors are likely involved in directing
Insl3 expression in Leydig cells. In the present study, we have identified a 35-bp regulatory
region bound by nuclear proteins that is essential for mouse Insl3 promoter activity in
MA-10 Leydig cells.

2. Results

2.1. A 35-bp Region Is Responsible for 70% of Mouse Insl3 Promoter Activity

To identify the regions responsible for the activity of the mouse Insl3 promoter in Leydig
cells, several 5′ progressive deletions of the promoter were generated and transfected in
MA-10 Leydig cells. The MA-10 cell line expresses the Insl3 gene and has been validated as
an appropriate model to study Insl3 gene expression [20,22,27]. As shown in Figure 1, Insl3
promoter deletions from −1082 bp to −186 bp had no significant effect on Insl3 promoter
activity. However, further deletion to −111 bp led to a 70% reduction in Insl3 promoter activity
(Figure 1). Finally, a further reduction in Insl3 promoter activity to 15% was observed with a
deletion to −79 bp, which is considered a minimal promoter (Figure 1). These data, therefore,
identify a critical region located between −186 and −111 bp that is responsible for 70% of
Insl3 promoter activity.

Figure 1. Identification of a critical regulatory region within the proximal mouse Insl3 promoter.
MA-10 Leydig cells were transfected with various 5’ deletion constructs of the mouse Insl3 promoter;
the 5′ end point of each construct is indicated on the left of the graph. The position of previously
identified binding sites for SF1 (white diamonds) and COUP-TFII (black circle) is indicated. Results
are shown as % Relative Activity (±SEM) relative to the activity of the −1132 bp reporter, which was
set to 100%. Different letters indicate a statistically significant difference between groups (p < 0.05).
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To more precisely locate the region conferring 70% of Insl3 promoter activity, ad-
ditional 5’ deletion constructs to −151, −141, −131, and −120 bp were generated and
transfected in MA-10 Leydig cells. As shown in Figure 2, deletion of a 35-bp region
between −186 and −151 bp led to a 70% reduction in Insl3 promoter activity. Promoter
activity remained similar with all other deletion constructs, except for the minimal
−79 bp which was reduced to 15% (Figure 2). Together, these results indicate that a
35-bp region located between −186 and −151 bp is responsible for conferring 70% of
activity to the mouse Insl3 promoter in MA-10 Leydig cells.

Figure 2. The region between −186 and −151 bp confers 70% of mouse Insl3 promoter activity in
Leydig cells. MA-10 Leydig cells were transfected with a series of fine 5’ deletion constructs of the
mouse Insl3 promoter; the 5′ end point of each construct is indicated on the left of the graph. The
position of previously identified binding sites for SF1 (white diamonds) and COUP-TFII (black circle)
is indicated. Results are shown as % Relative Activity (± SEM) relative to the activity of the −1132 bp
reporter, which was set to 100%. Different letters indicate a statistically significant difference between
groups (p < 0.05).

2.2. Fine Mapping of the 35-bp Region Conferring 70% of Insl3 Promoter Activity

To identify the sequences responsible for conferring 70% of mouse Insl3 promoter
activity within the −186 and −151 bp region, a linker-scanning approach was used. Eight
sequential mutations were introduced in the 35-bp region in the context of the −1182 bp
Insl3 promoter (Figure 3) and the reporter constructs were transfected in MA-10 Leydig
cells. As shown in Figure 3, all the mutations (M1 to M8) led to a loss of 60–65% in Insl3
promoter activity compared to the wild type −1182 bp promoter. This indicates that the
entire 35-bp region is necessary for full mouse Insl3 promoter activity.
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Figure 3. Fine mapping of the 35-bp region in the proximal mouse Insl3 promoter. MA-10 Leydig
cells were transfected with various −1132 bp mouse Insl3 promoter constructs: a wild-type promoter
and a series of trinucleotide or dinucleotide mutated constructs (M1 to M8; the mutations are in
red lowercase). The position of previously identified binding sites for SF1 (white diamonds) and
COUP-TFII (black circle) is indicated. Results are shown as % Relative Activity (± SEM) relative to
the activity of the −1132 bp wild-type reporter, which was set to 100%. Different letters indicate a
statistically significant difference between groups (p < 0.05).

2.3. Binding of Nuclear Proteins to the 35-bp Regulatory Region

The linker-scanning site-directed mutagenesis data (Figure 3) established that the full
35-bp region is important and that the activity of the Insl3 promoter does not depend on any
specific motif within this region. This suggests that binding of more than one transcription
factor may be involved. A DNA–protein interaction approach (electromobility shift assay
(EMSA)) was used to determine if protein(s) from Leydig cell nuclear extracts can bind to
the 35-bp region. As shown in Figure 4, binding was detected (Figure 4, lane 2) that could
be competed with increasing molar excess (5- and 25-fold) of unlabelled wild-type (WT)
oligonucleotides (Figure 4, lanes 3 and 4). Due to the size of the band, it is possible that
more than one protein binds to this region. To assess the specificity of the protein–DNA
interaction, competition experiments were performed using unlabelled oligonucleotides
(5× and 25× molar excess) containing the same mutations as those described in Figure 3
for promoter activity. As shown in Figure 4, oligonucleotides corresponding to mutants M1
(lanes 5 and 6), M3 (lanes 9 and 10), and M4 (lanes 11 and 12) were unable to compete the
binding complex. Oligonucleotides corresponding to mutants M2 (Figure 4, lanes 7 and 8)
and M5 (Figure 4, lanes 13 and 14) were as efficient as the WT oligonucleotide (Figure 4,
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lanes 3 and 4) at displacing the binding complex. On the other hand, oligonucleotides
for mutants M6 only partially competed the binding complex (Figure 4, lanes 15 and 16).
Together, these data indicate that protein(s) do bind to the 35-bp Insl3 promoter region
and that the nucleotides mutated in mutants M1, M3, M4, and to a lesser extent M6, are
important for this binding.

 

Figure 4. Nuclear proteins from MA-10 cells bind specifically to the 35-bp region. EMSA was used
to determine the binding of nuclear extracts from MA-10 Leydig cells (MA-10 extracts) to a double-
stranded 32P-labelled oligonucleotide corresponding to the 35-bp region (−186 to −151 bp) of the
Insl3 promoter. Protein binding was challenged by increasing concentrations (black triangles; molar
excesses of 5× and 25×) of unlabelled oligonucleotides corresponding to the wild-type 35-bp region
(WT) or oligonucleotides containing linker-scanning mutations (M1, M2, M3, M4, M5, M6; defined in
Figure 3) in the 35-bp region.

2.4. Binding Assessment of Various Transcription Factors to the 35-bp Region

The 35-bp nucleotide sequence (5′- AAT GTT GGG GAG CGG CTC CTG GCA CAG
CGC CGC AC) contains potential binding sites for zinc finger-containing transcription
factors known to bind GC- and GA-rich motifs. These include RBP2 (retinoblastoma-
binding protein 2), GLI (GLI-Krüppel family zinc finger), IKZF1 (IKAROS family zinc
finger 1), SP1 (specificity protein 1), KLF6 (Krüppel-like factor 6), HLTF (helicase-like
transcription factor), ZEB1 (zinc finger E-box binding homeobox 1), and HAND1 (heart
and neural crest derivatives-expressed protein 1). We, therefore, used oligonucleotides
containing a consensus binding sequence for each of these transcription factors in EMSAs.
As shown in Figure 5, binding of proteins from MA-10 Leydig cell nuclear extract was
detected on the 35-bp region used as a probe (Figure 5A,B, lane 2). As expected, this
binding was competed with unlabelled oligonucleotides corresponding the WT sequence
and M1 mutant, but not M2 mutant (Figure 5A,B, lanes 3–8). Surprisingly, oligonucleotides
containing a consensus binding site for RBP2, GLI, IKZP, SP1 (Figure 5A, lanes 9–16) and
KLF6, HLTF, ZEB1, and HAND1 (Figure 5B, lanes 9–16) were unable to compete the binding
complex. This indicates that these transcription factors do not bind to the 35-bp region of
the mouse Insl3 promoter.
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Figure 5. Assessment of potential transcription factors binding to the 35-bp region. EMSA was
used to challenge the binding of nuclear protein(s) from MA-10 Leydig cells (MA-10 extracts) to a
double-stranded 32P-labelled oligonucleotide corresponding to the 35-bp region (−186 to −151 bp)
of the Insl3 promoter. Protein binding was challenged by increasing concentrations (black triangles;
molar excesses of 5× and 25×) of unlabelled oligonucleotides corresponding to the wild-type 35-bp
region (WT), mutants M1 and M2, or oligonucleotides containing a consensus binding sequence for
transcription factors (A) RBP2, GLI, IKZF1, SP1, and (B) KLF6, HLTF, ZEB1, HAND1.
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2.5. NF-κB p50 Activates the Mouse Insl3 Promoter via the 35-bp Region

A closer analysis of the M1 sequence suggested that this might represent a potential
binding site for NF-κB p50, or for members of the CREB or C/EBP families of transcription
factors. In silico analysis of the sequences in mutants M3 and M4 predicts that they could
be recognized by members of the AP1 and AP2 families. Several AP1 members are known
to be present in Leydig cells, including cJUN, a well-characterized activator of several genes
(reviewed in [28]). We, therefore, tested whether members of these families could activate
the Insl3 promoter in MA-10 Leydig cells. As shown in Figure 6A,B, the −1082 bp Insl3
promoter was activated by SF1 and COUP-TFII as previously reported [13,17,19,20,25,26].
On the other hand, cJUN, CREB, and C/EBPβ failed to activate the Insl3 promoter construct
(Figure 6A,B). In the presence of NF-κB p50, a 2-fold activation of the −1082 bp Insl3
promoter was observed (Figure 6B). Combining two transcription factors did not result in
any functional cooperation (Figure 6A,B). However, in the presence of CREB or C/EBPβ,
activation by the nuclear receptors SF1 and COUP-TFII (Figure 6A), and by NF-κB p50
(Figure 6B), was abolished, a phenomenon that occurs when transcription factors compete
for a limited amount of common co-factors.

 

Figure 6. The mouse Insl3 promoter is activated by NF-κB p50 but not CREB, cJUN, or C/EBPβ.
MA-10 Leydig cells were transfected with a −1132 bp mouse Insl3 promoter along with an empty
expression vector (open bar) or expression vectors for cJUN, CREB, C/EBPβ, NF-κB p50, SF1, and
COUP-TFII either alone or in combination as indicated in (A,B) (black bars). The position of previously
identified binding sites for SF1 (white diamonds) and COUP-TFII (black circle) is indicated. The grey
box represents the 35-bp sequence responsible for 70% of Insl3 promoter activity. Results are shown
as Fold Activation over control ± SEM. An asterisk (*) represents a statistically significant activation
compared to control (empty expression vector, value set at 1, p < 0.05).

Next, to locate the NF-κB p50 responsive region, MA-10 Leydig cells were transfected
with Insl3 promoter deletion constructs. As shown in Figure 7, a deletion to −186 bp that
retains the 35-bp region was still activated ~2-fold by NF-κB p50. However, a deletion
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construct to −151 bp that removes the 35-bp region was no longer activated by NF-κB p50
(Figure 7).

 

Figure 7. NF-κB p50-dependent activation of the mouse Insl3 promoter requires the 35-bp region. MA-10
Leydig cells were transfected with three Insl3 promoter constructs (−1132 bp, −186 bp, −151 bp) along
with an empty expression vector (open bar) or an expression vector for NF-κB p50 (black bars). The position
of previously identified binding sites for SF1 (white diamonds) and COUP-TFII (black circle) is indicated.
The grey box represents the 35-bp sequence responsible for 70% of Insl3 promoter activity. Results are
shown as Fold Activation over control ± SEM. An asterisk (*) represents a statistically significant activation
compared to control (empty expression vector, value set at 1, p < 0.05).

3. Discussion

The peptide hormone INSL3 produced by Leydig cells plays important roles in male
reproductive development and function (reviewed in [29]). Although some transcription
factors have been implicated in the regulation of Insl3 gene expression in Leydig cells, most
are also present in cells that do not express Insl3 indicating that additional, yet unidentified
transcription factors are also required to direct Insl3 expression in Leydig cells. In the
present study, we have located and characterized new regulatory elements important for
Insl3 promoter activity in Leydig cells.

In our study, we made use of the mouse MA-10 Leydig cell line [30], which are immor-
talized cells corresponding to immature Leydig cells from the adult population [30,31]. Con-
trary to primary Leydig cells, MA-10 cells proliferate and contain an aberrant chromosome
number [32]. Despite these issues, MA-10 cells nonetheless respond to hormonal stimula-
tion, like primary Leydig cells, with an increase in steroid hormone production [30,33–36],
indicating that the signalling cascades, kinases, and transcription factors required for this
response are present in MA-10 Leydig cells. More relevant to our current work, MA-10
Leydig cells constitutively express Insl3 [13,19,22,23,27,37–39] and have been validated as a
suitable model to study Insl3 gene transcription [27].
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3.1. Identification of an Essential 35-bp Region within the Proximal Insl3 Promoter

For the promoter functional assays, we used a genomic fragment of −1082 bp upstream
of the mouse Insl3 transcription start site. Because the entire Insl3 gene is located within
the last intron of the Jak3 gene [12–14], the −1082 bp fragment corresponds to the longest
sequence that can be used before entering the coding region of the Jak3 gene. Our 5′
progressive deletion analysis of the mouse Insl3 −1082 bp regulatory region revealed
that deletion of up to −186 bp did not significantly affect Insl3 promoter activity in MA-
10 Leydig cells. This is similar to a previous study performed in another Leydig cell
line, the MLTC-1 cells, where a construct of −188 bp retained all mouse Insl3 promoter
activity [19]. Another study also reported that a short proximal region of the mouse Insl3
promoter contained within −157 bp was required for Leydig-specific transcription [20].
Deletion analysis of the human INSL3 promoter also showed that truncation to −132 bp
still maintained full promoter activity in both MA-10 and MLTC-1 Leydig cells but not
non-steroidogenic cells [18]. Although the minimal required region appears shorter in the
human promoter, the Insl3 promoter from various rodents contains an additional ~50 bp
compared to the INSL3 promoter from primates, as revealed by the alignment of the INSL3
promoter sequence from various species (Figure 8). Therefore, −132 bp in the human INSL3
promoter is equivalent to −178 bp in the mouse Insl3 promoter (Figure 8). Although the
Insl3 promoter has been isolated from rat, pig, and dog [13,16,17], a 5′ progressive promoter
deletion approach to locate species-specific regulatory elements required for its activity in
Leydig cells was not performed.

Through fine promoter deletions, we identified a 35-bp region located between
−186 and −151 bp that is essential for maximal Insl3 promoter activity in Leydig cells.
Site-directed mutagenesis in the context of the −1082 bp Insl3 promoter further con-
firmed the importance of the entire 35-bp region since any trinucleotide or dinucleotide
mutation within this region reduced promoter activity. This suggests that more than
one transcription factor may bind to this region. The 35-bp region contains several
GC- and GA-rich boxes, some of which have been conserved across species (Figure 8).
In addition, a potential E-box motif (CAnnTG) for the binding of bHLH transcription
factors is also present. The significant reduction in Insl3 promoter activity that occurred
when mutations were introduced in either half-site of this palindromic E-box motif
(mutations M7 and M8) strongly supports the involvement of bHLH family members. In
addition, mutations that target GC/GA-rich motifs reduce the activity of both the mouse
(present work) and human [18] INSL3 promoter in Leydig cells. This prompted us to
assess whether proteins known to bind to GC/GA-rich motifs could bind to the 35-bp
region of the mouse Insl3 promoter. Although a protein complex from MA-10 Leydig
cells specifically bound to the 35-bp region as identified by EMSA, competition experi-
ments using several oligonucleotides containing binding sites for various transcription
factors known to bind GC/GA-rich sequences such as RBP2, GLI, IKZF1, SP1, KLF6,
HLTF, ZEB1, and HAND1, failed to displace the binding. This indicates that the protein
complex binding to the 35-bp region does not contain members of these transcription
factor families.

3.2. Potential Transcription Factors Acting via the 35-bp Element

Our protein–DNA interaction assays indicated that the protein(s) responsible for
the activity of the 35-bp region might not be zinc finger-containing transcription factors
recognizing GC/GA-rich motifs. Of all the mutations introduced in the 35-bp region
and tested by EMSA, mutants M1, M3, M4, and M6 failed displace the binding complex.
This indicates that the integrity of these sequences is essential for protein binding, and
thus, provides clues regarding the nature of the transcription factor that could bind to
these sequences.
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Figure 8. Alignment of the proximal Insl3 gene promoter from different species. The sequences of the
proximal Insl3 promoter (−186 bp to the ATG of the mouse promoter) from various species indicated
on the left were aligned using Clustal Omega multiple sequence alignment tool. The numbering
corresponds to the position in the mouse Insl3 promoter. The 35-bp region important for mouse
Insl3 promoter activity identified in this study is shown in purple. The mutations generated in the
35-bp region are shown in red (M1–M6); the bolded ones (M1, M3, M4, M6) were unable to compete
the binding in EMSA. The underlined sequences correspond to potential binding sites for CREB,
NF-κB, AP1, AP2, and C/EBP family members. The sequence shown in blue corresponds to an
approximately 40-bp region (−132 and −93 bp) previously identified as important for the activity of
the human INSL3 promoter [18]. The positions of previously identified binding sites for transcription
factors SF1, COUP-TFII, and NUR77 are shown. The TATA-box, transcription start site (+1), and ATG
(M) are also indicated. An asterisk indicates a nucleotide conserved across all 12 species.

In silico analysis of the sequence surrounding mutant M1 identified potential binding
sites for members of the CREB, C/EBP, and NF-κB families of transcription factors, which
are expressed in Leydig cells where they regulate gene expression [40–45]. However, when
assayed in functional promoter assays, CREB and C/EBPβ failed to activate the Insl3
promoter, either by themselves or in combination with other transcription factors. On the
other hand, activity of the −1082 bp Insl3 promoter was increased by 2-fold in the presence
of NF-κB p50, supporting a role for this transcription factor in Insl3 gene transcription
in Leydig cells. Furthermore, the NF-κB p50-dependent activation of the Insl3 promoter
required the 35-bp region as a deletion construct lacking this region was no longer activated
by NF-κB p50. Additional work such as performing EMSAs and competition assays using
a consensus NF-κB p50 motif, using mutated Insl3 promoter constructs, as well as testing
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other potential partners, would be needed to fully understand the mechanism of NF-κB
p50 action in the regulation of Insl3 promoter activity in Leydig cells.

Another sequence we identified within the 35-bp element as important for the binding
of nuclear proteins and for the activity of the mouse Insl3 promoter in MA-10 Leydig cells
was the sequence 5′-TCCTGGCACA-3′ located between −170 and −161 bp. Mutation of
this sequence (mutants M3 and M4) prevented protein binding and reduced Insl3 promoter
activity by 70%. In silico analysis of this sequence predicted that it could be recognized by
members of the AP1 and AP2 families. Several AP1 members are known to be expressed
in Leydig cells, including cJUN, a well-characterized activator of several genes (reviewed
in [28]). AP2 factors are present in Leydig cells and regulate the activity of the luteinizing
hormone receptor promoter [46]. Despite the fact that cJUN failed to activate the Insl3
promoter in our assays, we cannot exclude the possibility that other AP1 or AP2 family
members might contribute to Insl3 promoter activity. At this time, the nature of the factor
binding to this sequence remains to be established. This could be determined using a
DNA–protein precipitation assay where a double-stranded oligonucleotide containing
the sequence of interest is biotinylated and incubated with nuclear extracts. DNA-bound
proteins are then isolated using avidin beads, eluted, and analyzed by LC-MS/MS.

In conclusion, although our present work has identified a key 35-bp regulatory region,
additional work is needed to fully decipher the transcription factors acting via this 35-bp
element responsible for 70% of Insl3 promoter activity in Leydig cells.

4. Materials and Methods

4.1. Plasmids

The mouse Insl3 promoter constructs −1082 to +5 bp and −186 to +5 bp were previ-
ously described [22,25]. Mouse Insl3 promoter deletions to −973 bp, −791 bp, −591 bp,
−151 bp, −141 bp, −131 bp, −120 bp, −111 bp, and −79 bp were obtained by PCR using
the −1082 bp Insl3 promoter as a template, along the primers listed in Table 1. All promoter
fragments were cloned into a modified pXP1 luciferase reporter plasmid [47,48].

Table 1. Sequence of the primers used to generate the various mouse Insl3 promoter deletion constructs.

−1082 bp Forward 5′- GCG GAT CCT GGT TCC TAT GAT CTG GCT G -3′
−973 bp Forward 5′- GCG GAT CCG AAT GGG GAT ATT AAA TAT GTG -3′
−791 bp Forward 5′- GCG GAT CCC CCT TGC TCC CCT GAC TGT G -3′
−591 bp Forward 5′- GCG GAT CCC TGG GAG AGT AGA GGT CTT G -3′
−186 bp Forward 5′- CGG GAT CCA ATG TTG GGG AGC GGC TCC TG -3′
−151 bp Forward 5′- GCG GAT CCC TGG GAG AGG ACT TCA AGG T -3′
−141 bp Forward 5′- GCG GAT CCA CTT CAA GGT CCC AAG CTG G -3′
−131 bp Forward 5′- GCG GAT CCC CCA AGC TGG ACA CAC AGC C -3′
−120 bp Forward 5′- GGG GAT CCA CAC AGC CCC TGA CCG TG -3′
−111 bp Forward 5′- GCG GAT CCC CTG ACC GTG ACT CGA GCC T -3′
−79 bp Forward 5′- GGG GAT CCT GCT GCT TGC CTG TGT TC -3′
+5 bp Reverse 5′- GGG GTA CCG TGG CAG GAG GCA GTG GGC AG -3′

The cloning sites are underlined: BamHI for the forward primers and KpnI for the reverse primer.

Various trinucleotide and dinucleotide mutant constructs in the context of the −1082 bp
reporter were generated using the QuikChange XL mutagenesis kit (Agilent Technologies
Canada, Mississauga, ON, Canada), as recommended by the manufacturer, along with the
oligonucleotides listed in Table 2 (only the sequence of the sense oligonucleotide is shown)
where the mutations are in lowercase.

All the deletion and mutation reporter constructs were confirmed by sequencing
(CHUQ Research Centre sequencing platform, Quebec City, QC, Canada). The following
expression plasmids were obtained from different research groups: SF1/NR5A1 [49],
cJUN [50], CREB [51], C/EBPβ [52], COUP-TFII/NR2F2 [53], and NF-κB p50 [54].
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Table 2. Sequence of the oligonucleotides used to generate the various mouse Insl3 promoter
mutant constructs.

M1 5′- CTT GTT TTA AAT GTT GGG tct CGG CTC CTG GCA CAG CGC -3′
M2 5′- GTT TTA AAT GTT GGG GAG Ctt aTC CTG GCA CAG CGC CGC ACC -3′
M3 5′- AAA TGT TGG GGA GCG GCT aag GGC ACA GCG CCG CAC CTG -3′
M4 5′- GTT GGG GAG CGG CTC CTG tac CAG CGC CGC ACC TGG GAG -3′
M5 5′- GGG AGC GGC TCC TGG CAC cta GCC GCA CCT GGG AGA GGA -3′
M6 5′- GCG GCT CCT GGC ACA GCG aat CAC CTG GGA GAG GAC TTC -3′
M7 5′- CTG GCA CAG CGC CGC ACC atG GAG AGG ACT TCA AG -3′
M8 5′- CTG GCA CAG CGC CG ttC CTG GGA GAG GAC TTC AAG -3′

Only the sequence of the sense oligonucleotides is shown. Mutated nucleotides are in lowercase.

4.2. Cells Culture, Transfections, and Reporter Assays

Mouse MA-10 Leydig cells (ATCC, Manassas, VA, USA, Cat# CRL-3050, RRID:CVCL_D789)
were grown in DMEM/F12 medium supplemented with 2.438 g/L sodium bicarbonate,
3.57 g/L HEPES, and 15% horse serum on gelatin-coated plates. Penicillin and streptomycin
sulphate were added to the cell culture media to a final concentration of 50 mg/L, and cells
were kept at 37 ◦C, 5% CO2 in a humidified incubator. MA-10 Leydig cells were validated by
morphology and by quantifying steroidogenic output, as previously described [55–62]. MA-10
cells were transiently transfected using polyethylenimine hydrochloride (PEI) (Sigma-Aldrich
Canada, Oakville, ON, Canada), as previously described [61,63,64], or the calcium phosphate
co-precipitation method, as described in [22,35,48,65]. Briefly, MA-10 cells were transfected
24 h after plating at a density of 100,000 cells/well, by using 0.5 μg of Insl3 promoter construct
fused to the Firefly luciferase reporter gene, 20 ng of phRL-TK Renilla luciferase expression
vector used as an internal control for transfection efficiency, and pSP64 as carrier DNA up to
1.5 μg/well. For transactivation assays, cells were transfected with 400 ng of the mouse Insl3
−1082/+5 bp reporter vector along with 100 ng of an empty expression vector (pcDNA3.1
as control), or expression vectors for the various transcription factors (50 ng) individually
(completed to 100 ng with the empty pcDNA3.1 expression vector to keep the total amount
of expression vector to 100 ng), or the combination of transcription factors (50 ng each). The
culture media were renewed 3 h before and 16 h after the transfection. Two days after the
transfection, MA-10 Leydig cells were harvested and luciferase activities were measured using
the Dual Luciferase Assay System (Promega Corp, Madison, WI, USA) and the Luminoskan
Ascent luminometer (Thermo Scientific, Milford, MA, USA). The data reported represent the
average of at least four experiments, using different DNA preparations, and each performed
in duplicate.

4.3. Preparation of Nuclear Extracts

Nuclear extracts from MA-10 Leydig cells were prepared using the method described
by Schreiber [66], with the following modifications: cells were rinsed with PBS-EDTA,
harvested and pelleted by centrifugation for 45 s at 9000 RPM at 4 ◦C. The cells were
resuspended in 700 μL of buffer A (HEPES 10 mM, EDTA 0.1 mM, EGTA 0.1 mM, DTT
1 mM, PMSF 0.5 mM, aprotinin 5 pg/mL, pepstatin 5 μg/mL, leupeptin 5 μg/mL) and
incubated on ice for 15 min. Next, 50 μL of 10% Igepal was added and mixed vigorously for
10 s, followed by centrifugation for 30 sec at 13,000 RPM at 4 ◦C to pellet the nuclei. Nuclei
were then incubated in 50 μL of buffer B (HEPES 20 mM, NaCl 400 mM, EDTA 1 mM,
EGTA 1 mM, DTT 1 mM, PMSF 1 mM, aprotinin 5 μg/mL, pepstatin 5 pg/mL, leupeptin
5 μg/mL) with vigorous shaking for 45 min at 4 ◦C, followed by centrifugation for 5 min at
13,000 RPM at 4 ◦C. Protein concentrations were estimated using the standard Bradford
assay (Bio-Rad Laboratories, Hercules, CA, USA). Nuclear proteins were stored at −80 ◦C
until needed.

4.4. Electromobility Shift Assays

Electromobility shift assays (EMSAs) were performed as previously described [18,22,43,61,67–71].
Briefly, 5 μg of nuclear extracts from MA-10 Leydig cells were incubated in 20 μL of 4 mM
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Tris-HCl (pH 8.0), 24 mM KCl, 0.4 mM EDTA (pH 8.0), 0.4 mM dithiothreitol, 5 mM MgCl2,
100 ng BSA, 10% glycerol, and 500 ng poly(dI-dC) for 1 h on ice. A 32P-labeled 42-bp
double-stranded oligonucleotide containing the 35 bp (−186/−151 bp) region of the mouse
Insl3 promoter was used as a probe (5′- GTT GGG GAG CGG CTC CTG GCA CAG CGC
CGC ACC TGG GAG AGG -3′). Competition experiments were performed using 5× and
25× (molar excess) of unlabeled double-stranded oligonucleotides corresponding to the
probe or harboring various mutations (shown in lowercase) in the 35-bp (−186/−151 bp)
region of the mouse Insl3 promoter (Table 2). Competitions were also performed using
oligonucleotides corresponding to consensus binding sites for different transcription factors
(Table 3).

Table 3. Sequence of oligonucleotides corresponding to consensus binding sites for different tran-
scription factors used in EMSA assays.

Transcription Factor Sense Oligonucleotide Reference

RBP2 5′- GGG CTC CCG CCC CAC GAA AAG -3′ [72]
GLI 5′- CGT CTT GGG TGG TCC ACG -3′ [73]

IKZF1 5′- TCA GCT TTT GGG AAT GTA TTC CCT GTCA -3′ [74]
SP1 5′- CGG CGC AGG GCG GGG CGG GGC GAG -3′ [75]

KLF6 5′- CCG AGG CCA CAC CCT ACT CTC TGA TAG TTC -3′ [76]
HLTF 5′- TTG ATT GAC ATA TA C CAG GAG ATA GA -3′ [77]
ZEB1 5′- GTG CAC AGT GCA AAG GTG GGG CGG CAG -3′ [78]

HAND1 5′- CAA CCA CAA TGG CGT CGT CTG GCA TTT TT -3′ [79]
Only the sequence of sense oligonucleotide is shown.

4.5. Sequence Analysis

To identify binding sites for potential transcription factors, the 35-bp region of the
mouse Insl3 promoter was analyzed using the bioinformatic tools TFbind (https://tfbind.
hgc.jp/, last accessed 10 October 2022) [80] and PROMO (PROMO version 3.0.2 using
version 8.3 of TRANSFAC, last accessed 10 October 2022, http://alggen.lsi.upc.es/cgi-bin/
promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) [81,82]. Multiple sequence alignment was
performed using the CLUSTAL Omega multiple sequence alignment tool (version 1.2.4,
last accessed 12 October 2022, https://www.ebi.ac.uk/Tools/msa/clustalo/) [83].

4.6. Statistical Analysis

Statistical analyses were carried out using Statistics Calculators (Statistics Kingdom,
Melbourne, Australia, November 2017, https://www.statskingdom.com/kruskal-wallis-
calculator.html, accessed on 7 October 2022). To identify significant differences between
multiple groups, statistical analyses were carried out using a nonparametric Kruskal–Wallis
one-way ANOVA on ranks followed by a Mann–Whitney U test to detect differences
between pairs. For all statistical analyses, p < 0.05 was considered significant.
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Abstract: Understanding the regulation of the testicular endocrine function leading to testosterone
production is a major objective as the alteration of endocrine function is associated with the develop-
ment of many diseases such as infertility. In the last decades, it has been demonstrated that several
endogenous molecules regulate the steroidogenic pathway. Among them, bile acids have recently
emerged as local regulators of testicular physiology and particularly endocrine function. Bile acids act
through the nuclear receptor FXRα (Farnesoid-X-receptor alpha; NR1H4) and the G-protein-coupled
bile acid receptor (GPBAR-1; TGR5). While FXRα has been demonstrated to regulate testosterone
synthesis within Leydig cells, no data are available regarding TGR5. Here, we investigated the
potential role of TGR5 within Leydig cells using cell culture approaches combined with pharmaco-
logical exposure to the TGR5 agonist INT-777. The data show that activation of TGR5 results in a
decrease in testosterone levels. TGR5 acts through the PKA pathway to regulate steroidogenesis. In
addition, our data show that TGR5 activation leads to an increase in cholesterol ester levels. This
suggests that altered lipid homeostasis may be a mechanism explaining the TGR5-induced decrease
in testosterone levels. In conclusion, the present work highlights the impact of the TGR5 signaling
pathway on testosterone production and reinforces the links between bile acid signaling pathways
and the testicular endocrine function. The testicular bile acid pathways need to be further explored to
increase our knowledge of pathologies associated with impaired testicular endocrine function, such
as fertility disorders.

Keywords: bile acids; TGR5; testosterone; cholesterol esters

1. Introduction

One of the main roles of the testis is to produce sex steroids, corresponding to the
endocrine function. These hormones play a major role in the control of testicular physi-
ology but also in the regulation of many other physiological functions. Steroid synthesis
is initiated from cholesterol. The latter is taken over by the transporters StAR (steroido-
genic acute regulatory protein) or PBR (peripheral benzodiazepine receptor or translocator
protein, TSPO); this allows the conversion of cholesterol to pregnenolone within the mi-
tochondria [1,2]. Then, steroidogenesis proceeds through a cascade of enzymatic steps
involving CYP11A1 (cytochrome P450, family 11, subfamily A, polypeptide 1), HSD3β
(3β-hydroxysteroid dehydrogenase), and CYP17A1 (cytochrome P450, family 17, subfamily
A, polypeptide 1) [3]. These different successive steps lead to the production of testosterone.

Bile acid homeostasis and dependent signaling pathways have emerged in recent
years as key modulators of testicular physiology, with a major impact on the Leydig cell
function [4]. Indeed, the nuclear receptor Farnesoid-X-receptor-α (FXRα; NR1H4) has
been defined as a regulator of testicular endocrine function. FXRα activation leads to
the repression of testicular steroidogenesis [5]. This negative impact of FXRα on steroid
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synthesis is mainly due to the regulation of Shp (small heterodimer partner; NR0B2) [6] and
Dax-1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X,
gene-1; NR0B1) expressions [7], two well-known negative regulators of steroidogenesis.
This is in turn is associated with germ cell loss and altered male fertility [7].

In addition to FXRα, bile acids are ligands for the G-protein-coupled membrane bile
acid receptor 1 (GPBAR1; TGR5). While the role of TGR5 in the testis has been explored in
relation to the regulation of germ cell homeostasis [8–10], no study has thus far analyzed its
potential impact on endocrine Leydig cells. The present study, using in vitro approaches,
deciphers novel roles for TGR5 to control Leydig cell homeostasis.

2. Results

2.1. TGR5 Was Expressed in Mouse Leydig Cells

To define whether TGR5 is expressed in Leydig cells, we carried out several approaches.
First, using RT-PCR analysis, Tgr5 mRNA was detected in the interstitial compartment of
the mouse testis (Figure 1A). Then, we performed primary Leydig cell culture experiments.
The data show that Tgr5 mRNA was expressed in adult mouse Leydig cells (Figure 1A).
These data were supported by the detection of Tgr5 mRNA in the murine immortalized
Leydig cell line mLTC1 (murine Leydig tumor cell line 1) (Figure 1A). Combined, these
data demonstrated that Tgr5 mRNA was expressed in mouse Leydig cells.
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Figure 1. Tgr5 was expressed in mouse testis. (A) Detection of Tgr5 mRNA in mouse testicular
interstitial compartment, in mouse primary Leydig cells, and in the mLTC1 cell line determined by
RT-PCR analysis. (B) Testosterone concentrations determined in the culture medium of mLTC1 cells
treated with vehicle (NaCl 0.9%) or hCG (25 nM) for 3, 6, 9, or 24 h. (C) Relative Star, Shp, Lhcgr, Dax-1,
Fxrα, and Tgr5 mRNA accumulations normalized to β-actin in mLTC1 cells treated with vehicle (NaCl
0.9%) or hCG (25 nM) for 1, 2, 3, 6, 9, or 24 h. In all panels, n = 9 to 12. Data are expressed as the
means ± SEM. Statistical analysis: *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus vehicle-treated cells for
the same timing.

2.2. TGR5 mRNA Expression Was Is Regulated by the LH/CG Signaling Pathway in Mouse
Leydig Cells

Leydig cell homeostasis is regulated by the hypothalamus–pituitary axis through
LH/CG (Luteinizing hormone/choriogonadotropin) signaling [11]. The present data show
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that mLTC1 cells responded to hCG with the increase in testosterone level as soon as
3 h after treatment (Figure 1B). Regarding gene expression regulations, hCG treatment
led, as expected [12], to an upregulation of Star mRNA and a downregulation of Lhcgr
mRNA accumulations (Figure 1C). The present results also confirm that hCG treatment
led to lower mRNA accumulations of Dax-1 and Shp (Figure 1C), two nuclear receptors
known to repress steroidogenesis. These two receptors have been demonstrated to be
target genes of the LH/CG pathway [7,13] and of FXRα within the Leydig cells [6,7].
Moreover, consistently with previous reports [12], hCG treatment led to an increase in Fxrα
mRNA accumulation (Figure 1C). The mRNA accumulation of Tgr5 was modulated by
hCG. Indeed, hCG treatment led to an increase in Tgr5 mRNA accumulation in short-term
experiments from 1 h up to 6 h after exposure. Then, at 9 h and up to 24 h after hCG
treatment, Tgr5 mRNA levels were lowered compared to vehicle (NaCl 0.9%)-treated cells
(Figure 1C). Interestingly, the mRNA expression of Tgr5 was affected by hCG in a faster
manner (starting at 1 h) than the one of Fxrα, which was affected only after 6 h. As bile
acids have been demonstrated to alter testosterone metabolism, the present data suggest
that TGR5 could play a role in the Leydig cells, which led us to explore the roles of TGR5
within Leydig cells.

2.3. TGR5 Activation Regulated Testosterone Production in mLTC1 Cells

To define the role of TGR5 in mouse Leydig cells, we explored its impact on endocrine
function by measuring the production of testosterone using the mLTC1 cell line. As TGR5
modulates the protein kinase (PKA) pathway [10,14,15], which is a fast second cellular
messenger, we decided to analyze the effect of TGR5 activation in short-time experiments.
Treatment of mLTC1 cells with the TGR5 agonist INT-777 for 3 h resulted in a significant
decrease in intracellular testosterone levels compared to vehicle-treated cells, while this
effect was not observed after 6 h (Figure 2A). A similar decrease in testosterone levels was
observed between the culture media of vehicle-treated cells and those of INT-777-treated
cells 3 h after treatment (Figure 2B). To circumvent the possibility that immortalized cell
lines have a reduced ability to produce testosterone compared to normal Leydig cells, we
also measured progesterone, an intermediate in testosterone synthesis. INT-777 treatment
was also associated with lower levels of progesterone compared to vehicle-treated cells
(Figure 2B). These data support the impact of TGR5 on steroid synthesis.

No impact on the mRNA accumulations of steroidogenic genes such as Star, Cyp11a1,
Hsd3b1, or Cyp17a1 was observed (Figure 2C). In addition, no impact of INT-777 was
observed on the mRNA accumulations of Mrp4 and Mrp3 (Figure 2D), transporters known
to modulate testosterone homeostasis in Leydig cells [16,17]. Note that the other transporter
Mrp2 was not detected in mLTC1 (data not shown). These results suggest that there was no
impact of INT-777 on testosterone export.

TGR5 is known to act through the downstream PKA pathway [10,15,18]. To ensure the
involvement of the PKA signaling pathway in response to INT-777, experiments using H89,
a selective and potent PKA inhibitor, were performed. As expected, H89 led to a lower
level of CREB-phosphorylation (Figure S1). The present data highlight the major role of
PKA in the mechanism explaining how TGR5 regulates testicular steroidogenesis in Leydig
cells. Indeed, the decrease in testosterone levels observed after INT-777 exposure was not
detected in cells pretreated with H89 for 2 h, as revealed by intracellular and medium levels
of testosterone (Figure 2E). Consistently with the negative impact of INT-777 on steroid
synthesis in mLTC1 cells, INT-777 treatment also led to a decrease in CREB-phosphorylation
compared to vehicle-treated cells (Figure 2F).

TGR5 shares the same downstream pathways as LH/CG, namely, PKA, which reg-
ulates the expression of steroidogenic genes. According to the present results, TGR5 and
LH/CG modulate PKA-CREB signaling in an opposite way to mLTC1 cells. We wondered
whether activation of TGR5 could modulate the sensitivity of the Leydig cells to the LH/CG
pathway. In our hands, no impact on Lhcgr mRNA accumulation was noticed following
TGR5 activation (Figure 3A). Consistently, no impact of the pre-treatment to INT-777 for
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24 h was observed on hCG-induced testosterone levels in mLTC1 cells (Figure 3B). Com-
bined, these data suggest that TGR5 must be a local regulator of testosterone synthesis that
does not modulate the central regulation by LH/CG.
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2.4. TGR5 Did Not Regulate Glucose Homeostasis in Mouse Leydig Cells

Glucose-6-phophatase (G6pase) and phosphoenol-pyruvate-kinase (Pepck), two en-
zymes involved in glucose homeostasis, have been shown to regulate the endocrine function
of the Leydig cells [19]. In recent years, it has been reported that TGR5 controls glucose
metabolism [20]. We wondered whether the impact of TGR5 on testosterone levels could
be through an effect on metabolic pathways within the Leydig cells. We thus analyzed
whether TGR5 activation could lead to abnormal glucose metabolism in murine Leydig
cells. The present data show that activation of TGR5 by INT-777 did not modulate glucose
levels in mLTC1 cells (Figure 4). These data suggest that TGR5 might not act through the
modulation of glucose homeostasis to alter steroid production.
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Figure 4. TGR5 did not regulate glucose metabolism in the mouse Leydig cell line. Relative intracel-
lular levels of glucose in mLTC1 cells normalized to protein concentration 3 h after treatment with
vehicle (DMSO) or INT-777. n = 9 to 12. Data are expressed as the means ± SEM.

2.5. TGR5 Regulated Lipid Homeostasis in mLTC1 Mouse Leydig Cells

Some regulatory links have been reported between lipid metabolism and TGR5 [21,22].
Among lipids, cholesterol and triglycerides have major impacts on the endocrine capacities
of Leydig cells [23,24]. Alteration of lipid metabolism could be visualized in steroidogenic
cells using Nile-Red-O staining. We performed staining on mLTC1 treated with vehicle or
INT-777 (Figure 5), and it was difficult to define clear data from such analysis as Nile-Red-O
staining reveals neutral lipids, triglycerides, and cholesterol esters stored in lipid droplets.
No difference was observed on the number of lipid droplets (Figure 5). However, a slight
increase in the size of lipid droplets was detected in cells treated with INT-777 compared to
vehicle-treated cells (Figure 5). However, non-common variation in the concentrations of
either triglycerides or cholesterol esters could lead to misinterpretations.

We then decided to analyze TG levels. The present data show that the activation of
TGR5 by the INT-777 had a significant negative impact on the intracellular triglyceride
levels (Figure 6A). However, the deregulation of the metabolites was not associated with the
alteration of the mRNA accumulations of genes involved in TG synthesis such as Acc (acetyl-
CoA carboxylase), Fas (fatty acid synthase), or Srebp1c (sterol-regulatory-element-binding protein
1) or other genes such as Dgat1 (diacylglycerol O-acyltransferase) and Dgat2, for example
(Figure 6B).

As no alteration was observed at the mRNA levels, we decided to analyze important
actors at the protein level. Indeed, it was demonstrated that the phosphorylation of ACC is
key to control its activity (Figure 6C). The data show that the levels of ACC and P-ACC
were decreased following INT-777 exposure (Figure 6C).

The effect of INT-777 on TG levels was abolished by pre-treatment with H89 (Figure 6D).
These data highlight the complex association between the TGR5 signaling pathway and triglyc-
eride homeostasis. This is consistent with previous data showing the impact of activation of
TGR5 signaling in the regulation of hepatic triglyceride homeostasis, which contributes to pro-
tection against non-alcoholic fatty liver disease (NAFLD), although the molecular mechanisms
have not been elucidated [25].
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Figure 6. TGR5 modulated TG metabolism in a mouse Leydig cell line. (A) Relative intracellular levels
of cholesterol in mLTC1 cells normalized to protein concentration 3 h after treatment with vehicle
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Even though there was a decrease in TG levels, a slight increase in lipid droplet size was
observed in INT-777-treated cells (Figure 5), suggesting that there might be an accumulation
of other lipid droplet components, such as cholesterol esters. We thus decided to analyze
cholesterol levels, which is the initial substrate for steroidogenesis. The data show that the
activation of TGR5 by the INT-777 led to an increase in total cellular cholesterol content
(Figure 7A). This was not associated with the modulations of the mRNA accumulations of
genes involved in their synthesis such as HmgcoA-reductase or HmgcoA-synthase (Figure 7B).
The altered size of lipid droplets in INT-777-treated cells suggested that there may be an
alteration in cholesterol storage. We analyzed the levels of cholesterol esters. The data show
that this increase in cholesterol level corresponded to an increase in cholesterol ester levels
(Figure 7A). These data suggest that there might be an increased storage or an alteration of
the hydrolysis of cholesteryl esters stored in lipid droplets, which could explain both high
cholesterol contain and lower testosterone production. For that, we analyzed by RT-qPCR
the mRNA accumulation of the hormone-sensitive lipase (Hsl) that is responsible for neutral
cholesteryl ester hydrolase activity. No modulation of the mRNA accumulation of Hsl was
observed in response to INT-777 (Figure 7B). The effect of the INT-777 on cholesterol levels
was abolished by pre-treatment with H89 (Figure 7C).
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These data suggest that altered lipid homeostasis induced by TGR5 in Leydig cells
could play a role in the lower capacity of these cells to produce testosterone, probably
through the alteration of the availability of the substrate for steroidogenesis. However, the
exact molecular mechanisms still need to be deciphered.

2.6. TGR5 Regulated Testosterone Production in Mouse Primary Leydig Cells

Since mLTC-1 cells are derived from tumor, and the fact that lipid homeostasis, and
particularly cholesterol, is regulated differently between tumoral and normal cells, we
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decided to assess whether the impacts of INT-777 were reproducible on mouse primary
Leydig cells.

Surprisingly no effect of INT-777 on TG was observed in mouse Leydig primary cell
cultures (Figure 8A). In contrast, the data show that the impact of INT-777 on cholesterol
ester levels was confirmed using primary Leydig cell cultures (Figure 8B). In addition, the
experiments performed on mouse Leydig primary cells validated the negative impact of
INT-777 treatment on steroid production, as revealed by the measurements of progesterone
and testosterone levels in cells and medium (Figure 8C).
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treatment with vehicle or INT-777. (B) Relative intracellular levels of cholesterol esters in mouse
primary Leydig cells normalized to protein concentration 3 h after treatment with vehicle or INT-777.
(C) Relative intracellular levels of progesterone and testosterone in mouse primary Leydig cells
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6. Data are expressed as the means ± SEM. Statistical analysis: * p < 0.05.

3. Discussion

The role of the bile acid receptor TGR5 in the testis has been previously demonstrated
in germ cell lineage [8–10]. However, its roles on the testicular endocrine cells have not
been studied so far. The present work demonstrates the expression of Tgr5 mRNA in mouse
Leydig cells. This led us to study what could be the cellular function regulated by TGR5 in
Leydig cells.

We provide evidence for the negative impact of TGR5 activation using INT-777 on the
synthesis of testosterone. This effect did not seem to rely on the regulation at the mRNA
level of the expression of genes involved in steroidogenesis. However, the steroidogenic
pathway has been shown to be regulated by post-translational modifications of key pro-
teins, as demonstrated for STAR [26]. Indeed, it appeared that the phosphorylation of
STAR intervenes to support its maximum activity for the transport of cholesterol into the
mitochondria and thus to initiate the synthesis of steroids [26]. Thus, the impact of the
TGR5 signaling pathway on post-transcriptional and/or post-translational effect must be
analyzed to decipher the mechanisms involved before assuming that the effect is through
mechanisms independent of gene expression regulation.

Even though it has not been shown before, this involvement of TGR5 in the regulation
of steroidogenesis is conceivable. Indeed, it is well known that TGR5 mainly acts through
the activation of the adenylate cyclase, leading to the activation of the PKA pathway and by
the end to the phosphorylation of CREB [27]. This PKA–CREB pathway has been demon-
strated for decades to control the production of testosterone in response to the LH/CG
signal [28,29]. Surprisingly, if in the context of LH/CG stimulation, the mobilization of
the PKA pathways leads to higher testosterone production, it was unexpected that TGR5
activation could led to lower testosterone levels through PKA, as suggested by the present
experiments using H89. The present data suggest that in the mouse Leydig cells, TGR5
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activation leads to a decrease in CREB phosphorylation. This is quite unexpected as in
other cell types, TGR5 activation was mainly associated with an increase in CREB phospho-
rylation [10,22]. Further studies are needed to better decipher the molecular mechanisms
explaining why in Leydig cells TGR5 acts in an opposite way on PKA-CREB pathway.

In addition, even if the LH/CG and TGR5 pathways share common downstream
pathways, the present results suggest that there is no interference by co-treatment with INT-
777 and LH/CG. It thus appears that TGR5 pathway only regulates the basal production of
testosterone and not the LH/CG induced production. However, it remains to be deciphered
as to what could be the mechanisms by which the TGR5-PKA pathway leads to a lower
testosterone level.

In recent years, TGR5 has been demonstrated to be involved in the control of several
physiological functions [22]. TGR5 controls glucose and lipid metabolisms, and these two
metabolisms are known to be involved in the homeostasis of steroid synthesis [19,23].
However, the present data suggest that TGR5 activation has no impacts on glucose levels
in Leydig cells. In contrast, within Leydig cells, TGR5 activation led to an alteration of
lipid droplets (cholesterol esters and triglycerides), which are a reservoir of substrate for
the synthesis of steroids [17]. Using the mLTC1 cell line and mouse primary Leydig cells,
it appears that activation of TGR5 by INT-777 leads to an increase in cellular cholesterol
content, mainly cholesterol ester levels. This alteration of the lipid metabolism induced by
INT-777 could participate in the drop in testosterone levels in the Leydig cells.

The present data highlight the impact of TGR5 signaling pathway on testosterone
production. These data must be of importance and require further studies as endocrine
homeostasis is involved in the control of many physiological processes, and its alteration is
associated with the development of diseases. In addition, the finding that TGR5 activation
modulates the steroid production has to be put in line with the actual questioning of
the impacts of environmental endocrine disruptors in the programming of health and
diseases [30–32].

In the present study, the concentration of INT-777 used (25 μM) is consistent with other
published works using this compound [15]. The issue of bile acid concentrations within
the testicles has been addressed in the context of hepatic pathologies. It has thus been
clearly defined that the testicular concentrations of bile acids observed in this context of
hepatic pathologies are compatible with an activation of TGR5. Thus, it will be necessary to
better define under which conditions (physiological or pathological) the levels of testicular
bile acids will be sufficient to activate the TGR5 in the Leydig cells leading to lower
testosterone levels.

Another remaining question is to decipher the endogenous testicular ligand of TGR5.
Indeed, if bile acids have been demonstrated to reach the testis from blood [9] and that
testis could even produce some bile acids [33], we could not exclude that other endogenous
molecules could act as testicular TGR5 agonists. Indeed, some steroids have been demon-
strated to activate TGR5, such as pregnandione [34]. This clearly supports the idea of a
crosstalk between TGR5 signaling pathway and testicular steroidogenesis.

In the present work, we point out that the G-protein-coupled bile acid receptor TGR5
is expressed in the Leydig cells, where its expression is controlled by the main regulator of
the Leydig cell homeostasis, the LH/CG signaling pathway. The regulation of Tgr5 mRNA
accumulation by hCG is dynamic as it is first induced in a short-term experiment and then
repressed. This is quite interesting as a similar expression pattern was demonstrated for
the mRNA expression of the nuclear bile acid nuclear receptor Fxrα [12] for the regulation
of the testicular endocrine function [5]. Indeed, in recent years, bile acid homeostasis has
been associated with the modulation of the testosterone production by Leydig cells [4].
This is consistent with the fact that in cholestasis disease, testosterone levels are lower than
in normal physiological conditions. However, until now, only the nuclear bile acid receptor
FXRα was demonstrated to be involved [5,12]. This is consistent with the fact that FXRα
pathways repress the expression of steroidogenic genes such as Star [6,7]. Moreover, it has
been demonstrated that FXRα pathways also regulate the sensitivity of Leydig cells to the
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LH/CG, connecting the central regulation of steroidogenesis to local tight control [6,7].
The present data highlight the role of TGR5 in the regulation of the testicular endocrine
function. Interestingly, the kinetic of the regulation could be of importance as TGR5 seems
to act rapidly on steroidogenesis (3 h, shown herein), whereas for FXRα, the effect was seen
on Leydig cells in a longer time frame (12 to 24 h) [6]. This could reflect the differences in
the mechanisms of action between a G-protein-coupled receptor versus nuclear receptor.
Overall, these data sustain that bile acids either through TGR5 and FXRα exert a negative
effect on testicular androgen synthesis. It is also interesting to note that the LH/CG pathway
leads first to an upregulation of the expression of both Tgr5 and Fxrα. It is conceivable
that the upregulation of their expression levels in response to LH/CG is a way to initiate a
kind of negative feedback. However, it is interesting to note that LH/CG modulates the
expression of Tgr5 more rapidly than that of Fxrα. We could thus hypothesize that TGR5
could be “in the first line” to ensure the feedback of testosterone synthesis, and then a
second wave arrives through FXRα signaling, which takes longer via the regulation of Shp
and Dax-1 expressions.

In addition to the established role of FXRα in the Leydig cells, the identification of
TGR5 signaling as a regulator of testicular steroidogenesis, with a similar negative effect on
steroid synthesis, opens new perspectives to better understand the complex impacts of bile
acids on Leydig cell homeostasis and on the testicular endocrine function.

Our data reinforce the links between the bile acid signaling pathways through TGR5
and/or FXRα and the control of the endocrine function of the Leydig cells. Combined with
previous data, the present results define TGR5 and FXRα as critical actors that need to be
more deeply explored to increase our knowledge of pathologies associated with altered
testicular endocrine function such as fertility disorders.

4. Materials and Methods

4.1. Animals

C57Bl/6J mice were purchased from Charles River Laboratories (L’Arbresle, France).
Mice were acclimated at least 2 weeks before experiments. Mice were housed in temperature-
controlled rooms with 12 h light/dark cycles. Mice had ad libitum access to food and water.
The refinement is based on the housing and monitoring of the animals as well as the de-
velopment of protocols that consider animal welfare. This has been achieved by enriching
the cages (cardboard tunnel and mouse houses). This study was conducted in accordance
with current regulations and standards approved by Institut National de la Santé et de la
Recherche Médicale Animal Care Committee and by the animal care committee.

4.2. Interstitial Cell Enrichment

For the generation of data on enriched interstitial cells compared to tubular prepara-
tions or whole testis samples, the methodology used relies on mechanical and enzymatic
processes for dissociating the fractions as previously described [12]. The interstitial en-
riched cells and tubular compartments were generated as described in a previous study.
Briefly, testes from 90-day-old male mice were decapsulated and incubated for 20 min
at 33 ◦C in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12 (1:1), transferrin
(5 μg/mL), insulin (4 μg/mL), and vitamin E (0.2 μg/mL) medium containing colla-
genase (0.8 mg/mL) (Life Technologies, Invitrogen, Cergy-Pontoise, France). Extracts
were collected by centrifugation for 10 min at 200× g, and the pellet was resuspended in
fresh medium.

4.3. Cell Line Approaches

mLTC1 cells were used as previously described [35]. Cells were plated in 12-well
plates. Twenty-four hours after plating, cells were put in serum-free medium overnight.
Then, cells were treated with vehicles (DMSO 1/1000 (for H89) or NaCl0.9% 1/1000 (for
hCG)), INT777 (25 μM; Sigma-Aldrich, St. Louis, MO, USA), or hCG (25 nM, Sigma-Aldrich,
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St. Louis, MO, USA). Following this, cells were harvested at different time points, and
messenger RNA (mRNA) or protein extractions were performed.

4.4. Real-Time RT-qPCR

RNA from cell samples were isolated using RNAzol. cDNA was synthesized from
total RNA with the MMLV and random hexamer primers (Promega, Charbonnières-les-
Bains, France). The real-time PCR measurement of individual cDNA was performed using
SYBR green dye (Master mix Plus for SYBR Assay, Takara Bio) to measure duplex DNA
formation with the Eppendorf–Realplex system. For each experiment, standard curves
were generated with pools of cDNA from cells with different genotypes and/or treatments.
The results were analyzed using the ΔΔct method. Primer sequences are reported in Table 1.

Table 1. Sequences of primers used in this study.

Gene Name Forward Reverse

Actin TCATCACTATTGGCAACGAGC AGTTTCATGGATGCCACAGG

Lhcgr AGCTAATGCCTTTGACAACC GATGGACTCATTATTCATCC

Star TGTCAAGGAGATCAAGGTCCT CGATAGGACCTGGTTGATGAT

Cyp11a1 CTGCCTCCAGACTTCTTTCG TTCTTGAAGGGCAGCTTGTT

Hsd3b1 ATGGTCTGCCTGGGAATGAC ACTGCAGGAGGTCAGAGCT

Cyp17a1 CCTGATACGAAGCACTTCTCG CCAGGACCCCAAGTGTGTTCT

Shp CGATCCTCTTCAACCCAGATG AGGGCTCCAAGACTTCACACA

Dax-1 GTCCAGGCCATCAAGAGTTTC CAGCTTTGCACAGAGCATCTC

Acc GCCTTTCACATGAGATCCAGC CTGCAATACCATTGTTGGCGA

Fas AAGCGGTCTGGAAAGCTGAA AGGCTGGGTTGATACCTCCA

Srebp1c GAACAGACACTGGCCGAGAT GAGGCCAGAGAAGCAGAAGAG

HmgcoA-reductase ACAGAAACTCCACGTGACGA TTCAGCAGTGCTTTCTCCGT

HmgcoA-Synthase GCAAAAAGATCCGTGCCCAG GTCATTCAGGAACATCCGAGC

Mrp3 AGTCTTCGGGAGTGCTCATCA AGGATTTGTGTCAAGATTCTCCG

Mrp4 TTAGATGGGCCTCTGGTTCT GCCCACAATTCCAACCTTT

Dgat1 TGGCTGCATTTCAGATTGAG GCTGGGAAGCAGATGATTGT

Dgat2 CTTCCTGGTGCTAGGAGTGGC GCTGGATGGGAAAGTAGTCTCGG

Hsl CATATCCGCTCTCCAGTTGACC CCTATCTTCTCCATCGACTACTCC

4.5. Nile-Red-O Staining

Cells were plated in 6-well plates. Twenty-four hours after plating, cells were put in
serum-free medium overnight. Then, cells were treated for with vehicle (DMSO 1/1000) or
INT777 (25 μM; Sigma-Aldrich, St. Louis, MO, USA). Three hours after treatment, cells were
fixed with 4% PFA fixation (10 min room temperature agitation). Cells were washed 3 times
for 5 min with PBS-Tween 0.01% at room temperature. Then, saturation was performed
for 1 h at room temperature with PBS-Tween 0.01% + BSA. Following this, cells were
incubated in PBS-Tween 0.01% with Nile-Red-O (1 ng/mL) for 30 min. Four washes were
performed with PBS. Cells were then counterstained with Hoechst medium (1 mg/mL)
and then mounted on PBS/glycerol (50/50).

4.6. Glucose, Cholesterol, Cholesterol Ester, and Triglyceride Measurements

Cells were plated in 6-well plates. Twenty-four hours after plating, cells were put in
serum-free medium overnight. Then, cells were treated for with vehicle (DMSO 1/1000 (for
H89) or NaCl0.9% 1/1000 (for hCG)), INT777 (25 μM; Sigma-Aldrich, St. Louis, MO, USA),
or hCG (25 nM, Sigma-Aldrich, St. Louis, MO, USA). Following this, cells were harvested in
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PBS1X. After this, measurements conducted using colorimetric assays were performed on
cells or medium following the recommendations of the manufacturer (Glucose RTU, 61269,
Biomerieux SA, France). Triglyceride measurements were performed using a colorimetric
assay kit (Triglycerides FS*, DiaSys Diagnostic Systems GmbH, Holzheim, Germany).

4.7. Testosterone Measurements

Cells were plated in 6-well plates. Twenty-four hours after plating, cells were placed
in serum-free medium overnight. Then, cells were treated with vehicles (DMSO 1/1000 (for
H89) or NaCl0.9% 1/1000 (for hCG)), INT777 (25 μM; Sigma-Aldrich, St. Louis, MO, USA),
or hCG (25 nM, Sigma-Aldrich, St. Louis, MO, USA). Following this, cells were harvested
at different time points. Testosterone was measured in the cell extract of MLTC1 cells as
previously described using a commercial kit (AR-K032-H5, ARBOR ASSAYS, INC), which
was used for the assays.

4.8. Statistical Analyses

All numerical data are represented as mean ± SEM. Significant difference was set at
p < 0.05. Differences between groups were determined by t-test.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232315398/s1. Figure S1: Representative western blots of
P-CREB and TUBULIN in mLTC1 cells treated with vehicle (DMSO) or H89 for 2 h.
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Abstract: In the mouse, two distinct populations of Leydig cells arise during testis development.
Fetal Leydig cells arise from a stem cell population and produce T required for masculinization. It is
debated whether they persist in the adult testis. A second adult Leydig stem cell population gives rise
to progenitor-immature-mature adult type Leydig cells that produce T in response to LH to maintain
spermatogenesis. In testis of adult null male mice lacking either only LH (Lhb−/−) or LHR (Lhr−/−),
mature Leydig cells are absent but fetal Leydig cells persist. Thus, it is not clear whether other ligands
signal via LHRs in Lhb null mice or LH signals via other receptors in the absence of LHR in Lhr
null mice. Moreover, it is not clear whether truncated LHR isoforms generated from the same Lhr
gene promoter encode functionally relevant LH receptors. To determine the in vivo roles of LH-LHR
signaling pathway in the Leydig cell lineage, we generated double null mutant mice lacking both LH
Ligand and all forms of LHR. Phenotypic analysis indicated testis morpho-histological characteristics
are identical among double null and single mutants which all showed poorly developed interstitium
with a reduction in Leydig cell number and absence of late stage spermatids. Gene expression analyses
confirmed that the majority of the T biosynthesis pathway enzyme-encoding mRNAs expressed in
Leydig cells were all suppressed. Expression of thrombospondin-2, a fetal Leydig cell marker gene
was upregulated in single and double null mutants indicating that fetal Leydig cells originate and
develop independent of LH-LHR signaling pathway in vivo. Serum and intratesticular T levels were
similarly suppressed in single and double mutants. Consequently, expression of AR-regulated genes
in Sertoli and germ cells were similarly affected in single and double mutants without any evidence
of any additive effect in the combined absence of both LH and LHR. Our studies unequivocally
provide genetic evidence that in the mouse testis, fetal Leydig cells do not require LH-LHR signaling
pathway and a one-to-one LH ligand-LHR signaling pathway exists in vivo to regulate adult Leydig
cell lineage and spermatogenesis.

Keywords: LH; Leydig cell; LH-receptor; testosterone; spermatogenesis; thrombospondin-2

1. Introduction

Luteinizing hormone (LH) is a pituitary-derived heterodimeric glycoprotein synthe-
sized in gonadotropes. It consists of an α- subunit that is non-covalently associated with
the hormone-specific β-subunit [1–3]. In the male, LH binds and signals via G-protein
coupled receptors (GPCRs) known as LH receptors (LHRs) expressed on Leydig cells
within the testis interstitium [1–3]. LHR-mediated intracellular signaling cascades regulate
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a battery of enzymatic steps resulting in testosterone (T) biosynthesis in Leydig cells [1–3].
T diffuses into testis tubules and binds androgen receptors (ARs) expressed in Sertoli cells
and regulates spermatogenesis and male fertility [4,5].

During mouse testis development, two distinct populations of Leydig cells arise within
the testis interstitium [6–13]. The fetal Leydig stem cells give rise to fetal Leydig cells which
produce testosterone required for masculinization. Although originally thought these fetal
Leydig cells do not persist, the idea that they do exist in the adult testis was confirmed
by elegant lineage tracing studies [14–17]. Subsequently, a distinct adult Leydig stem cell
population in the adult testis gives rise to highly proliferative Leydig progenitor cells
from which immature Leydig cells are produced. Immature Leydig cells have limited
proliferating capacity and terminally differentiate into mature adult Leydig cells. Mature
Leydig cells produce testosterone in response to LH to maintain spermatogenesis in the
adult [6–9,12]. The distinct actions of LH- and LHR-mediated signaling in fetal versus adult
Leydig cells remain unclear.

Genetically engineered mouse models confirm LH action is essential for spermatogen-
esis. Lhb null mice (and hence LH-deficient) are hypogonadal and infertile [18]. These null
mice demonstrate defects in adult Leydig cell development, profound suppression of serum
and intratesticular T and spermiogenesis defect [18,19]. However, Lhb+/− heterozygous
mice are fertile and do not show any overt testis phenotypes. Similarly, two different
and independent null mutations were engineered at the Lhr locus and Lhr null mice were
generated [20,21]. In both cases, Lhr null mutants exhibit hypogonadism and infertility and
defects in Leydig cells and steroidogenesis, similar to that observed in Lhb null mice [20,21].
Lhr+/− heterozygous mice are fertile and do not show any overt testis phenotypes, similar
to Lhb+/− heterozygous mice.

It is interesting to note that in either the LH ligand (Lhb) or receptor (Lhr) null mice,
fetal Leydig cells persist compared to those in control male mice [12,18,20,21]. This raises
the possibility that ligands other than LH may signal through LHRs or LH may signal via
receptors other than LHR to maintain fetal Leydig cells. Here, we genetically intercrossed
heterozygous Lhb+/− and Lhr+/− mice and generated Lhb Lhr double null mutants. We
report testis phenotypes and quantitative expression data on key steroidogenesis enzymes
and other testis cell marker genes in these double null mutants. Our studies reveal that a
one-to-one LH-LHR signaling exists in vivo in mouse testis and genetically confirm that
Lhb Lhr double mutant mice do not exhibit any additional testis phenotypes compared to
individual null mutants lacking either Lhb or Lhr. Furthermore, our studies unequivocally
confirm that fetal Leydig cells arise independent of LH-LHR-mediated signaling during
mouse testis development.

2. Results

2.1. Generation of Lhb−/− Lhr−/− Double Mutant Mice

In the mouse Lhb is localized to chromosome 7 and Lhr is localized to chromosome 17.
To generate double mutant mice lacking both Lhb and Lhr, we set up a two-step breeding
scheme. We first obtained Lhb+/− Lhr+/− double heterozygous mice and subsequently
intercrossed these Lhb+/− Lhr+/− double heterozygous mice (Supplementary Figure S1).
This scheme successfully resulted in generation of Lhb−/− Lhr−/− double mutant male
mice in the expected 1:32 frequency. Lhb−/− Lhr−/− double mutant male mice were viable
and developed normally.

2.2. Lhb−/− Lhr−/− Double Mutant Male Mice Display Testis Phenotypes Similar to Single Null
Mice Lacking Only Lhb or Lhr

Testis histology of single mutant adult male mice lacking either LH ligand (Lhb−/−) or
LHR (Lhr−/−) demonstrate severely reduced interstitium between tubules and spermatoge-
nesis arrest, when compared to testis histology in control WT mice [18,20,21] and as shown
in Figure 1. To determine how the combined absence of LH ligand and LHR would affect
testis development, we performed histological analysis on testis obtained from Lhb−/−
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Lhr−/− double mutant male mice at age 56d and compared to that in age-matched controls
(Ctrl). Grossly, we did not find any histological differences among PAS-hematoxylin-stained
testis sections obtained from Lhb−/− or Lhr−/− single or Lhb−/− Lhr−/− double mutants
(Figure 1A–C). The interstitium in double mutant testis tubules and lumen were similarly
insignificant and spermatogenesis was arrested at the round spermatid stage and elongated
spermatids were absent (Figure 1D). Consistent with the testis histology, testis weight
(Figure 1E) and tubule diameter (Figure 1F) were significantly suppressed compared to Ctrl
group (p < 0.05, One way ANOVA, Ctrl vs. Lhb−/− or Lhr−/− or Lhb−/− Lhr−/−; n = 3 mice
for testis weights and n = 350 tubules for tubule diameter measurements from multiple
sections obtained from 3 mice) but were comparable between Lhb−/− or Lhr−/− single and
Lhb−/− Lhr−/− double mutants (p > 0.05, One way ANOVA, Lhb−/− vs. Lhr−/− or Lhb−/−
Lhr−/−; Lhr−/− vs. Lhb−/− Lhr−/−. Expression of 3-beta-hydroxysteroid dehydrogenase-1
(HSD3B1) is found in both fetal and adult Leydig cells [22–24]. We performed immunoflu-
orescence analysis (Figure 2A–D) on testis sections and counted HSD3B1+ Leydig cells
within interstitial spaces. There was ~58–64% reduction in HSD3B1+ Leydig cells in testis
of single or double mutants lacking only LH or only LHR or both LH and LHR compared
to control mice (Figure 2E). Thus, testis histo-morphological phenotypes were similar with
no additional apparent abnormalities in Lhb−/− Lhr−/− mice when compared to those in
mice lacking only Lhb or Lhr.

 
Figure 1. Histo-morphological analysis of testis from single and double null mutant males. PAS-
hematoxylin-stained testis sections (A–D) indicate that compared to the presence of well-defined
interstitium (black arrow in high magnification image of panel (A)) and all stages of spermatogenesis
including late stage spermatids in testis of a control (Ctrl) mouse (A), the interstitium is poorly
developed in single (Lhb−/−, panel (B) and Lhr−/−, panel (C)) and double mutant (Lhb−/− Lhr−/−,
panel (D)) mouse testis sections (black arrows in high magnification images of panels (B–D)). Testis
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weights (E) and tubule dimeter (F) are significantly reduced in single and double mutant mice
compared to controls (* p < 0.05, Ctrl vs. Lhb−/− or Lhr−/− or Lhb−/− Lhr−/−, One-way ANOVA)
but are similar among single and double mutants (p > 0.05, Lhb−/− vs. Lhr−/− or Lhb−/− Lhr−/−;
Lhr−/− vs. Lhb−/− Lhr−/−, One-way ANOVA). Testis obtained from adult male mice at 56d of age
were used for histo-morphological analysis. Black squares in panels (A–D) are the regions magnified
and represented on the right panels. In panel (E): * p < 0.05, one-way ANOVA, n = 3. In panel (F):
* p < 0.05, one-way ANOVA, n = 350 tubules from multiple testis sections obtained from 3 mice. Scale
bar in panels (A–D) represents 50 μm.

 
Figure 2. Immunofluorescence analysis of Leydig cells in testis sections. HSD3β1+ Leydig cells are
visualized in interstitial spaces in testis sections obtained from control mice (Ctrl; (A)), mice lacking
either only LH (B), or only LHR (C) or both LH and LHR (D). Regions indicated in white squares
are shown as higher magnification images in right side panels in each case. Nuclei are stained in
red. White bar represents 50 μm. HSD3β1+ Leydig cells in multiple interstitial spaces are quantified
(E). Loss of LH or LHR or both results in significant suppression (58–64%) of HSD3β1+ Leydig cells
compared to the control group (* p < 0.05, single or double mutant vs. Ctrl; at least 100 interstitial
spaces per genotype) but no differences were noted in HSD3β1+ Leydig cells between single or
double mutant sections (p > 0.05, single or double mutant vs. Ctrl; at least 100 interstitial spaces
per genotype).
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2.3. Testicular Gene Expression Changes and T Levels in Lhb−/− Lhr−/− Double Mutant Are
Similar to Those in Mice Lacking either Lhb or Lhr

Our previous work identified that loss of LH ligand or LHR results in profound
changes in gene expression in multiple testis cell types including Leydig, Sertoli and germ
cells in male mice [18,20,21,25,26]. To test the effect of combined loss of both the LH ligand
and LHR on testis gene expression, we analyzed testis cell type-specific key marker genes
by Taqman qPCR analysis (as shown below and Supplementary Figure S2). As predicted,
expression of mature adult type Leydig cell marker genes was suppressed in the absence
of either LH or LHR in testes of Lhb or Lhr single null mutants. Loss of both LH and
LHR in Lhb−/− Lhr−/− double mutants did not show any synergistic effect or additional
changes in the expression of these marker genes (Figure 3A–G,I–L). One exception noted
was that of Srd5a1 which did not show any change in the absence of LH or LHR or in the
combined absence of both LH ligand and receptor (Figure 3H). Similarly, Hsd17b1 showed
a trend towards suppression (Figure 3I). Lifr is normally expressed in multiple testis cell
types including adult progenitor Leydig cells, Sertoli and peritubular myoid cells [27,28].
Its expression was also similarly suppressed in testis of double mutants as well as single
mutants compared to that in controls (Figure 3M). Of the two Hsd3b genes, expression of the
mature Leydig cell-specific (Hsd3b6) but not the fetal onset form (Hsd3b1) was profoundly
suppressed (Figure 3D,L). Similarly, expression of Insl3, an adult mature Leydig cell-specific
marker gene was significantly suppressed in both single and double mutants (Figure 3K).

Most importantly, expression of Thbs2, which is the fetal Leydig cell-specific marker
was significantly upregulated in testis of single and double mutants compared to that in
Ctrl mice (Figure 3N). These data indicate that while most of the adult mature Leydig cell
marker genes which encode key T biosynthesis enzymes, were similarly suppressed in the
absence of either LH or LHR or both, fetal Leydig cell-specific marker gene (Thbs2) was
upregulated in the absence of LH or LHR or combined absence of both. Thus, fetal Leydig
cells accumulate in testis in the absence of LH or LHR or in the combined absence of both
LH and LHR.

In response to LH stimulation, Leydig cell-derived T diffuses into tubules and binds
androgen receptor (AR) in Sertoli cells to regulate spermatogenesis. The clear suppres-
sion of most of the T biosynthesis enzyme-encoding mRNAs suggests that T levels must
also be suppressed. To further determine, if loss of both LH and LHR results in any
additive effect, we quantified both serum (Figure 4A) and intratesticular T (ITT) levels
(Figure 4B) by a specific ELISA. Loss of LH or LHR resulted in significant suppression of
both serum (Mean ± SEM values are Ctrl = 0.5 ± 0.15 ng/mL; Lhb−/− = 0.13 ± 0.03 ng/mL;
Lhr−/− = 0.17 ± 0.07 ng/mL, p < 0.05 Ctrl vs. single mutant, one-way ANOVA, n = 4–6)
and ITT (Mean ± SEM values are Ctrl = 4.58 ± 0.04 ng/mg; Lhb−/− = 0.04 ± 0.003 ng/mg;
Lhr−/− = 0.04 ± 0.003 ng/mg, p < 0.05 Ctrl vs. single mutant, one-way ANOVA, n = 4–6)
compared to those in controls as reported earlier [18,20,21], but did not get further sup-
pressed in the combined absence of both LH and LHR in double null mutants (Figure 4A,B).
Serum T (0.15 ± 0.04 ng/mL) and ITT (0.03 ± 0.006 ng/mg) values in Lhb−/− Lhr−/−
mice were not significantly different compared to those in single mutants (p > 0.05 Lhb−/−
Lhr−/− vs. Lhb−/− or Lhr−/−, one-way ANOVA, n = 4–6).

Next, we assessed expression of Sertoli cell-specific marker genes in testis of Lhb
or Lhr single null and Lhb Lhr double null mutants. The expression of Fshr and Ar was
under negative regulation of T [29–32]. Accordingly, testicular expression of Fshr and
Ar was upregulated in the absence of only LH or LHR or combined absence of both LH
and LHR (Figure 5A,B). The expression of other androgen-responsive Sertoli cell targets
including Nr5a1, Rhox5 and Clu was suppressed similarly in single and double null mutants
(Figure 5C–E). Thus, absence of LH signaling pathway results in defects in Sertoli cell gene
expression secondary to loss of androgen action.
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Figure 3. Taqman qPCR analysis of Leydig cell marker genes. Expression of Leydig cell marker genes
was quantified in testis samples obtained from adult male mice (n = 3–4) at 56 d of age. Expression
of almost all of the selected mature Leydig cell genes was suppressed in the absence of only LH or
LHR or both compared to that in Ctrl group but is similar among single and double mutants. Srd5a1
expression was unaffected in the absence of LH-LHR signaling (H). Expression of Hsd17b1 showed
a trend towards suppression (I). Adult Leydig cell progenitor marker gene Lifr was suppressed
in single or double mutants compared to that in Ctrl (M). Expression of Thbs2 was significantly
upregulated in single and double mutants compared to Ctrl (N) indicating that fetal Leydig cells
develop and accumulate in the absence of either only LH or LHR or both. (A–N) panels: * p < 0.05,
One-way ANOVA, Ctrl vs. Lhb−/− or Lhr−/− or Lhb−/− Lhr−/−; p > 0.05, One-way ANOVA, Lhb−/−

vs. Lhr−/− or Lhb−/− Lhr−/− ; Lhr−/− vs. Lhb−/− Lhr−/−, in all panels except panel J, where a
discordant expression was noted. For all qPCR assays, expression of Ppil1 was used as internal
control and cDNA samples in triplicate were used from testis obtained from 3 mice.
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Figure 4. Serum and ITT assays in single and double mutants. Serum (A) and intratesticular T
(ITT) (B) was quantified by an ELISA. Compared to Ctrl, both serum (Ctrl = 0.5 ± 0.15 ng/mL;
Lhb−/− = 0.13 ± 0.03 ng/mL; Lhr−/− = 0.17 ± 0.07 ng/mL; Lhb−/− Lhr−/− = 0.15 ± 0.04 ng/mL,
* p < 0.05, One-way ANOVA, Ctrl vs. Lhb−/−, Lhr−/− or Lhb−/− Lhr−/−, n = 4–6 mice) and ITT
(Ctrl = 4.58 ± 0.04 ng/mg; Lhb−/− = 0.04 ± 0.003 ng/mg; Lhr−/− = 0.04 ± 0.003 ng/mg; Lhb−/−

Lhr−/− = 0.03 ± 0.006 ng/mg, * p < 0.05, One-way ANOVA, Ctrl vs. Lhb−/−, Lhr−/− or Lhb−/−

Lhr−/−, n = 4–6 mice) are significantly suppressed in single or double mutants. No additive effect of
loss both LH and LHR are noted. The serum T and ITT values are not significantly different among
single or double mutants (p > 0.05, One-way ANOVA, Lhb−/− vs. Lhr−/− or Lhb−/− Lhr−/−, Lhr−/−

vs. Lhb−/− Lhr−/−, n = 4–6 mice).

Figure 5. Taqman qPCR analysis of Sertoli cell marker genes. T-repressed genes namely, Fshr (A) and
Ar (B) are upregulated in the absence of LH or LHR or both. In contrast, those that are positively
regulated by T, such as Nr5a1, Rhox5 and Clu are similarly suppressed in the absence of LH or LHR
or both (C–E). * p < 0.05, One-way ANOVA, Ctrl vs. Lhb−/− or Lhr−/− or Lhb−/− Lhr−/− ; p > 0.05,
One-way ANOVA, Lhb−/− vs. Lhr−/− or Lhb−/− Lhr−/− ; Lhr−/− vs. Lhb−/− Lhr−/−. For all qPCR
assays, expression of Ppil1 was used as internal control and cDNA samples in triplicate were used
from testis obtained from 3 mice.

Finally, we assessed expression of germ cell marker genes by qPCR assays. As pre-
dicted from the histological analysis of testis cell types, early stage germ cell markers may
not be affected in the absence of LH or LHR or both. Indeed, expression of Plzf (stem
cell progenitor marker), Stra8 and Kit (spermatocyte markers) was not suppressed in the
single or double mutants (Figure 6A–C). Expression of other meiotic / post-meiotic (Tex14,
Sycp 2 and Sycyp 3) and spermatid (Acrv1) markers were significantly suppressed in testis
of single and double mutants compared to those in controls (Figure 6D,F–H). Thus, similar
to gene expression changes in Leydig and Sertoli cells, combined loss of both LH and LHR
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did not also result in any additive effects in expression of germ cell marker genes in testis
of double mutants.

Figure 6. Taqman qPCR analysis of germ cell marker genes. Early germ cell markers such as those
expressed in male germline stem cell progenitor (Plzf, (A)) and spermatocyte (Stra8, (B); Kit, (C)) are
upregulated or not affected in the absence of LH or LHR or both. Genes that play critical roles in
meiosis (Tex14, Sycp2, Sycp3, (D–F)) and spermatids (Acrv1, (G)) are significantly suppressed in single
and double mutants. No additive effect of loss of both LH and LHR are noted on expression of any of
the genes tested. * p < 0.05, One-way ANOVA, Ctrl vs. Lhb−/− or Lhr−/− or Lhb−/− Lhr−/−; p > 0.05,
One-way ANOVA, Lhb−/− vs. Lhr−/− or Lhb−/− Lhr−/−; Lhr−/− vs. Lhb−/− Lhr−/−. For all qPCR
assays, expression of Ppil1 was used as internal control and cDNA samples in triplicate were used
from testis obtained from 3 mice.

3. Discussion

Earlier studies by us and others established that single mutants lacking genes encoding
LH ligand and LHR phenocopy each other [18,20,21]. Using these well-characterized genetic
models, here we have generated double mutant mice lacking both the LH Ligand and
LHR. This genetic approach allowed us to directly test in vivo LH ligand-independent
actions mediated via LHRs and whether LH acts via receptors other than LHR. Our histo-
morphological analysis of testis and testicular gene expression analysis in single and double
null mutants clearly indicate that combined absence of LH-LHR signaling pathway does not
result in any additional phenotypes not observed in single mutants lacking only LH ligand
or LHR. Our in vivo genetic approach confirms that it is unlikely LH signals through non-
LHRs or other ligands signal through LHR to regulate testis development, spermatogenesis
and male fertility. Our Lhb Lhr double null mutant mice represent the first genetic model in
which signaling via the LH ligand-LH receptor pair is completely absent with only FSH
action uniquely present in the male. Additionally, both serum T and ITT are profoundly
suppressed in double mutants, similar to those observed in single mutants.

As evident from testicular histology, single and double mutants are indistinguishable.
In all three genotypes (Lhb−/−, Lhr−/− and Lhb−/− Lhr−/−), the interstitium is poorly
developed with no evidence of adult mature Leydig cells within the interstitium and the
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lumen is reduced in tubules. Further ultrastructural studies will be needed to confirm the
exact morphological identity of the Leydig cell lineage in the absence of only LH or LHR
or both. During mouse testis development, two distinct populations of Leydig cells arise.
Fetal Leydig cell lineage is present in the absence of only LH or only LHR [18,20,21]. These
earlier studies suggested a possibility that non-LH-LHR mediated signaling events may
regulate fetal Leydig cells because in single mutants lacking LH ligand, LHRs are present
and may mediate actions of ligands other than LH. Similarly, in mutants lacking LHRs,
LH ligand is present and may bind receptors other than LHR. The continued presence of
fetal Leydig cells as indicated by significantly upregulated Thbs2 gene expression in double
null mutants lacking both LH and LHR and similarly observed in single mutants, provides
unequivocal direct genetic evidence that LH-LHR signaling is not required for fetal Leydig
cell development in vivo. Our observations on fetal Leydig cells are consistent with those
by Shima et al. who used lineage tracing methods and adult Ar knockout mice [16] and as
summarized [13,24]. It is possible that other ligands such as oxytocin and ACTH and their
corresponding signaling pathways may play a role in mouse fetal Leydig cell specification
in the absence of LH/LHR [10,11,33–38]. Alternatively, other neuroendocrine or locally
produced peptides within the testis may also regulate Leydig cells [36,38].

Testis cell type-specific marker gene expression analysis (Leydig cell, Sertoli cell and
germ cell-specific markers) revealed identical changes in double null mutants compared
to those in single mutants further reinforcing that no additive effects are observed in the
combined absence of both LH and LHR. Because we noted both up- and down regulation of
genes, these reflect true gene expression changes but not as a result of cell death (Figures 3,
5 and 6 and Supplementary Figure S2). Interestingly, expression of Ptgs2 that encodes
prostaglandin synthase-2 is discordant between single and double mutants. Similarly,
expression of Srd5a1 is not altered in single and double mutants compared to that in
controls. The exact mechanism for regulating expression of these two enzyme-encoding
genes in T biosynthesis pathway remains to be identified. All other mature Leydig cell-,
Sertoli- and germ cell- marker genes were identically regulated in the absence of only LH
or LHR or both and secondary to absence of T action. Our future RNASeq studies may
allow us to identify large-scale gene expression changes and gene networks differentially
regulated in testis of single and double mutants.

In summary, genetic analysis of double mutant male mice lacking both LH ligand and
LHR reveals identical testis phenotypes observed in individual mutants lacking only LH
or only LHR. Significantly upregulated expression of Thbs2 in testis of single mutants or
double mutants lacking both LH and LHR confirms that LH-LHR signaling is not essential
for fetal Leydig cell development. Thus, our genetic model provides a novel source of
factors that regulate fetal Leydig cells and may provide novel insights into fetal Leydig cell
biology and early events in masculinization during testis development. Loss of LH-LHR
pathway results in profound suppression of T and pharmacological rescue of single mutants
lacking only LH or only LHR by T has already been achieved [18,20,39]. Therefore, our
double mutants may prove useful to further understand LH/LHR-independent actions of
T in Leydig cell development and spermatogenesis.

4. Materials and Methods

4.1. Mice

All experimental procedures were carried out on adult male mice (8–10 weeks) and
are in accordance with NIH guidelines and approved by the Institutional Animal Care and
Use Committee at the University of Colorado Anschutz Medical Campus. Lhb null mutant
mice were previously generated as described [18]. Lhr null mutant mice were generated as
previously described [20]. To generate Lhb Lhr double null mutants, we initially crossed
Lhb+/− mice with Lhr+/− mice and obtained Lhb+/− Lhr+/− double heterozygous mice. In the
second step, we intercrossed these Lhb+/− Lhr+/− double heterozygous mice and obtained
Lhb−/− Lhr−/− double mutant mice. Double mutant male mice were used for all present
studies and maintained on C57/BL6/129SvEv/129SVJ hybrid genetic background. Mice
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were housed in rooms equipped with controlled conditions of temperature and humidity
and maintained on a 12 h light: dark light cycle with autoclaved standard rodent chow
and water supplied ad libitum. For genotyping, tail DNA samples prepared by Millipore
(Millipore-Sigma, St. Louis, MO, USA) columns were used in PCR reactions using Lhb and
Lhr allele-specific primer pairs. These primers distinguish the wild-type (WT) and mutant
alleles in each case by the size of the amplified DNA fragments separated on ethidium
bromide-stained agarose gels as described [20,40].

4.2. Histological and Immunofluorescence Analysis

Testes were harvested from adult mice (n = 3) under isoflurane anesthesia, weighed
and one testis was immediately fixed in Bouin’s reagent solution (Millipore-Sigma, St. Louis,
MO, USA) overnight with constant shaking at room temperature and changed into 70%
ethanol. The paraffin-embedded sections were cut at 6 μm thickness, deparaffinized and
rehydrated by serial immersion in xylene, followed by graded series of alcohol and stained
with periodic acid-Schiff’s reagent (PAS) and hematoxylin as described [18,41–43]. The
images of stained testis sections were digitally captured using a Leica microscope and used
for tubule diameter calculations as described [43,44]. Immunofluorrescence was performed
on testes sections using a rabbit antibody (1:2000) against HSD3B1 (gift from Dr. Buck
Hales) and counterstained with Ethidium Homodimer-2 (E3599, Invitrogen, Carlsbad,
CA, USA) for visualization of nuclei in cells as described [42,45]. A goat anti-rabbit IgG-
Alexa flour-488 conjugated second antibody (Invitrogen, Carlsbad, CA, USA) was used
at a dilution of 1:200. Antibody-stained sections were mounted with ProLong Diamond
Antifade Mountant (P36970, Life Technologies, Carlsbad, CA, USA), and observed under
an epifluorescence microscope (Leica).

4.3. RNA Isolation and Taqman qPCR Assays

Total RNA was extracted from testes using RNeasy Mini Kit (74106, QIAGEN, German-
town, MD, USA). One μg of RNA was reverse transcribed into cDNA using SuperScript™—
III Reverse Transcriptase (18080-093, Invitrogen, Carlsbad, CA, USA). PCR was performed
in 10 μL of reaction volume containing 2 μL of cDNA which was diluted at 1:40, 0.05 μM
each of Primer/probe combos, and 5 μL of 2× PrimeTime Gene Expression Master Mix
(1055772, Integrated DNA Technologies, Coralville, IA, USA) using QuantStudio 6 Flex
Real-Time PCR machine. The relative standard curve method was used for gene expression
quantification as described [42,43]. For each primer, a series of dilution of standard cDNA
at 1:5, 1:10 and 1:50 were assigned the quantity as 2000, 1000 and 200. Relative mRNA levels
of target genes normalized to Ppil1 expression were obtained and the ratios were presented.
Predesigned mouse qPCR Primer/probe combos were purchased from Integrated DNA
Technologies, Inc., Coralville, IA, USA. For qPCR assays, triplicate cDNA samples were
used from testis obtained from at least 3 mice.

4.4. Testosterone Assays

Mice were exsanguinated under isoflurane anesthesia and serum was separated in
a table top centrifuge at room temperature and stored frozen at −80 ◦C until further use.
Frozen testis samples were processed as described [46] and the resulting supernatant
aliquots were used for intratesticular T measurements. Total protein in testicular extracts
was quantified by BCA protein assay kit (BioRad, Hercules, CA, USA) using bovine serum
albumin as standard. Serum (ng/mL) and intratesticular T (ng/mg) levels were measured
in 25 μL sample aliquots by an ELISA kit (TE187S-100, Calbiotech, Inc., El Cajon, CA, USA)
according to manufacturer’s instructions. Samples were prepared from tissues collected
from 3–6 mice. The assay sensitivity is 0.1 ng/mL and intra-assay and inter-assay % CVs
are 6.4 and 9.7, respectively.

142



Int. J. Mol. Sci. 2022, 23, 15725

4.5. Statistical Analysis

Data are presented as the mean ± standard error of the mean (SEM). Statistical sig-
nificance was determined using ANOVA followed by Turkey’s post hoc test. p < 0.05
was considered statistically significant. Statistical analyses were performed using PRISM
software (version 9.4.1, GraphPad Software, Inc., San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232415725/s1.
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Abstract: Hormone-induced Leydig cell steroidogenesis requires rapid changes in gene expression in
response to various hormones, cytokines, and growth factors. These proteins act by binding to their re-
ceptors on the surface of Leydig cells leading to activation of multiple intracellular signaling cascades,
downstream of which are several kinases, including protein kinase A (PKA), Ca2+/calmodulin-
dependent protein kinase I (CAMKI), and extracellular signal-regulated protein kinase 1 and 2
(ERK1/2). These kinases participate in hormone-induced steroidogenesis by phosphorylating numer-
ous proteins including transcription factors leading to increased steroidogenic gene expression. How
these various kinases and transcription factors come together to appropriately induce steroidogenic
gene expression in response to specific stimuli remains poorly understood. In the present work, we
compared the effect of PKA, CAMKI and ERK1/2 on the transactivation potential of 15 transcription
factors belonging to 5 distinct families on the activity of the Star gene promoter. We not only validated
known cooperation between kinases and transcription factors, but we also identified novel coopera-
tions that have not yet been before reported. Some transcription factors were found to respond to
all three kinases, whereas others were only activated by one specific kinase. Differential responses
were also observed within a family of transcription factors. The diverse response to kinases provides
flexibility to ensure proper genomic response of steroidogenic cells to different stimuli.

Keywords: Leydig cells; Steroidogenesis; signaling cascade; Nuclear receptors; bZIP factors; MEF2
factors; GATA4; CAMKI; PKA; ERK1/2

1. Introduction

Leydig cells are located in the interstitial space between the seminiferous tubules in the
mammalian testis where they produce two hormones, androgens (mainly testosterone) and
insulin-like 3 (INSL3). During fetal life, these hormones are essential for masculinization
on the male embryo while in postnatal life they are responsible for the development of
internal and external male characteristics that occur at puberty, for the initiation and
maintenance of spermatogenesis, and for bone metabolism. Testosterone synthesis requires
several transporters and enzymes. The process begins with the shuttling of cholesterol, the
substrate for all steroid hormones, from the outer to the inner mitochondrial membrane
to deliver it to the CYP11A1 enzyme which makes pregnenolone. Pregnenolone then
diffuses out of the mitochondria and reaches the smooth endoplasmic reticulum where it is
transformed into testosterone by the sequential action of CYP17A1, HSD3B1, and HSD17B3
(reviewed in [1–3]). The transport of cholesterol, which constitutes the rate-limiting step
in steroidogenesis, involves a large protein complex [4] which includes the steroidogenic
acute regulatory (STAR) protein [5]. The importance of the STAR protein in Leydig cell
steroidogenesis is supported by the existence of naturally occurring mutations in the human
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Star gene responsible for lipoid congenital adrenal hyperplasia and by inactivation of the
Star gene in the mouse where males display female external genitalia, consistent with
impaired testosterone production (reviewed in [6]).

Steroidogenesis in Leydig cells is regulated by several growth factors, cytokines, and
hormones, the main one being the pituitary luteinizing hormone (LH). Binding of LH to
its G protein-coupled receptor on the surface of Leydig cells activates adenylate cyclase
leading to cAMP synthesis, which in turns activates several signaling pathways (reviewed
in [1,7]). Similarly, growth factors and cytokines bind to their respective receptor lead-
ing to activation of intracellular signaling cascades (reviewed in [7–11]). Downstream of
these pathways are several kinases, including protein kinase A (PKA), Ca2+/calmodulin-
dependent protein kinase I (CAMKI), and extracellular signal-regulated protein kinase 1
and 2 (ERK1/2) (reviewed in [1]). These kinases participate in hormone-induced steroido-
genesis by phosphorylating numerous proteins that include several transcription factors
leading to increased steroidogenic gene expression (reviewed in [1,12]).

Because of the vital role of the STAR protein in steroidogenesis and because Star
gene expression is strongly and rapidly induced in response to LH/cAMP stimulation
(reviewed in [13]), the transcriptional regulation of the Star gene has been actively studied
to identify Star promoter regulatory elements and their corresponding transcription factors
that bind to these elements. Multiple transcription factors have been proposed to increase
Star transcription (reviewed in [1,14,15]). These include members of the nuclear receptor
family (SF1/NR5A1, LRH1/NR5A1, NUR77/NR4A1, COUP-TFII/NR2F2), bZIP family
(cJUN, cFOS, CREB, CREM, C/EBPβ), GATA family (GATA4, GATA6), MADS box family
(MEF2A, MEF2D), and the STAT domain family (STAT5B) (reviewed in [1,12,16–21]). While
some of these transcription factors are de novo synthesized in response to LH/cAMP, such
as NUR77 [22–24], most are activated by phosphorylation by one of three main kinases
(PKA, CAMKI, ERK1/2).

Despite the significant progress that have been made in identifying the signaling
pathways and transcription factors regulating hormone-induced steroidogenesis in Leydig
cells, important questions remain. For instance, in the majority of the studies performed so
far, the effect of a given kinase on transcription factor activation and Star promoter activity
has been limited to studying individual transcription factors. However, PKA, CAMKI,
and ERK1/2 are all activated in response to LH/cAMP and therefore can target and
activate several transcription factors simultaneously. In the present study, we have deter-
mined the ability of PKA, CAMKI and ERK1/2 to activate and functionally cooperate with
15 different transcription factors belonging to 5 distinct families. This allowed us to de-
scribe distinct transcription factor/kinase cooperation profiles that lead to increased Star
gene transcription.

2. Results

To determine whether the three main kinases (PKA, CAMKI, and ERK1/2), previously
shown to activate Star transcription, can increase the transactivation potential of various
transcription factors belonging to different families, we performed transient transfections
in both a steroidogenic (MA-10 Leydig) and a non-steroidogenic (CV-1 fibroblast) cell line.
Cells were cotransfected with a Star reporter plasmid along with expression vectors for the
various transcription factors with or without expression vectors for the PKA catalytic sub-
unit α, constitutively active CAMKI, and constitutively active MEK1 which phosphorylates
and activates ERK1/2.

2.1. Cell- and Kinase-Specific Cooperations with bZIP Family Members

We first tested three members of the bZIP family (cJUN, CREB, and C/EBPβ) alone. As
shown in Figure 1, CREB and cJUN activated the Star promoter in both MA-10 Leydig and
CV-1 fibroblast cells, with the activation by cJUN being stronger in MA-10 cells (~10-fold
vs. ~4-fold in CV-1 cells). In contrast, CREB-mediated activation was stronger in CV-1 cells
(~4-fold). There was a tendency towards an activation by C/EBPβ but it did not reach
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statistical significance (Figure 1). We next repeated these experiments but in the presence
of a kinase. All three kinases (CAMKI CA, PKA Cα, MEK1 CA) increased Star promoter
activity (up to 7-fold in MA-10 cells and up to 3.8-fold in CV-1 cells) on their own. The
activation by CAMKI CA and PKA Cα was much stronger in MA-10 Leydig cells than
in CV-1 fibroblast cells, while the reverse was true for MEK1 CA. This indicated that the
kinases activate transcription factors already present in the cells, mainly in MA-10 cells for
CAMKI CA and PKA Cα, and in CV-1 cells for MEK1 CA. When assessed for functional
cooperation, CAMKI CA potently enhanced cJUN- (up to 25-fold) and CREB- (up to 10-fold)
dependent activation of the Star promoter in both MA-10 Leydig and CV-1 fibroblast cells
(Figure 1). PKA Cα also cooperated with cJUN and with CREB but only in CV-1 cells
(Figure 1). Finally, a cooperation between MEK1 CA and cJUN (up to 15-fold) and C/EBPβ
(up to 10-fold) was observed solely in CV-1 fibroblasts (Figure 1). Together, these results
indicated that although the transactivation by all three bZIP family members is enhanced
in the presence of a kinase, the resulting cooperation is kinase- and cell type-specific, with
cJUN and CREB activity being mainly enhanced by CAMKI CA and PKA Cα, and MEK1
CA (ERK1/2) with C/EBPβ and cJUN.

2.2. Some Nuclear Receptors Cooperate with All Three Kinases while Others Are Stimulated by a
Single Kinase

The nuclear receptor family is composed of 48 members, several of which are expressed
in Leydig cells where they regulate expression of numerous genes, including Star (reviewed
in [16]). As previously demonstrated [23,25], members of the NR2F (COUP-TFI, COUP-TFII)
and NR4A families activated the Star promoter both in MA-10 and CV-1 cells (Figure 2).
We next determined whether cooperation, between the kinases and seven nuclear receptors
belonging to three distinct families, occurs on the Star promoter. As shown in Figure 2,
the activation of the Star promoter by COUP-TFI and COUP-TFII (NR2F family members)
was significantly enhanced by CAMKI CA and PKA Cα in both MA-10 and CV-1 cells.
On the other hand, all three kinases activated at least one of the NR4A family members
(CAMKI CA with NURR1 and NOR1; PKA Cα with NOR1, and MEK1 CA with NURR1
and NOR1) in MA-10 Leydig and/or CV-1 fibroblast cells. Finally, the two members of
the NR5A family, SF1 and LRH1, were only stimulated by MEK1 CA and exclusively in
CV-1 fibroblast cells (Figure 2). Together these results establish that stimulation of nuclear
receptor activity is highly kinase-dependent, which is determined by the family the nuclear
receptor belongs to.

2.3. MEF2 Factors Cooperate with PKA Cα and MEK1 CA in CV-1 Cells

Of the four MEF2 family members, three are expressed in Leydig cells (MEF2A,
2C and 2D) where they are known to regulate the expression of several genes [26–31].
To determine whether the three kinases could enhance MEF2 transactivation potential,
transient transfections were performed in MA-10 Leydig and CV-1 fibroblast cells. As
shown in Figure 3, cooperation was observed between PKA Cα and MEF2C and MEF2D as
well as between MEK1 CA and MEF2A and MEF2D. These cooperations were observed
exclusively in CV-1 cells, which is consistent with the fact that MA-10 Leydig cells already
contain high levels of MEF2 proteins [28].
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Figure 1. Transcriptional cooperation between bZIP family members and the kinases CAMKI consti-
tutively active (CAMKI CA), PKA catalytic subunit alpha (PKA Cα), and MEK1 constitutively active
(MEK1 CA activates ERK1/2) on the mouse Star promoter. MA-10 Leydig (black bars) and CV-1
fibroblast (white bars) cells were cotransfected with either an empty expression vector as a control or
expression vectors for the different bZIP factors (cJUN, CREB, C/EBPaddress information is correct)
and kinases (CAMKI CA, PKA Cα, MEK1 CA) individually or in combination as indicated, along
with a −980 to +16 bp mouse Star reporter. Results are shown as Fold Activation over control ± SEM.
An asterisk (*) represents a statistically significant difference in activation by the transcription factor
or the kinase compared to control (empty expression vector, value set at 1, p < 0.05). A dagger (†)
represents a statistically significant difference in activation between the transcription factor + the
kinase compared to the corresponding transcription factor alone (p < 0.05). A hashtag (#) represents a
statistically significant difference in activation between the transcription factor + the kinase compared
to the kinase alone (p < 0.05). The number (n) of replicates is indicated.
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Figure 2. Specific cooperation between select members of the nuclear receptor family and the kinase
CAMKI constitutively active (CAMKI CA), PKA catalytic subunit alpha (PKA Cα), and MEK1
constitutively active (MEK1 CA activates ERK1/2) on the mouse Star promoter. MA-10 Leydig (black
bars) and CV-1 fibroblast (white bars) cells were cotransfected with a −980 to +16 bp mouse Star
reporter along with an empty expression vector as a control or expression vectors for the different
nuclear receptors (COUP-TFI, COUP-TFII, NUR77, NURR1, NOR1, SF1, LRH1) used individually
(A) or in combination with CAMKI CA (B), PKA Cα (C), and MEK1 CA (D). Results are shown as
Fold Activation over control ± SEM. An asterisk (*) represents a statistically significant difference in
activation by the transcription factor or the kinase compared to the control empty expression vector
(whose value was set at 1, p < 0.05). A dagger (†) represents a statistically significant difference in
activation between the transcription factor + the kinase compared to the corresponding transcription
factor alone (p < 0.05). A hashtag (#) represents a statistically significant difference in activation
between the transcription factor + the kinase compared to the kinase alone (p < 0.05). The number of
replicates is indicated.
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Figure 3. Cooperation between members of MADS box family of transcription factors and the kinases
PKA catalytic subunit alpha (PKA Cα) and MEK1 constitutively active (MEK1 CA activates ERK1/2)
on the mouse Star promoter. MA-10 Leydig (black bars) and CV-1 fibroblast (white bars) cells
were cotransfected with an empty expression vector as a control or expression vectors for various
MADS box family members (MEF2A, MEF2C, MEF2D) and kinases (CAMKI CA, PKA Cα, MEK1
CA) individually or in combination as indicated, along with a −980 to +16 bp mouse Star reporter.
Results are shown as Fold Activation over control ± SEM. An asterisk (*) represents a statistically
significant difference in activation by the transcription factor or the kinase compared to control
(empty expression vector, value set at 1, p < 0.05). A dagger (†) represents a statistically significant
difference in activation between the transcription factor + the kinase compared to the corresponding
transcription factor alone (p < 0.05). A hashtag (#) represents a statistically significant difference in
activation between the transcription factor + the kinase compared to the kinase alone (p < 0.05). The
number (n) of replicates is indicated.
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2.4. GATA4 Activity Is Strongly Enhanced in the Presence of CAMKI CA, PKA Cα, and
MEK1 CA

The GATA4 transcription factor is a known activator of Star promoter activity in Leydig
cells [27,32–37]. Consistent with this, GATA4 was found to activate the Star promoter both
in MA-10 Leydig (3-fold) and CV-1 fibroblast (5-fold) cells (Figure 4). Combination of
GATA4 with CAMKI CA (up to 13-fold), and PKA Cα (up to 16-fold), enhanced GATA4
activation both in MA-10 and CV-1 cells (Figure 4). A MEK1 CA/GATA4 cooperation was
only observed in MA-10 Leydig cells (Figure 4). These results suggest that GATA4 is a
common target downstream of diverse intracellular signaling pathways and kinases.

Figure 4. The zinc finger transcription factor GATA4 cooperates with CAMKI constitutively active
(CAMKI CA), PKA catalytic subunit alpha (PKA Cα), and MEK1 constitutively active (MEK1 CA
activates ERK1/2) on the mouse Star promoter. MA-10 Leydig (black bars) and CV-1 fibroblast
(white bars) cells were cotransfected with a control empty expression vector or expression vectors for
GATA4 and the different kinases (CAMKI CA, PKA Cα, MEK1 CA) individually or in combination
as indicated, along with a −980 to +16 bp mouse Star reporter. Results are shown as Fold Activation
over control ± SEM. An asterisk (*) represents a statistically significant difference in activation by
the transcription factor or the kinase compared to control (empty expression vector, value set at
1, p < 0.05). A dagger (†) represents a statistically significant difference in activation between the
transcription factor + the kinase compared to the corresponding transcription factor alone (p < 0.05).
A hashtag (#) represents a statistically significant difference in activation between the transcription
factor + the kinase compared to the kinase alone (p < 0.05). The number (n) of replicates is indicated.

2.5. STAT5B Cooperates with All Kinases

STAT5B is a transcription factor activated in response to growth hormone (reviewed
in [38]). Recently, STAT5B was found to mediate GH-induced Star gene expression in
Leydig cells [39]. In agreement with this, a constitutively active form of STAT5B (STAT5B
CA) activated the Star promoter by ~3-fold in MA-10 Leydig and CV-1 fibroblast cells
(Figure 5). Combination of STAT5B CA with any kinase (CAMKI CA, PKA Cα, MEK1 CA)
resulted in a synergistic activation of the Star promoter reaching nearly 20-fold in both
MA-10 Leydig and CV-1 fibroblast cells (Figure 5). This indicates that STAT5B is a versatile
transcription factor that can be stimulated by various kinases.
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Figure 5. Cooperation between STAT5B and CAMKI constitutively active (CAMKI CA), PKA cat-
alytic subunit alpha (PKA Cα), and MEK1 constitutively active (MEK1 CA activates ERK1/2) on
the mouse Star promoter. MA-10 Leydig (black bars) and CV-1 fibroblast (white bars) cells were
cotransfected with an empty expression vector as a control or expression vectors for constitutively
active STAT5B (STAT5B CA) and the different kinases (CAMKI CA, PKA Cα, MEK1 CA) individually
or in combination as indicated, along with a −980 to +16 bp mouse Star reporter. Results are shown
as Fold Activation over control ± SEM. An asterisk (*) represents a statistically significant difference
in activation by the transcription factor or the kinase compared to control (empty expression vector,
value set at 1, p < 0.05). A dagger (†) represents a statistically significant difference in activation
between the transcription factor + the kinase compared to the corresponding transcription factor
alone (p < 0.05). A hashtag (#) represents a statistically significant difference in activation between the
transcription factor + the kinase compared to the kinase alone (p < 0.05). The number (n) of replicates
is indicated.

3. Discussion

Hormone-induced Leydig cell steroidogenesis is a strictly regulated process that re-
quires changes in gene expression and protein phosphorylation. Expression of the Star
gene, which is induced upon stimulation of steroidogenesis has been the subject of intense
studies since its discovery nearly 30 years ago [5]. This has led to the identification of
several transcription factors that act via regulatory motifs clustered within the proximal
Star promoter (reviewed in [1,40,41]). Some of these transcription factors are activated by
various kinases, including PKA, CAMKI and ERK1/2, that are themselves activated in
response to different hormones known to increase Star expression and steroidogenesis in
Leydig cells (reviewed in [1]). In other systems, some of these transcription factors are
known to be activated downstream of different signaling pathways and kinases. How these
kinases and transcription factors are integrated to appropriately induce Star transcription
in response to specific stimuli remains poorly understood. The main objective of this
work was to compare the effect of three key kinases on the transactivation potential of
15 transcription factors belonging to 5 distinct families on Star promoter activity. As de-
scribed below, this allowed us to validate existing cooperations as well as to identify new
ones. As summarized in Figure 6, some transcription factors were activated by multiple ki-
nases indicating that they may act downstream of multiple signaling cascades. Furthermore,
the fact that all the transcription factors and kinases were assessed simultaneously allowed
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for a direct comparison of the significance (or strength) of the transcription factor/kinase
cooperation (summarized in Table 1).

 

Figure 6. Cooperation of transcription factors and kinases on the Star promoter in steroidogenic
(MA-10) vs. non-steroidogenic (CV-1) cells. The three-set Venn diagram highlights the transcrip-
tion factors that cooperate with CAMKI CA (green circles), PKA Cα (blue circles), and MEK1 CA
(activating ERK1/2, orange circles) in MA-10 Leydig (A) and in CV-1 fibroblast (B) cells.

Table 1. Transactivation potential of transcription factors by different kinases.

Control CAMKI CA PKA Cα MEK1 CA

MA-10 CV-1 MA-10 CV-1 MA-10 CV-1 MA-10 CV-1

Control 1.0 1.0 6.9 3.4 8.1 2.8 1.3 3.1

bZIP
cJUN 8.8 3.5 27.5 10.4 7.2 7.2 3.8 13.2
CREB 1.0 2.9 11.4 14.7 7.1 13.1 1.3 3.1

C/EBPβ 0.7 1.1 2.8 3.4 5.1 2.8 1.7 9.7

Nuclear receptors

COUP-TFI 3.7 2.1 11.4 6.7 7.6 12.8 4.1 4.2
COUP-TFII 2.5 5.8 16.0 13.4 17.2 13.9 4.0 7.6

NUR77 0.8 0.7 3.1 1.6 5.0 3.1 1.0 4.1
NURR1 2.6 2.8 17.9 6.7 15.1 7.7 4.1 19.3
NOR1 2.0 1.1 19.2 4.1 4.3 6.5 1.8 13.7

SF1 1.0 0.9 5.8 2.9 2.5 3.6 1.3 21.8
LRH1 0.9 1.1 6.7 3.2 6.9 3.7 1.3 21.5

MADS box
MEF2A 0.8 2.0 8.0 4.4 7.6 5.6 1.4 4.8
MEF2C 1.0 1.0 7.6 1.8 5.3 4.4 1.3 1.3
MEF2D 0.9 1.5 7.3 4.1 5.2 4.7 1.2 4.8

GATA GATA4 2.1 4.9 13.5 12.6 18.4 15.9 3.8 6.8

STAT STAT5B 1.8 2.4 13.3 6.3 15.3 10.0 13.1 18.6

Fold activations are compared to the control (empty expression vector) for which the value was set to 1.

Experiments were performed in two cell lines, the MA-10 Leydig cell line and the CV-1
fibroblast cell line. MA-10 Leydig cells endogenously express the various transcription
factors and kinases tested as well as the Star gene. Therefore, expression of a kinase often
leads to a significant activation since it activates transcription factors already present in
the cells. The transcription factor could be the factor of interest or another transcription
factor. On the other hand, CV-1 cells are considered heterologous cells since they do not
express the Star gene and all transcription factors normally found in a Leydig cell. Using a
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heterologous cell line therefore allows to detect promoter activation by a transcription factor
or a cooperation between factors that would otherwise be undetectable in a homologous
cell line like MA-10 Leydig cells. In agreement with this, the activity of some transcription
factors was only stimulated by a kinase in CV-1 cells (Figure 6).

3.1. New Cooperations between Transcription Factors and Kinases

The roles of PKA and MEK1 (activating ERK1/2) have been well characterized and
they are known to stimulate various transcription factors in different cell types. However,
their effects on most of the transcription factors in the activation of the Star promoter
remained to be characterized.

3.1.1. PKA-Induced Transcription Factor Activity

Of the 15 transcription factors tested, 3 were activated by PKA Cα in MA-10 Leydig
cells while in CV-1 fibroblast cells, the same 3 plus an additional 6 (9 in total) were activated
(blue circles in Figure 6). PKA is known to stimulate cJUN activity, but this was shown using
a synthetic reporter [42]. We found that cJUN-dependent activation of the Star promoter
is significantly induced by PKA Cα in CV-1 cells. Similarly, CREB is a classic target of
PKA [43] and therefore the cooperation between CREB and PKA Cα on the Star promoter
was not unexpected. We also found that PKA Cα stimulated the activity of the orphan
nuclear receptors COUP-TFI and COUP-TFII on the Star promoter in both MA-10 and CV-1
cells, which was unknown for the Star gene. A previous study in a different system did
report that PKA could cooperate with COUP-TFI on the Vitronectin promoter [44]. Similarly,
the stimulatory effect of PKA Cα on NR4A family members (NUR77, NURR1, NOR1)
has only been observed on the Pomc promoter in pituitary corticotrope cells [45]. Here,
we found that PKA Cα enhanced NOR1-dependent activation of the Star promoter. Of
the different MEF2 family members, we found that PKA Cα increased the transactivation
potential of MEF2C and MEF2D on the Star promoter. A previous study in the heart
found that PKA represses MEF2A activity [46], indicating the existence of cell type-specific
responses. The transcription factor GATA4 has been described as a direct target for PKA,
which increases its transactivation potential on the Star promoter [47]. Our current study
reproduces this observation, thus validating the appropriateness of our experimental
system. We also observed a potent stimulation of STAT5B-dependent activation of the
Star promoter by PKA Cα both in MA-10 Leydig and CV-1 fibroblast cells. STAT5B is
known to be phosphorylated by members of the JAK kinase family in response to growth
hormone (reviewed in [48]) in many cell types, including in Leydig cells [49]. Whether PKA
directly phosphorylates STAT5B or whether it acts on STAT5B-interacting partner remains
to be established.

3.1.2. MEK1-Induced Transcription Factor Activity

We found MEK1 CA to enhance the transactivation potential of 2 transcription factors
in MA-10 Leydig cells and 9 in CV-1 fibroblast cells (orange circles in Figure 6). The ERK1/2
kinases activated by MEK1 are known to phosphorylate and activate GATA4-dependent
transactivation in the heart [50] as well in the mouse testis where phosphorylation of
GATA4 Ser105 is required for testosterone production [51]. However, a direct effect of
MEK1 CA on GATA4-dependent activation of the Star promoter as we observed had never
been reported. This suggests that in addition to being stimulated by PKA, GATA4 activity
is also activated by ERK1/2 on the Star promoter. Similar to GATA4, the transactivation
potential of STAT5B on the Star promoter was also enhanced in the presence of MEK1 CA.
A cooperation between STAT5B and ERK1/2 has never been reported. We also found that
MEK1 CA enhances the activity of the NR5A nuclear receptors SF1 and LRH1. Although
ERK1/2-mediated SF1 and LRH1 phosphorylation can stimulate their transactivation
potential [52,53] in HeLa and JEG-3 cells on either the Cyp7a1 or a synthetic promoter, this
potentiation had not been reported on the Star promoter. With respect to the NR4A family of
nuclear receptors, ERK1/2 was previously reported to phosphorylate and stimulate NUR77
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leading to enhanced activity of an artificial promoter in AtT-20 corticotrope cells [54].
Although we did not observe any effect of MEK1 CA (ERK1/2) on NUR77-dependent
activation of the Star promoter, MEK1 CA did nonetheless significantly enhance the activity
of the other two NR4A family members NURR1 and NOR1. This suggests the existence
of a cell- and promoter-dependent response of transcription factors to different kinases.
The bZIP factors cJUN and C/EBPβ were also found to cooperate with MEK1 CA on the
Star promoter. This was unexpected since activated ERK1/2 is believed to inactivate cJUN,
while other MAPK members such as JNKs phosphorylate and activate cJUN (reviewed
in [55]). In 3T3-L1 preadipocytes, C/EBPβ is phosphorylated in a MEK1-dependent manner,
stimulating its transactivation potential [56,57], which is similar to what we observed on
the Star promoter.

3.1.3. CAMKI-Induced Transcription Factor Activity

CAMKI is the most recently identified kinase in Leydig cells and consequently the
least studied in these cells. The transactivation potential of 8 transcription factors in
MA-10 cells and 7 in CV-1 cells was enhanced by CAMKI CA (green circles in Figure 6).
Similar to what we observed in the present study, the transactivation potential of all
members of the NR4A family of nuclear receptors (NUR77, NURR1 and NOR1) and of SF1
(NR5A1) was previously shown to be increased in the presence of CAMKI CA on the Star
promoter [23]. The nuclear receptors COUP-TFI and COUP-TFII were both activated in the
presence of CAMKI CA, as revealed by the synergistic activation of the Star promoter in both
MA-10 and CV-1 cells. The two COUP-TF factors have not been reported to be stimulated
by CAMKI, although a study showed that the activity of COUP-TFI is potentiated by the
related CAMKIV in neuronal cells [58]. Our study also revealed that CAMKI CA enhances
the activity of cJUN on the Star promoter both in MA-10 and in CV-1 cells, similar what
was recently reported on the Cx43 promoter in MA-10 Leydig cells [59]. We observed a
strong stimulation of the activity of CREB by CAMKI CA on the Star promoter. CREB is
known to be phosphorylated in different cell types by CAMKI and CAMKIV leading to
an increase in its transactivation potential [60,61]. We found that CAMKI CA significantly
enhanced the transactivation potential of GATA4 and STAT5B on the Star promoter in both
MA-10 and CV-1 cells. Both transcription factors were not previously known to cooperate
with CAMKI.

3.2. Versatility in Transcription Factor Response to Different Kinases

An interesting observation in our findings is the fact that the transactivation potential
of most transcription factors was stimulated by more than one kinase. This is clearly
apparent in the Venn diagrams presented in Figure 6. Some transcription factors were
found to respond to all three kinases such as GATA4 and STAT5B in MA-10 Leydig cells,
and cJUN and STAT5B in CV-1 cells. This flexibility in how a given transcription factor
responds to different kinases suggests that the transcription factor can likely mediate the
effects of different stimuli thus ensuring proper genomic response.

Another form of versatility exists within a family of transcription factors where dif-
ferent members respond to different kinases. For instance, in the nuclear receptor family,
NR4A members (NUR77, NURR1, NOR1) responded to all three kinases (PKA Cα, CAMKI
CA, MEK1 CA), NRF2 members (COUP-TFI, COUP-TFII) were stimulated by two kinases
(PKA Cα, CAMKI), and NR5A members (SF1, LRH1) were only activated by MEK1 CA.
Since most of these nuclear receptors can bind to the same response element in a promoter,
this differential response to a kinase might provide the specificity needed to ensure the
proper nuclear receptor is activated downstream of a signaling cascade leading to increased
gene expression.

In conclusion, our current work has identified several transcription factors whose
transactivation potential is stimulated by different kinases. Some of these transcription
factors were previously reported to be directly phosphorylated by the kinase. However, for
several others identified in our current work, it remains to be determined whether they are a
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direct target of the kinase. It is possible that the kinase might instead phosphorylate another
protein that can then interact with the transcription factor leading to a cooperation between
the two transcription factors. In this case, kinase-mediated phosphorylation of a factor
might render it more receptive to interactions and cooperations with other transcription
factors. This could be tested by determining whether the different kinases further enhance
known cooperations between two transcription factors. Additional work is needed to
answer these questions.

4. Materials and Methods

4.1. Plasmids

The mouse Star luciferase promoter construct (−980/+16 bp) was previously de-
scribed [34]. The MEF2A and MEF2D [27,28,30] and GATA4 [62] expression plasmids
were previously described. The mouse MEF2C expression plasmid was generated by
amplifying the complete coding sequence by PCR (forward primer 5′-CCC AAG CTT
ATG GGG AGA AAA AAG ATT CAG ATT-3′, reverse primer 5′-GCT CTA GAT CAT GTT
GCC CAT CCT TCA-3′) and subcloning the resulting PCR product into the HindIII and
XbaI cloning sites of the pcDNA3.1 expression vector (Invitrogen Canada, Burlington, ON,
Canada). The following expression plasmids were sourced from different research groups:
rat NUR77/NR4A1, NURRI/NURR1, NOR1/NR4A3 [63], mouse SF1/NR5A1 [64], hu-
man LRH1/NR5A2 [65], cJUN [66], CREB and PKA catalytic subunit α [67], constitutively
active MEK1 [68], C/EBPβ [69], mouse COUP-TFI/NR2F1 and COUP-TFII/NR2F2 [70],
constitutively active STAT5B [71], and constitutively active CAMKI [72].

4.2. Cells Culture, Transfections, and Reporter Assays

Mouse MA-10 Leydig cells (ATCC, Manassas, VA, USA, Cat# CRL-3050,
RRID:CVCL_D789) were grown in DMEM/F12 medium supplemented with 2.438 g/L
sodium bicarbonate, 3.57 g/L HEPES, and 15% horse serum on gelatin-coated plates. African
green monkey kidney fibroblast CV-1 cells (ATCC, Cat# CRL-6305, RRID:CVCL_0229) were
grown in DMEM medium supplemented with 3.7 g/L HEPES, and 10% newborn calf
serum. Penicillin and streptomycin sulphate were added to the cell culture media to a final
concentration of 50 mg/L, and all cell lines were kept at 37 ◦C, 5% CO2 in a humidified
incubator. All cell lines were validated by morphology and Leydig cell lines by quantifying
steroidogenic output (progesterone for MA-10) as previously described [25,27,39,73–77].
MA-10 (60,000 cells per well) and CV-1 (25,000 cells per well) were transiently transfected us-
ing polyethylenimine hydrochloride (PEI) (Sigma-Aldrich Canada, Oakville, ON, Canada)
as previously described [39,78] or the calcium phosphate co-precipitation method as de-
scribed in [23,24]. Briefly, the cells were seeded in 24-well plates and cotransfected with
400 ng of the mouse Star −980/+16 bp reporter vector along with 100 ng of an empty
expression vector (pcDNA3.1 as control), or expression vectors for the various transcrip-
tion factors (50 ng) or kinases (30 ng) individually (completed to 100 ng with the empty
pcDNA3.1 expression vector to keep the total amount of expression vector to 100 ng), or
the combination of a transcription factor (50 ng) plus a kinase (30 ng) and empty pcDNA3.1
(20 ng). For the calcium phosphate co-precipitation method, 1 μg of SP64 inert plasmid
was also added as carrier. Sixteen hours post transfection, the media was replaced, and
the cells were grown for additional 32 h. Cells were then lysed, the lysates were collected,
and the luciferase measurements was performed using a Tecan Spark 10M multimode
plate reader (Tecan, Morrisville, NC, USA) as previously described [39,78]. The number of
experiments, each performed in triplicate, is indicated in each figure. All the cDNAs are
cloned in an expression plasmid containing a strong promoter (CMV), which leads to high
expression levels. The quantity of expression vector needed to obtain specific and optimal
promoter activation was determined by performing a dose–response curve as described
in [25]. Western blots were routinely performed to ensure overexpression was achieved,
especially when using a new DNA plasmid preparation.

158



Int. J. Mol. Sci. 2022, 23, 13153

4.3. Statistical Analysis

Comparisons between two groups were performed using an unpaired Student t-test
(GraphPad Prism, GraphPad Software, San Diego, CA, USA, version 9.4.1 (458)). For all
statistical analyses, p < 0.05 was considered significant.
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Abstract: Hippo signaling plays an essential role in the development of numerous tissues. Although
it was previously shown that the transcriptional effectors of Hippo signaling Yes-associated protein
(YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) can fine-tune the regulation
of sex differentiation genes in the testes, the role of Hippo signaling in testis development remains
largely unknown. To further explore the role of Hippo signaling in the testes, we conditionally
deleted the key Hippo kinases large tumor suppressor homolog kinases 1 and -2 (Lats1 and Lats2,
two kinases that antagonize YAP and TAZ transcriptional co-regulatory activity) in the somatic cells
of the testes using an Nr5a1-cre strain (Lats1flox/flox;Lats2flox/flox;Nr5a1-cre). We report here that early
stages of testis somatic cell differentiation were not affected in this model but progressive testis
cord dysgenesis was observed starting at gestational day e14.5. Testis cord dysgenesis was further
associated with the loss of polarity of the Sertoli cells and the loss of SOX9 expression but not WT1.
In parallel with testis cord dysgenesis, a loss of steroidogenic gene expression associated with the
appearance of myofibroblast-like cells in the interstitial space was also observed in mutant animals.
Furthermore, the loss of YAP phosphorylation, the accumulation of nuclear TAZ (and YAP) in both
the Sertoli and interstitial cell populations, and an increase in their transcriptional co-regulatory
activity in the testes suggest that the observed phenotype could be attributed at least in part to YAP
and TAZ. Taken together, our results suggest that Hippo signaling is required to maintain proper
differentiation of testis somatic cells.

Keywords: Hippo signaling; Lats1/2; fetal Leydig cells; Sertoli cells; transgenic mouse model

1. Introduction

In mice, testes are first derived from the intermediate mesoderm and arise from the
proliferation of coelomic epithelial cells. Thickening of the coelomic epithelia initially form
the adrenogonadal primordium (AGP) at embryonic day 9.5 (e9.5), a structure from which
the adrenal cortex also develops [1,2]. Following primordial germ cell migration (around
e10.5), the AGP separates into two distinct tissues as the adrenal progenitor cells migrate
dorsomedially at e11.0 [3]. Shortly after, the sex determining region of chromosome Y (SRY)
is first expressed in a subpopulation of somatic cells of the gonadal primordium (GP) [4,5]
which induces their differentiation into Sertoli cells via a positive feedback loop between
SRY (sex-determining region Y)-box 9 (SOX9) and fibroblast growth factor 9 (FGF9) [6–8].
After Sertoli cell differentiation, another subpopulation of somatic cells differentiates into
fetal Leydig cells (FLCs) following the secretion of desert hedgehog (DHH) by the differ-
entiating Sertoli cells and subsequent activation of Hedgehog signaling [9–11]. Tracing
experiments either alone or in combination with single-cell RNAseq suggest that both Ser-
toli cells and FLCs originate from a common progenitor cell population [12–14]. Numerous
factors, including Wilm’s tumor 1 (WT1) [15–18], nuclear receptor subfamily 5, group A,
member 1 (NR5A1) [19], GATA binding protein 4 (GATA4) [20–22], insulin/insulin-like
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growth factor [23,24], Sine-oculis-related homeobox-1 and 4 (SIX1/4) [25], or Chromobox2
(Cbx2) [26,27], are involved in early stages of testicular somatic cell differentiation but
additional factors and pathways are likely involved.

Hippo is an evolutionarily conserved signaling pathway with well-established roles
in cell fate determination and proliferation during embryonic development (reviewed
in [28,29]). It consists of a kinase cascade that regulates two functionally redundant tran-
scriptional co-activators, Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ). In response to various extracellular signals, the mammalian
STE20-like protein kinases 1 and -2 (MST1, MST2) are activated and phosphorylate the
large tumor suppressor homolog kinases 1 and -2 (LATS1, LATS2), which in turn phos-
phorylate and inactivate YAP and TAZ [30–33]. When the cascade is inactivated, YAP and
TAZ accumulate in the nucleus and interact principally with members of the TEA domain
(TEAD) family of transcription factors to regulate the transcription of genes involved in
cell growth, apoptosis, and proliferation [29,34].

Very little is known about the role of Hippo signaling in the testis, and most studies
thus far have focused on its involvement in postnatal testicular physiology. Notably, it was
shown that YAP is negatively regulated by FSH/PKA signaling in Sertoli cells [35,36] and
that the number of YAP-positive Leydig cells increases in the mouse testis following chronic
heat stress [37]. It was also shown that the loss of Yap and Taz decreases the expression of
male sex-determining genes and increases the expression of female sex-determining genes
in an immature Sertoli cell culture model [38], while the loss of Lats1 and Lats2 in granulosa
cells have the opposite effect [39]. Finally, it was also demonstrated that the loss of Kindlin-2
(also known as fermitin family homolog 2; Fermt2) in Sertoli cells inhibits their proliferation
and impairs cell–cell junction and blood–testis barrier maintenance by enhancing LATS1
interaction with YAP [40]. However, to this day, no studies have directly evaluated the role
of LATS1 and LATS2, the core kinases of Hippo signaling, in testicular development.

In this study, we generated a mouse model in which Lats1 and Lats2 were conditionally
deleted in testicular somatic cells to characterize the role of the Hippo signaling pathway
in the development of the testes.

2. Results

2.1. Testicular Dysgenesis Is Observed following Concomitant Deletion of Lats1 and Lats2 in Testis
Somatic Cells

To investigate the role of Hippo signaling in testicular development, we genetically
disrupted the core Hippo pathway kinases Lats1, Lats2, or both in testicular somatic cells.
To do this, mice bearing floxed alleles for Lats1 and/or Lats2 were crossed with a Nr5a1-
cre [41] strain that drives the expression of Cre recombinase in the precursors of both Sertoli
cells and FLCs of the developing testes. Lats1flox/flox;Nr5a1-cre and Lats2flox/flox;Nr5a1-cre
mice developed normally, were healthy, had normal lifespans, and were fertile. Testes
from Lats1flox/flox; Nr5a1-cre and Lats2flox/flox; Nr5a1-cre mice appeared normal at the
gross and histologic levels and were therefore not further studied. Conversely, double
cKO (Lats1flox/flox;Lats2flox/flox;Nr5a1-cre) mice died between 2 and 3 weeks of age of
adrenal failure due to Cre expression in the adrenal cortex [42]. Gross morphological
assessment showed that the testes from 2-week-old Lats1flox/flox;Lats2flox/flox;Nr5a1-cre
mice were smaller than the testes from the control Lats1flox/flox;Lats2flox/flox animals and
had a distinctive, lobular appearance (Figure 1A).
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Lats1 flox/flox;Lats2 flox/flox;Nr5a1-cre
           

Lats1 flox/flox ;Lats2 flox/floxA-

50 μm

*

20 μm

C- Lats1flox/flox;Lats2flox/flox;Nr5a1-creB- Lats1flox/flox;Lats2flox/flox

           

E- Lats1flox/flox;Lats2flox/flox;Nr5a1-creD- Lats1flox/flox;Lats2flox/flox;Nr5a1-cre

Figure 1. Testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice are larger than controls and are histo-
morphologically abnormal. (A) Photographs of testes from 2-week-old Lats1flox/flox;Lats2flox/flox

(control) and Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice. Ruler graduations are in millimeters.
(B,C) Photomicrographs comparing the testes of 2-week-old (B) Lats1flox/flox;Lats2flox/flox and (C)
Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice. (D,E) Photomicrographs illustrating the remaining semi-
niferous tubules (D) and interstitium (E) in Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice at higher mag-
nification. Arrowhead = cells with a large nucleus and pale abundant cytoplasm. Red arrow = cell
with an elongated large nucleus with an abundant cytoplasm. Black arrow = spindle-shaped cells.
Asterisk = pyknotic cell. Dashes = delimitation of the seminiferous tubules. Scale bar in C is valid for
B and scale bar in E is valid for D. Hematoxylin and eosin stain.

Histological analyses revealed striking abnormalities in the testes of Lats1flox/flox;
Lats2flox/flox;Nr5a1-cre mice. Seminiferous tubules were rarely observed and were very
large, with disorganized cells and no lumen (Figure 1B–E). Several different types of cells
were present within these tubules, with some cells having elongated large nuclei with
an abundant cytoplasm, others having round large nuclei and abundant pale cytoplasm,
others having a spindle shape, and others being pyknotic (Figure 1D). Furthermore, the
tubules were surrounded by spindle-shaped interstitial cells reminiscent of fibroblasts or
myofibroblasts (Figure 1E).

2.2. Testicular Dysgenesis Is First Observed at e14.5 in Lats1flox/flox;Lats2flox/flox;Nr5a1-cre Mice

To analyze the onset and evolution of the phenotype observed in the testes of
Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice, embryos were collected from embryonic days
e12.5 onward, and histopathologic examination of the developing testes was performed.
These analyses showed that testes from e12.5 Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice were
phenotypically indistinguishable from age-matched controls (Figure 2) (n = 6). However,
starting at e14.5, dysgenesis of a few testis cords became apparent in 30% of the mutant
animals (n = 10) (Figure 2, dashed lines), while no abnormal phenotype was apparent in
the remaining animals (Figure S1A). By e16.5, dysgenesis was apparent in a larger portion
of the testis cords of all mutant animals (n = 4) and an accumulation of spindle-shaped
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cells was apparent in some regions of the interstitium (Figure 2, red arrow). At e17.5,
the phenotypic changes observed in the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice
were exacerbated and dysgenesis was observed in all of the testis cords, with the Sertoli
cells being disorganized and having a large prominent cytoplasm and the remaining germ
cells being mostly apoptotic (Figure S2A, arrowhead) and pushed over to one side of the
cords (n = 10) (Figure 2, arrow, Figure S2B). Testis cords were also larger than their control
counterparts and the interstitium was mostly occupied by spindle-shaped cells (Figure 2).
Phenotypic changes observed in the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice were
even more pervasive and pronounced in testes of 1dpp mutant animals (Figure 2), with
germ cells being absent in the majority of the tubules (Figure 2, Figure S2B), the presence of
some spindle-shaped cells of indeterminate origin located inside the testis cords (Figure 2,
arrowhead), and the interstitium being completely occupied by spindle-shaped cells.

Lats1flox/flox;Lats2flox/flox;Nr5a1-creLats1flox/flox;Lats2flox/flox

           

e14.5

e17.5

1 dpp

e16.5

e12.5

50 μm

Figure 2. Progressive testicular dysgenesis in the Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice. Pho-
tomicrographs comparing testis histology of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre with that of
Lats1flox/flox;Lats2flox/flox controls during development. Dashed lines = testis cords dysgenesis,
black arrow = germ cells, red arrow = interstitial spindle-shaped cells, arrowhead = spindle-shaped
cells in the testis cords. Scale bar (lower right) is valid for all images. Hematoxylin and eosin stain.
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2.3. Hippo Signaling Is Inactivated in Late Stages of Testicular Differentiation

Although the Nr5a1 promoter is active from the early stages of adrenal–gonadal
primordium formation at around e9.0–e10 in mice [43], the phenotypic changes observed in
the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice were not apparent until e14.5. This is
later than expected but is consistent with the timing of phenotypic changes and inactivation
of Lats1 and Lats2 observed in the developing adrenal glands of mutant animals, which is
also first observed at e14.5 [42]. To determine if this was also the case in the testes, RT-qPCR
analyses were performed on developing testes at embryonic days e14.5, e17.5 and 1dpp.
The results showed a small but significant reduction (33%) of testis Lats1 mRNA levels
(but no reduction of Last2 mRNA levels) in e14.5 mutant animals (Figure 3A); 56% and
42% decreases in testis Lats1 and Lats2 mRNA levels in e17.5 mutant animals (Figure 3B);
and 60% and 58% decreases in testis Lats1 and Lats2 mRNA levels in 1dpp mutant animals
(Figure 3C).
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Figure 3. Efficiency of Lats1 and Lats2 knockdown in the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre
mice. (A–C) RT-qPCR analysis of Lats1 and Lats2 mRNA levels in the testes of (A) e14.5, (B) e17.5,
and (C) 1 dpp mice of the indicated genotypes (n = 6 animals/genotype). All data were normal-
ized to the housekeeping gene Rpl19 and are expressed as means (columns) ± SEM (error bars).
Asterisks = significantly different from control (* p < 0.05; **** p < 0.0001). (D) Immunohistochemical
analysis of phospho-YAP expression in the testes of mice of the indicated genotypes. Scale bar (lower
right) is valid for all images. Arrowhead = cells with inefficient recombination. Arrow = cells with
efficient recombination.

We were unable to obtain quality immunohistochemistry for LATS1/2 to complement
our RT-qPCR Lats1/2 expression data. Loss of Lats1 and Lats2 was therefore assessed indi-
rectly by evaluating the phosphorylation of their substrate YAP. At e13.5, phospho-YAP
was readily detected in the nucleus of the Sertoli cells of both control and mutant testes
(Figure 3D). Weak expression of phospho-YAP could also be detected in some interstitial
cells of both control and mutant testes. These results suggest that Hippo signaling was
not inactivated in mutant animals at this time point. At e14.5, phospho-YAP expression
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was readily detected in the Sertoli cells and interstitial cells of the control testes (Figure 3D)
and some mutant animals (Figure S1B). However, a decrease in the expression of phospho-
YAP could be observed in a few Sertoli cells of some mutant animals (Figure 3D, Arrow).
Furthermore, phospho-YAP expression remained weak and mostly cytoplasmic in the
interstitium of these animals (Figure 3D). At e15.5 and e17.5, phospho-YAP expression re-
mained elevated in both the interstitial cells and the Sertoli cells of control testes (Figure 3D).
However, in the testes of the mutant animals, phospho-YAP was no longer detected in the
majority of the interstitial cells (Figure 3D). Phospho-YAP expression was also lost in the
majority (but not all) of the Sertoli cells, suggesting that recombination had not yet occurred
in all Sertoli cells (Figure 3D, arrowhead). The pattern of expression of phospho-YAP is
in accordance with the loss of Lats1 and Lats2 in the mutant animals and confirmed that
inactivation of Hippo signaling occurs in both the FLCs and Sertoli cells. Variation between
phospho-YAP expression in e14.5 mutant animals combined with the RT-qPCR data also
suggests that recombination is initiated around that time point in mutant animals.

Since the inactivation of Hippo signaling is also normally associated with an increase
in the nuclear localization of both YAP and TAZ, the expression of YAP and TAZ and
their classic downstream targets were further evaluated at e17.5 by immunohistochemistry
(using antibodies that mark both their phosphorylated and unphosphorylated forms).
At this time point, YAP expression was detected in the cytoplasm and nucleus of most
interstitial cells and in the Sertoli cells of control animals (Figure 4A,C). In the testes of
mutant animals, expression of YAP was observed in the nucleus of most interstitial cells
(Figure 4B,D). Nuclear, but generally weak, expression of YAP was detected in the Sertoli
cells located in the middle of the tubules (Figure 4B,E) while strong YAP expression was
observed in the Sertoli cells located at the periphery of some tubules (Figure 4B, arrow).
However, this last population also expressed phospho-YAP (Figure 3D), suggesting that
they correspond to Sertoli cells in which recombination did not occur. Weak TAZ expression
was detected in the cytoplasm of the majority of Sertoli cells and some interstitial cells,
as well as in the nucleus of rare interstitial cells in the control animals (Figure 4F,H).
However, nuclear expression of TAZ was detected in a larger proportion of interstitial cells
in the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice (Figure 4G,I). Furthermore, TAZ
expression was detected in both the cytoplasm and nucleus of the recombined Sertoli cells
(Figure 4G,J), suggesting that the increase of TAZ activity might play a greater role in the
observed phenotype.

To further determine if the transcriptional co-regulatory activity of YAP and TAZ
was increased in Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice, the mRNA levels of the well-
established YAP/TAZ target genes ankyrin repeat domain 1 (Ankrd1), connective tissue
growth factor (Ctgf ), and cysteine-rich and angiogenic inducer 61 (Cyr61) were quantified by
RT-qPCR. A 40-fold increase in the mRNA levels of Ankrd1 and an 8-fold increase in the mRNA
levels of Ctgf and Cyr61 were observed in the testes of e17.5 Lats1flox/flox;Lats2flox/flox;Nr5a1-
cre mice (Figure 4K), confirming that the expression of known targets of YAP and TAZ
is increased in the testes of mutant animals. Taken together, these data suggest that
transcriptional regulatory activity of YAP and/or TAZ is increased in the somatic cells
of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice, and most likely play a role in the observed
phenotypic changes.

168



Int. J. Mol. Sci. 2022, 23, 13585

Figure 4. YAP/TAZ activity increases in the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1cre/+ mice.
(A–E) Immunohistochemical analysis of YAP expression in testes of e17.5 mice of the indicated geno-
types. (F–J) Immunohistochemical analysis of TAZ expression in testes of e17.5 mice of the indicated
genotypes. Arrow = YAP expression in non-recombined Sertoli cells. Scale bar in (G) is valid for
(A,B,F). Scale bar in (J) is valid for (C–E,H,I). (K,L) RT-qPCR analysis of YAP/TAZ downstream tar-
gets mRNA levels in the testes of e17.5 mice of the indicated genotypes (n = 6 animals/genotype). All
data were normalized to the housekeeping gene Rpl19 and are expressed as means (columns) ± SEM
(error bars). Asterisks = significantly different from control (**** p < 0.0001).
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2.4. Disruption of Lats1 and Lats2 Alters the Epithelization and the Differentiation of the Sertoli
Cells during Testis Development

YAP and TAZ activation have been known to play key roles in processes such
as epithelial-to-mesenchymal (EMT) transition and fibrosis, two cellular processes that
share many molecular characteristics [44–46]. Misexpression of mesenchymal-associated
pathways could explain both the loss polarity of Sertoli cells and the appearance of
fibroblast/myofibroblast-like cells in the interstitial tissue. To determine if normal ep-
ithelization of the Sertoli cells was affected in the testes of mutant animals, markers of
Sertoli cell junctions were then evaluated. Expression of GAP junction protein alpha-1
(GJA1), (an important component of Sertoli/Sertoli interactions [47,48]) expression was
first analyzed. At e14.5, expression of GJA1 was marginal in both the control and mutant
animals, with most of the expression detected in the interstitial tissue and only weak ex-
pression observed in the testis cords (Figure 5A). A marked increase in the expression of
GJA1 was observed in the testis cords of control and mutant animals at e16.5. However,
GJA1 expression was more important at the periphery of the testis cords in control ani-
mals, a pattern of expression that is not observed in mutant animals (Figure 5A). At e17.5,
GJA1 expression was mainly observed at the periphery of testis cords (at the presumed
Sertoli cell junctions), while GJA1 expression was lost in the majority of the testis cords
of the mutant animals (Figure 5A). Furthermore, the mRNA levels for occludin (Ocln), a
major contributor to Sertoli cell tight junctions, and for par-6 family cell polarity regulator
beta (Pard6b), a gene important for apicobasal polarity, also decreased in the testes of
mutant animals (Figure 5B) suggesting that epithelization of the Sertoli cells was affected
in Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice.

To further determine if the loss of Lats1 and Lats2 in Sertoli cells affects their cellular
identity, immunohistochemistry for WT1 and SOX9 was performed. In control animals,
WT1+ and SOX9+ positive cells were mostly located at the periphery of the testis cords
from e14.5 to 1dpp, though rare positive cells were observed in the middle of the cords at
e14.5 (Figure 6A,B). In the testes of mutant animals, an increasing portion of WT1+ was
found in the middle of the testis cords between e14.5 and 1dpp (Figure 6A, arrow), again
suggesting that these Sertoli cells had lost their polarity. Interestingly, even if localization of
SOX9+ cells were initially similar to WT1+ cells in Lats1flox/flox;Lats2flox/flox;Nr5a1-cre, only
rare SOX9+ cells could be detected in the seminiferous tubules of 1dpp mice (Figure 6B).
To confirm the results obtained by immunohistochemistry and to further characterize the
Sertoli cells in Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice, the expression of the Sertoli cell
markers cytochrome P450, 26, retinoic acid B1 (Cyp26b1), desert hedgehog (Dhh), doublesex
and mab-3-related transcription factor 1 (Dmrt1), Sox9, and Wt1 were evaluated by RT-qPCR
at 1dpp. Interestingly, the mRNA levels of all Sertoli cell markers decreased significantly
except for the mRNA levels of Wt1, which were maintained in the testes of mutant animals
(Figure 6C). To determine if Sertoli cells could differentiate into granulosa cells, RT-qPCR
were also performed for forkhead box L2 (Foxl2) and wingless-type MMTV integration site
family, member 4 (Wnt4). However, expression levels of both markers did not increase in
the testes of mutant animals (Figure S3). Taken together, the epithelization defect and the
expression of Sertoli cell markers suggest that the loss of Lats1/2 affects the identity of the
Sertoli cells but that these cells do not transdifferentiate into granulosa cells.
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Figure 5. Loss of Lats1 and Lats2 affects the polarity of the Sertoli cells. (A) Immunohistochemical
analysis of GJA1 expression in testes of mice of the indicated genotypes. Scale bar (lower right) is
valid for all images. (B) RT-qPCR analysis of Ocln and Pard6b mRNA levels in the testes of 1 dpp mice
of the indicated genotypes (n = 6 animals/genotype). All data were normalized to the housekeeping
gene Rpl19 and are expressed as means (columns) ± SEM (error bars). Asterisks = significantly
different from control (** p < 0.01; **** p < 0.0001).
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Figure 6. Loss of Lats1 and Lats2 affects expression of key Sertoli cell markers. (A) Immunohistochem-
ical analysis of WT1 expression in testes of mice of the indicated genotypes. (B) Immunohistochemical
analysis of SOX9 expression in testes of mice of the indicated genotypes. Arrow = immunopositive
cells that lost their polarity. Arrowhead = immunopositive cells with normal polarity. Scale bar (lower
right) is valid for all images. (C) RT-qPCR analysis of Sertoli cell markers in testes of 1dpp mice of the
indicated genotypes (n = 6 animals/genotype). All data were normalized to the housekeeping gene
Rpl19 and are expressed as means (columns) ± SEM (error bars). Asterisks = significantly different
from control (* p < 0.05; *** p < 0.001; **** p < 0.0001).

2.5. Disruption of Lats1 and Lats2 Causes the Loss of Steroidogenic Markers and Leads to Fibrosis
of the Testis Interstitium

To characterize the consequences of Lats1 and Lats2 deletion in FLCs, CYP17A1 ex-
pression was evaluated by immunohistochemistry. At e14.5, the expression of CYP17A1
was indistinguishable between control and mutant animals (Figure 7A). However, at e17.5,
the number of CYP17A1+ cells was considerably reduced in the testes of mutant animals
compared to their control counterparts (Figure 7A).
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Figure 7. Loss of Lats1 and Lats2 affects FLCs. (A) Immunohistochemical analysis of CYP17A1
expression in testes of mice of the indicated genotypes. Scale bar (lower right) is valid for all images.
(B,C) RT-qPCR analysis of steroidogenesis (B) and progenitor FLC markers (C) in testes of 1dpp mice
of the indicated genotypes (n = 6 animals/genotype). All data were normalized to the housekeeping
gene Rpl19 and are expressed as means (columns) ± SEM (error bars). Asterisks = significantly
different from control (* p < 0.05; ** p < 0.01; **** p < 0.0001).

By 1dpp, CYP17A1+ cells were completely absent in the testes of mutant animals
(Figure 7A). To confirm the loss of steroidogenic cells, Cyp17a1, hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid-delta-isomerase 1 (Hsd3b1), nuclear receptor subfamily
5, group A, member 1 (Nr5a1) and steroidogenic acute regulatory protein (Star) mRNA
levels were evaluated. As expected, a marked loss of every steroidogenic marker was
observed in testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice (Figure 7B). Together, these
results suggest that like Sertoli cells, FLC differentiation initially occurs but that FLC
subsequently lose their steroidogenic capacity.

To further characterize the FLC population, expression of platelet-derived growth
factor receptor, alpha polypeptide (Pdgfra), and patched homolog 1 (Ptch1), which are
initially expressed in both interstitial cells and non-steroidogenic FLCs progenitors [49–52],
as well as the effector of Hedgehog signaling Gli1, were also evaluated by RT-qPCR at 1dpp.
Again, a significant decrease in the mRNA levels of all three markers were observed in testes
of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice (Figure 7C), arguing against the possibility that
FLCs dedifferentiate into non-steroidogenic FLCs progenitors.
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The progressive loss of steroidogenesis and the adoption of a myofibroblast-like spin-
dle shape by the testis interstitial cells was reminiscent of similar changes that occur in the
adrenal gland of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice [42]. In the latter, adrenocortical
cells (which share a common embryonic origin with FLCs) overexpress the mesenchymal
cell and myofibroblast marker vimentin (VIM), followed by an increase in the expression
of the myocyte and myofibroblast marker α-SMA [42]. To determine if this was also the
case in the testes, VIM and α-SMA expression were evaluated in the testes of control and
mutant mice. A marked increase in the number of VIM+ cells was detected in the interstitial
tissue of the mutant testes compared to controls (Figure 8A,B) at e17.5. Interestingly, the
expression pattern of VIM was also modified in the Sertoli cells (Figure 8A,B). An increase
in α-SMA expression was detected in the majority of the interstitial cells of mutant ani-
mals (Figure 8C,D) but only at 1dpp. This increase of expression was also associated with
an increase in the mRNA levels of actin, alpha 2, smooth muscle, aorta (Acta2, the gene
coding for α-SMA), and of the myofibroblast markers caldesmon 1 (Cald1) and secreted
phosphoprotein 1 (Spp1) (Figure 8E), as well as with the eventual accumulation of collagen
fibers in the interstitial tissue of older animals (Figure 8F, G). Together these results suggest
that the transdifferentiation of the FLCs cells could be at least in part responsible for the
interstitial fibrosis.

Figure 8. Loss of Lats1 and Lats2 leads to fibrosis in the testis interstitial tissue. (A,B) Im-
munohistochemical analysis of VIM expression in testes of e17.5 mice of the indicated genotypes.
(C,D) Immunohistochemical analysis of α-SMA expression in testes of 1dpp mice of the indicated
genotypes. (E) RT-qPCR analysis of myofibroblast markers in testes of 1dpp mice of the indicated
genotypes (n = 6 animals/genotype). All data were normalized to the housekeeping gene Rpl19 and
are expressed as means (columns) ± SEM (error bars). Asterisks = significantly different from control
(* p < 0.05; ** p < 0.01; *** p < 0.001). (F,G) Masson’s trichrome staining of 2-week-old mice of the
indicated phenotype. Scale bars in the right panels are valid for the left panels.
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3. Discussion

In recent years, Hippo has been identified as one of the most important signaling
pathways involved in tissue development; however, no study has evaluated its function
in the development of the testes. We report herein that the concomitant inactivation of
the two core kinases of the Hippo pathway, Lats1 and Lats2, alters the fate of the testicular
somatic cells.

Even though NR5A1 is normally expressed early during gonadal development (e9.5–10.0)
in a progenitor cell population that differentiate into both Sertoli cells and FLCs [13], the
loss of Lats1/2 observed in the Lats1flox/flox;Lats2flox/flox;Nr5a1-cre model was only apparent
in late stages of testis development, as suggested by the loss of Lats1 and Lats2 mRNA
levels and concomitant loss of YAP phosphorylation. This result could be explained in one
of two ways. First, it is possible that recombination of the Lats1 and Lats2 floxed alleles is
not efficient in testis somatic cells. Second, it is possible that the Nr5a1-cre model used in
the present study does not sufficiently express Cre in the early stages of testis development
to allow proper recombination. In that regard, it is important to note that the Nr5a1-cre
model used for this study was the one developed by the Lowell group [41], which has never
been fully characterized in the early stages of testis development and which has been used
more sparingly than the model developed by the Parker group [53]. No matter the reason,
our results suggest that efficient recombination only occurs when Sertoli cells and FLCs are
already committed to their respective lineage, and it can be concluded that the phenotypic
changes observed in the mutants herein are most likely due to the transdifferentiation of the
Sertoli cells and FLCs rather than to the altered differentiation of their common progenitors.

Inactivation of Lats1/2 seems to impair the development of both Sertoli cells and
FLCs cells in the Lats1flox/flox;Lats2flox/flox;Nr5a1-cre animals. In Sertoli cells, the redistri-
bution/increase of VIM expression, the absence of increase in junction protein, alpha 1,
43 KDA (GJA1) expression, the decrease in the expression of Ocln and Pard6b, and the
presence of WT1+ and SOX9+ cells at the center of the tubules together suggest that Sertoli
cells lose their epithelial nature and potentially gain characteristics of mesenchymal cells in
mutant mice. Epithelial–mesenchymal transition (EMT) is a common event following the
downregulation of Hippo signaling and the increase in YAP/TAZ activity [39,54–59] and
has notably been reported to occur in ovarian granulosa cells [39], which share a common
precursor with Sertoli cells [4]. Interestingly, it was shown that YAP and WT1 act in synergy
to loosen cell–cell contacts and trigger EMT in the epithelial MDCK cell line [59], suggesting
that YAP or TAZ could act with WT1 in a similar manner in Sertoli cells. It was also previ-
ously observed that Sertoli cells initially have mesenchyme-like behaviors and morphology
before migrating to the periphery of the testis cords and gaining characteristics of epithelial
cells [60]. The phenotype observed in the Lats1flox/flox;Lats2flox/flox;Nr5a1-cre model could
therefore suggest that the Sertoli cells regain characteristics of mesenchymal cells and
dedifferentiate to a more primitive stage of development. The fact that WT1 expression
(whose expression precedes the differentiation of the Sertoli cell expression [16,61,62]) is
maintained in the majority of the presumptive Sertoli cells while SOX9 and Dhh are lost
also argues in favor of the dedifferentiation of the Sertoli cells. Further experiments are
required to delineate the role of Hippo signaling in the maintenance of the identity of the
Sertoli cells.

Loss of SOX9 expression in the presumptive immature Sertoli cells of the Lats1flox/flox;
Lats2flox/flox;Nr5a1-cre animals was surprising as it was previously shown that loss of Yap
and Taz leads to the downregulation of SOX9 expression in primary cultures of immature
Sertoli cells [38] and that loss of Lats1 and Lats2 in postnatal granulosa cells leads to an
increase in SOX9 expression and the appearance of Sertoli-like cells in the ovary [39]. This
finding suggests that interactions between Hippo signaling and Sox9 expression are more
complex than expected. Since YAP and TAZ can bind several transcription factors, it is
possible that the presence or absence of other transcription factors during different stages
of Sertoli cell development dictate the regulation of Sox9 by Hippo signaling. Another
possibility is that very tight regulation of the transcriptional activity of YAP and TAZ is
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necessary to direct proper levels of Sox9 expression and to determine Sertoli cell fate. For
instance, basal levels of YAP and TAZ expression may be necessary for proper expression
of SOX9 in the developing Sertoli cells, while overexpression of YAP and TAZ could lead
to its inactivation. Indeed, a phenomenon similar to this has been reported to occur in the
developing kidney, where the deletion of Yap in the cap mesenchyme prevents nephron
formation [63], whereas the overexpression of YAP/TAZ leads to the differentiation of
nephron progenitors into myofibroblasts [64].

Aside from the Sertoli cells, the interstitial tissues were also affected in the Lats1flox/flox;
Lats2flox/flox;Nr5a1-cre animals. Loss of steroidogenic FLCs and the concomitant appear-
ance of a spindle-shaped cell population leading to the development of interstitial fi-
brosis was observed in the testis of mutant animals at e16.5. Because steroidogenic
cells progressively transdifferentiate into myofibroblast-like cells in the adrenal cortex
of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre animals [42], we hypothesized that FLCs (which
share a common origin with the steroidogenic cells of the adrenal cortex) also transdifferen-
tiate into myofibroblast-like cells in these animals. Interestingly, it was previously shown
that disruption of Nr5a1 in FLCs leads to massive interstitial fibrosis caused by the synthesis
of extracellular matrix by the Nr5a1-disrupted FLCs [65], suggesting that loss of Nr5a1
in our model could be responsible for the observed fibrosis. Though it seems likely that
some myofibroblast-like cells were of Leydig cell origin, we cannot rule out the possibility
that others originated from peritubular myoid cells or other stromal cell types. Lineage
tracing experiments would be needed to determine their origin unequivocally. Hippo
signaling inactivation and YAP/TAZ transcriptional activation have also been shown to
play a major roles in the transdifferentiation of cells into myofibroblasts and fibrosis in
non-endocrine tissues such as the lung [66] and the heart [67] as well as in tissues derived
from the intermediate mesoderm such as the kidney [68] and the Mullerian duct [69].
Among the known downstream targets of YAP/TAZ, CTGF could play an important role
in the transdifferentiation of FLCs into myofibroblast-like cells. Indeed, CTGF has been
previously described as a key driver of fibrosis [70–73] and myofibroblast formation [74–76].
Furthermore, it was shown that TAZ was dramatically enriched on the promoter of Ctgf
following inactivation of Lats1/2 in mouse Mullerian ducts, leading to Ctgf overexpression
and myofibroblast transdifferentiation [69].

Even though we attributed the phenotypic changes observed in the Sertoli cells and
FLCs of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre mice to the direct loss of Lats1/2 in these cell
types, there is also a possibility that the loss of Lats1/2 in Sertoli cells affected the FLCs and vice
versa. For example, loss of DHH secretion by Sertoli cells in Lats1flox/flox;Lats2flox/flox;Nr5a1-
cre animals could affect FLC differentiation [11]. Conversely, loss of Activin A secretion by
FLCs could indirectly affect Sertoli cells and testis cord formation [77]. Activin A increases
SOX9 nuclear localization in the esophageal adenocarcinoma cell line FLO-1 [78], suggesting
that Activin A could also regulate SOX9 in the Sertoli cells. Furthermore, transdifferentia-
tion of the FLC population into myofibroblast-like cells could mechanically interfere with
testis cord development. In agreement with this hypothesis, it was shown that inactivation
of Lats1/2 in the Müllerian duct mesenchyme cells prior to the degradation of the Müllerian
ducts in males leads to their differentiation into myofibroblasts, which in turn interfere
with the development and the coiling of the adjacent epididymides [69]. Transgenic models
that target Lats1/2 specifically in the Sertoli cells and the FLCs are needed to distinguish
between the direct and indirect effects in each cell population. Lastly, though an increase
in YAP/TAZ transcriptional activity in the testes of Lats1flox/flox;Lats2flox/flox;Nr5a1-cre
animals is the presumptive driving force behind the observed phenotypic changes, it is im-
portant to mention that LATS1/2 can occasionally act independently of the canonical Hippo
pathway [79,80]. The generation of a Lats1flox/flox;Lats2flox/flox;Yapfloxflox;Tazfloxflox;Nr5a1-
cre mouse model is needed to determine if YAP/TAZ stabilization is solely responsible for
the effects of Lats1/2 loss.

In summary, we report here a previously unheard role of the Hippo pathway in the
development of the testis, as loss of Lats1/2 results in testis cord dysgenesis and interstitial
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fibrosis. Further studies are required to define the mechanism of action of Hippo signaling
throughout testis development in both FLC and Sertoli cell differentiation.

4. Material and Methods

4.1. Ethics

Animal procedures were approved by the Comité d’Éthique de l’Utilisation des Ani-
maux of the Université de Montréal (protocol numbers Rech-1739 and Rech-1909 respec-
tively approved in 2015 and 2017) and conformed to the guidelines of the Canadian Council
on Animal Care.

4.2. Transgenic Mouse Strains

Nr5a1-cre mice (FVB-Tg-Nr5a1Cre7Lowl/J) were obtained from the Jackson Labora-
tory and maintained by crossing Cre-positive males with wild-type females (C57BL/6J).
Lats1flox/flox (Lats1tm1.1JFm/RjoJ) and Lats2flox/flox (Lats2tm1.1JFm/RjoJ) mice were obtained
from Dr. Randy L. Johnson (M.D. Anderson Cancer Center, Houston, TX, USA). Mice were se-
lectively bred over several generations to obtain the Lats1flox/flox;Nr5a1-cre, Lats2flox/flox;Nr5a1-
cre and Lats1flox/flox;Lats2flox/flox;Nr5a1-cre genotypes. Genotype analyses were done on
tail biopsies by PCR as previously described for Cre [41] and Lats1/2 [81].

4.3. Tissue Collection

All embryos or testes were collected from e12.5 to e17.5, 1dpp (day post-partum) and
2-week-old Lats1flox/flox;Lats2flox/flox;Nr5a1-cre male mice and Lats1flox/flox;Lats2flox/flox

control littermates and were fixed in 4% paraformaldehyde for 4 h (whole embryos, 1 dpp
testes) or Bouin’s fixative overnight (testes from 2-week-old mice) and embedded in paraffin
for histopathologic analyses or immunohistochemistry (IHC). Some testes from e14.5, e17.5,
and 1dpp animals were flash frozen followed by homogenization for quantitative RT-PCR
(RT-qPCR).

4.4. Histopathology and Immunohistochemistry

Histopathology analyses were performed on paraffin embedded, 5 μm thick tissues
stained with hematoxylin and eosin (H&E) or Masson’s trichrome. Immunohistochem-
istry analyses were performed on paraffin-embedded, 5 μm thick tissue sections using
VectaStain Elite avidin–biotin complex method kits (Vector Laboratories, Newark, CA,
USA) or mouse on mouse (M.O.M.) elite peroxidase kit (Vector Laboratories) as directed
by the manufacturers. Sections were probed with antibodies against cCASP3, CYP17A1,
DDX4, GJA1, α-SMA, SOX9, TAZ, VIM, WT1, YAP, or phospho-YAP. Staining was done
using the 3,3′-diaminobenzidine peroxidase substrate kit (Vector Laboratories) or with a
chromogen (Agilent) and counterstained with hematoxylin before mounting. Negative
controls consisted of slides for which the primary antibody was omitted. Antibodies used
are listed in Supplemental Table S1.

4.5. Reverse-Transcription-Quantitative PCR

Total RNA from testes of e14.5, e17.5, and 1 dpp animals was extracted using the Total
RNA Mini Kit (FroggaBio, Concord, ON, Canada) according to the manufacturer’s protocol.
Total RNA was reverse-transcribed using 100 ng of RNA and the SuperScriptVilo™ cDNA
synthesis kit (Thermo Fisher scientific, Waltham, Ma, U.S.). Real-time PCR reactions
were run on a CFX96 Touch instrument (Bio-Rad, Hercules, CA, USA), using Supergreen
Advanced qPCR MasterMix (Wisent, St-Bruno, Qc, Canada). Each PCR reaction consisted
of 7.5 μL of Power SYBR Green PCR Master Mix, 2.3 μL of water, 4 μL of cDNA sample
and 0.6 μL (400 nmol) of gene-specific primers. PCR reactions run without cDNA (water
blank) served as negative controls. A common thermal cycling program (3 min at 95 ◦C,
m of 15 s at 95 ◦C, 30 s at 60 ◦C and 30 s at 72◦C) was used to amplify each transcript. To
quantify relative gene expression, the Ct of genes of interest was compared with that of
Rpl19, according to the ratio R = [ECt Rpl19/ECt target] where E is the amplification efficiency
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for each primer pair. Rpl19 Ct values did not change significantly between tissues, and
Rpl19 was therefore deemed suitable as an internal reference gene. The specific primer
sequences used are listed in Supplemental Table S2.

4.6. Statistical Analyses

All statistical analyses were performed with Prism software version 6.0d (GraphPad
Software Inc., CA, USA, RRID: SCR_002798). All the datasets were subjected to the F test to
determine the equality of variances. Student’s t-test was used for all comparisons between
genotypes. Means were considered significantly different when p value was < 0.05. All
data are presented as means ± SEM.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232113585/s1.
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Abstract: Perinatal exposure to endocrine disrupting chemicals (EDCs) has been shown to affect male
reproductive functions. However, the effects on male reproduction of exposure to EDC mixtures at
doses relevant to humans have not been fully characterized. In previous studies, we found that in
utero exposure to mixtures of the plasticizer di(2-ethylhexyl) phthalate (DEHP) and the soy-based
phytoestrogen genistein (Gen) induced abnormal testis development in rats. In the present study, we
investigated the molecular basis of these effects in adult testes from the offspring of pregnant SD rats
gavaged with corn oil or Gen + DEHP mixtures at 0.1 or 10 mg/kg/day. Testicular transcriptomes
were determined by microarray and RNA-seq analyses. A protein analysis was performed on paraffin
and frozen testis sections, mainly by immunofluorescence. The transcription factor forkhead box
protein 3 (FOXA3), a key regulator of Leydig cell function, was identified as the most significantly
downregulated gene in testes from rats exposed in utero to Gen + DEHP mixtures. FOXA3 protein
levels were decreased in testicular interstitium at a dose previously found to reduce testosterone
levels, suggesting a primary effect of fetal exposure to Gen + DEHP on adult Leydig cells, rather than
on spermatids and Sertoli cells, also expressing FOXA3. Thus, FOXA3 downregulation in adult testes
following fetal exposure to Gen + DEHP may contribute to adverse male reproductive outcomes.

Keywords: endocrine disruptors; EDC mixtures; in utero exposures; transcriptome analysis; testicular
function; Leydig cells

1. Introduction

Infertility is a global problem in which male factors have been found to account for
nearly half of the cases [1,2]. The etiology of male infertility includes defects in sperm
quality, low sperm count, ductal obstruction or dysfunction, or hypothalamic–pituitary
axis disturbances [3,4]. Researchers have found lower sperm counts and decreased quality
of semen in certain geographical regions, suggesting the influence of socioeconomic, nutri-
tional, and/or environmental differences [1,5]. Decreased quality of semen has also been
found to coincide with increasing incidence rates in male genital tract abnormalities such
as cryptorchidism, a major risk factor for testicular cancer [6,7]. Additionally, infertility and
male reproductive pathologies such as hypospadias and testicular cancer are on the rise in
the Western world, and an estimated 10% of couples in the United States are classified as
infertile [4].

The male reproductive system is one of the main targets of endocrine disrupting
chemicals (EDCs), because of the requirement of sex hormones for its development and
functioning, and the fact that many EDCs disrupt androgen and estrogen production
and/or signaling [8–10]. While androgens produced by fetal testes drive the development
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of all male reproductive tissues, adult testes are dedicated to androgen and spermatozoa
production, as well as regulating non-reproductive tissues. The testis is a complex and
highly plastic tissue that comprises germ cells at different stages of development and several
types of somatic cells. The main somatic cells are Leydig cells that produce androgens
critical for the development and steady-state functions of the testis; Sertoli cells that regulate
germ cell development and survival; peritubular myoid cells that contribute to interstitium
components and germ cell regulation; and immune cells that maintain testis immune
privilege and interact with other cell types.

EDCs are hypothesized to be causative agents of male reproductive disorders. Indeed,
many studies, usually with individual EDCs given to pregnant dams at doses exceeding
human exposure, have shown the disruptive effects of EDCs on male offspring repro-
ductive functions, as summarized in the Endocrine Society’s statement review by Gore
and colleagues [11]. EDCs can be natural compounds, such as genistein (Gen), a plant
phytoestrogen found in soy products, baby soy formula, and vegetarian diets, or artificial
compounds, such as 2-diethylhexyl-phthalate (DEHP), a plasticizer with anti-androgenic
properties found in many consumer products. Gen acts as an estrogen-receptor agonist,
and this mechanism of action forms the basis of its classification as a “phytoestrogen” [12].
Gen has been reported to be useful in the treatment of some cancers and chronic diseases
by increasing apoptosis and differentiation. It has also been shown to alter early testicular
germ cell development in rats [13–15] and to delay puberty in male primates [16]. Gen
inhibits ATP-utilizing enzymes such as specific tyrosine kinases in vitro. Additionally, it
has been found to have antioxidant effects and to inhibit angiogenesis. Of note is that some
of these benefits only occur after consumption of a soy-rich diet. Moreover, genistein has
been found to have low toxicity.

DEHP is a synthetic chemical used to increase the flexibility of plastics; it has been
used for years in consumer goods such as household appliances, packaging, medical
tubing, flooring, and other products [17–19]. Over 98% of the United States population has
detectable levels of DEHP and its major metabolite MEHP in their urine. MEHP is also
found in breastmilk. Studies have shown that there is a positive correlation between fast
food consumption and DEHP levels in the body, and have stressed that people can easily
get contaminated through common diets [20]. DEHP can reach the systemic circulation
through ingestion and absorption by the skin. DEHP is an anti-androgenic compound that
decreases Leydig cell production of testosterone in males [21]. It has also been shown to
decrease Sertoli cell function and anogenital distance, an androgen-dependent process, in
male rodents and humans [22].

Gen and DEHP have both been linked to male reproductive pathologies. However, the
effects of EDC mixtures at environmentally relevant doses have not been well characterized.
This identifies a need to evaluate the effects of perinatal exposure to Gen + DEHP mixtures
at doses relevant to humans, to determine their impact on male reproduction. Our previous
studies have found that in utero exposure to mixtures of Gen and DEHP (Gen + DEHP)
at a dose mimicking the exposure level of the general population, and a higher dose
mimicking that of more susceptible populations (such as hospitalized neonates), resulted
in abnormal testicular development in adult (PND120) male rats [23]. Other investigators
have reported similar responses to EDCs in germ cells from human and rat fetal/neonatal
testes, validating the use of rat models to study the impact of EDCs on early germ cell
development [7,24,25]. Since disrupting perinatal germ cells can hamper spermatogenesis
and reproduction later in life, we hypothesize that fetal exposures to Gen + DEHP mixtures
at doses relevant to humans impact the adult testes by disrupting the developmental
program of key testicular cell types and altering their adult functions. Our goal is to
identify the functional pathways altered by in utero exposure to Gen + DEHP mixtures, the
testicular cell types in which these changes occur, and the mechanisms driving them that
could explain the adverse reproductive effects observed [26].
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2. Results

The present study used two transcriptomic approaches to establish DEG profiles and to
perform a functional pathway analysis. First, we extended the analysis of microarray data
collected during a previous study for a dose of 10 mg/kg/day [26]. Then, we performed
a whole transcriptome RNA-seq analysis on additional samples to compare the effects of
both 0.1 and 10 mg/kg/day treatments and to determine whether they disrupted the same
molecular pathways and genes (See Flow-Chart in Materials and Methods).

2.1. Sertoli and Germ Cell Functional Pathways in Adult Offspring Are Altered by In Utero
Exposure to Gen + DEHP Mixtures

We imported the list of 1184 differentially expressed genes affected by Gen + DEHP
at a 10 mg/kg/day dose into the Database for Annotation, Visualization and Integrated
Discovery (DAVID) linked with the Kyoto Encyclopedia of Genes and Genomes (KEGG).
The KEGG pathway revealed that many DEGs were related to Sertoli and germ cell path-
ways (Table 1). Among those, the Hippo signaling pathway is a conserved growth control
pathway that plays a role in regulating proliferation of various cell types and has been
found to be important for Sertoli cell function [27]. The Wnt pathway has been found to pro-
mote spermatogonial stem cell maintenance by suppressing apoptosis via the beta-catenin
pathway [28]. Beta-catenin mRNA and protein are predominant in the seminiferous tubules
of fetal mice and beta-catenin has been found to be abundant in Sertoli cells. Retinoic acid is
critical for spermatogenesis and male fertility [29]. Additionally, retinoids are important for
proliferation and differentiation of type A spermatogonia and spermiogenesis. Adherens
junctions are found between Sertoli cells and Sertoli and germ cells, ensuring nutrient
transfer from Sertoli to germ cells, and proper movement of germ cells from the basement
membrane to the lumen. The MAPK pathway has been found to regulate the dynamics
of tight junctions and adherens junctions and is involved in the proliferation and meiosis
of germ cells [30]. These data suggest that in utero exposure to Gen + DEHP affects cells
within the seminiferous tubules of the testis, Sertoli and germ cells.

Table 1. In utero exposure to a 10 mg/kg/day Gen + DEHP mixture affects Sertoli and germ cell
pathways in adult offspring. KEGG analysis of differentially expressed genes (DEGs) by microarray
analysis reveals canonical pathways related to Sertoli and germ cells in rat testes exposed in utero to
10 mg/kg/day of Gen + DEHP. Statistical cut-offs of 40% fold change with an unadjusted p-value of
0.05 were used to obtain gene lists. Three to four pups were used per treatment.

Term Gene Count Percentage p-Value

Hippo signaling pathway 16 1.6 0.0041

Retinol metabolism 11 1.1 0.0042

Wnt signaling pathway 14 1.4 0.0120

cGMP-PKG signaling pathway 15 1.5 0.0160

Adherens junction 9 0.9 0.0170

Galactose metabolism 5 0.5 0.0560

Metabolic pathways 70 6.9 0.0740

MAPK signaling pathway 18 1.8 0.0770

Oxytocin signaling pathway 22 1.2 0.0860

2.2. Forkhead Box A3 (Foxa3) Is the Most Downregulated Gene in Adult Testes from Rats Exposed
in Utero to Gen + DEHP Mixtures

Next, we examined changes in the expression of genes identified as differentially
expressed by conducting a microarray analysis in rats exposed in utero to a Gen + DEHP
mixture at 10 mg/kg/day as compared with control rats. Among 1184 DEGs in the
Gen + DEHP-exposed rats, the transcription factor forkhead box A3 (Foxa3) (also called
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hepatocyte nuclear factor 3γ) was the most downregulated gene, positioning Foxa3 as a
long-term testicular target gene of fetal exposure to EDC mixtures (Table 2). Additionally,
it was the only transcription factor on this list. Interestingly, CYP11A1, the cytochrome
P450 metabolizing cholesterol to pregnenolone, the first step in steroid formation, was
significantly upregulated. Using ingenuity pathway analysis (IPA), next, we compared the
effects of fetal exposure to Gen and DEHP alone to those of the mixture at 10 mg/kg/day,
using the search term “transcription”. This analysis determined that Foxa3 was highly
differentially expressed only in in utero Gen + DEHP exposed rat testes (Figure 1). Whereas
Foxa3 was significantly downregulated by 62% of control values by Gen + DEHP fetal
exposure (−2.60-fold change, p = 0.0014), it was only decreased by 30% of controls in
rats exposed to DEHP (−1.42-fold change, p = 0.0271), and not significantly altered by
fetal exposure to Gen (−1.12-fold change, p = 0.0816). Among these genes, only a few
genes showed significant changes following fetal exposure to DEHP: Tmem249 (−1.31-fold
change, p = 0.007), Tmem210 (−1.45-fold change, p = 0.007), Krt86 (−1.43-fold change,
p = 0.033), and Pkmyt1 (−1.69-fold change, p = 0.005). No genes were altered by fetal
exposure to Gen alone. Regarding the 10 most upregulated genes, Cyp2a1 was increased
to a lesser extend by fetal exposure to Gen alone (2.99-fold change, p = 0.047) than by the
mixture, and there was no significant increase in rats exposed in utero to DEHP alone.
Cyp11a1 was slightly increased by GEN exposure (1.29-fold change, p = 0.001) but not
significantly changed with DEHP alone. None of the other genes upregulated by the
mixture were altered by Gen or DEHP alone. FOXA3 has previously been reported as
the only FOX A family member identified in testes. More specifically, it has been found
to be expressed in Leydig, Sertoli, and germ cells. A study by Behr and colleagues, in
2007, found that mice that were homozygous or heterozygous for the FOXA3 null allele
exhibited reduced male fertility secondary to increased germ cell apoptosis [31]. These data
provide further rationale to exploring the long-term effects of fetal EDC exposure on adult
phenotypes, such as FOXA3 downregulation on testicular functions.

Figure 1. Foxa3 is significantly decreased in rat testes exposed in utero to Gen + DEHP mixtures, but
not by Gen or DEHP alone. Ingenuity pathway analysis (IPA) of the microarray data searching the
term “transcription” identified Foxa3 (red box) as downregulated in testes from adult rats exposed
in utero to 10 mg/kg/day Gen + DEHP (p-value ≤ 0.05). Treatments: Gen, green; DEHP, blue;
Gen-DEHP, purple. Expression changes: Red, upregulation and green, downregulation.

The whole transcriptome RNA sequencing analysis (RNA-seq) conducted on addi-
tional samples revealed that there was a higher number of differentially expressed genes
at the lower dose of 0.1 mg/kg/day as compared with the higher dose of 10 mg/kg/day
for Gen + DEHP (Figure 2A). The RNA-seq showed that Foxa3 was decreased, similarly
to the microarray data, with overlapping values between GEN + DEHP doses of 0.1 and
10 mg/kg/day (Figure 2B). Similar data were obtained by qPCR analysis, showing signif-
icant decreases in Foxa3 at both doses (Figure 2C). These results suggest non-monotonic
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effects of fetal exposure to EDC mixtures, and the further need to evaluate them at doses
below currently documented NOAELs.

Table 2. FOXA3 is the most downregulated DEG in adult rat testes exposed in utero to a
10 mg/kg/day Gen + DEHP mixture. The KEGG analysis of microarrays shows the 10 most down-
regulated (green) and 10 most upregulated (red) genes.

Symbol Entrez Gene Name Fold Change p-Value

Foxa3 forkhead box A3 −2.609 0.0001
Tmem249 transmembrane protein 249 −2.439 0.0412

Krt86 keratin 86 −2.397 0.0381
Tmem210 transmembrane protein 210 −2.378 0.0420

Ldoc1 LDOC1 regulator of NFKB signaling −2.279 0.0109
Pkmyt1 protein kinase, membrane associated tyrosine/threonine 1 −2.214 0.0053
Olr1749 olfactory receptor 1749 −2.201 0.0054
Cyp2g1 cytochrome P450, family 2, subfamily g, polypeptide 1 −2.183 0.0332

Krtap10-7 keratin associated protein 10-7 −2.149 0.0060
Or1f1 olfactory receptor family 1 subfamily F member 1 −2.124 0.0010
Gpr34 G protein-coupled receptor 34 2.497 0.0192
Sat1 spermidine/spermine N1-acetyltransferase 1 2.549 0.0319

Scarb2 scavenger receptor class B member 2 2.551 0.0362
St3gal4 ST3 beta-galactoside alpha-2,3-sialyltransferase 4 2.611 0.0393

Xiap X-linked inhibitor of apoptosis 2.64 0.0357
Abca6 ATP binding cassette subfamily A member 6 2.719 0.0496
Clic2 chloride intracellular channel 2 2.728 0.0448

Cyp11a1 cytochrome P450 family 11 subfamily A member 1 2.865 0.0419
Cyp2a6 cytochrome P450 family 2 subfamily A member 6 3.128 0.0235
Cyp2a1 cytochrome P450, family 2, subfamily a, polypeptide 1 4.044 0.0410

 

Figure 2. Foxa3 expression is decreased in rat testes exposed in utero to Gen + DEHP mixtures:
(A) Venn diagram of DEGs for both exposure doses, from Partek Flow analysis of RNA sequencing
data; (B) RNA-seq analysis of Foxa3 expression performed on rat testes exposed to 0.1 (Red dots)
or 10 mg/kg/day (Orange dots) of Gen + DEHP mixture as compared with control rats (Blue dots).
N = 4 rats from independent dams; (C) qPCR analysis assessing Foxa3 mRNA expression in rat
testes exposed to Gen + DEHP mixtures. N = 4 to 6 rats from different dams. Significance p values:
* p ≤ 0.05; ** p ≤ 0.01.

To assess global FOXA3 protein levels in testes, we used MALDI imaging mass
spectrometry (MALDI IMS) to quantify the amount of FOXA3 protein in frozen adult
testis sections from control rats and in utero Gen + DEHP exposed rats as compared with
ferredoxin 2, another Leydig cell protein, and to the Sertoli cell marker, androgen-binding
protein (ABP). The protein levels of Foxa3 and Ferredoxin 2 were both reduced in testes
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from rats exposed in utero to 0.1 mg/kg/day Gen + DEHP mixture, as shown by decreases
in yellow signals on the sections and the histograms quantifying the normalized signal
intensity by surface unit of sections as compared with the control rats (Figure 3A,B). In
contrast, the intensity of the Sertoli cell protein Abp was strong in the control and EDC-
exposed samples (Figure 3C). These results confirmed Foxa3 as a critical long-term testicular
target of fetal exposure to Gen + DEHP, in agreement with the mRNA data.

Figure 3. MALDI imaging mass spectrometry reveals that FOXA3 protein is decreased in adult testes
after in utero exposure to Gen + DEHP mixture. Proteins were identified according to their mass in
frozen sections of PND120 rat testes treated with vehicle (control) and Gen + DEHP mixture (GD) at
0.1 mg/kg/day, analyzed by MALDI IMS: (A) Foxa3; (B) Ferredoxin 2; (C) Androgen-binding protein
(ABP). For each protein, the left panel shows the intensity of protein signal, with yellow representing
the highest intensity; while the Box plots in the right panel show the quantification of relative signal
intensity in testis sections, normalized by surface unit.

2.3. FOXA3-Interacting Genes Are Differentially Expressed in Testes from in Utero Gen +
DEHP-Exposed Rats

Our next goal was to identify genes regulated by FOXA3 within the testes. First, this
was accomplished by running an in silico search of the IPA database for DEGs predicted to
be targets of FOXA3 in the literature. Noticeably, the two doses of Gen + DEHP mixtures
identified different putative targets of FOXA3, suggesting that doses with a 100-fold
difference did not act on the same molecular mechanisms (Table 3A,B). Interestingly, the
lower dose mainly downregulated genes, including the transcription factor Foxa1 and other
DNA-interacting proteins (Table 3A), whereas the higher dose induced gene upregulation
(Table 3B).
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Table 3. In silico search for FOXA3-interacting genes in testes. The IPA database was searched
for genes with a relationship to ”FOXA3” in adult rat testes exposed in utero to (A) 0.1 and
(B) 10 mg/kg/day Gen + DEHP mixtures using the IPA of RNA-seq data. Data are shown in
fold change of control samples. N = 4 per treatment, p ≤ 0.05, FC = 2; (C) TRANSFAC-generated list
of FOXA3 target genes in testes.

A

Symbol Gene Name Fold Change p-Value

Cox4I2 cytochrome c oxidase subunit 4I2 −4.026 0.000

Zbtb33 zinc finger and BTB domain
containing 33 −3.544 0.008

Foxa1 forkhead box A1 −2.333 0.007

Nrob2 nuclear receptor subfamily 0 group B
member 2 −2.076 0.004

Khdrbs2 KH RNA binding domain containing,
signal transduction associated 2 −2.021 0.028

Lmnb2 lamin B2 2.164 0.001

B

Symbol Gene Name Fold Change p-Value

Foxa3 forkhead box A3 −2.609 0.000

Klhl13 kelch like family member 13 1.408 0.036

P4ha1 prolyl 4-hydroxylase subunit alpha 1 1.492 0.044

Nsf N-ethylmaleimide sensitive factor, vesicle
fusing ATPase 1.705 0.050

Cycs cytochrome c, somatic 1.971 0.026

C

Symbol Gene Name Testis Cell Type(s) Relation to Foxa3

Hoxa10 Homeobox protein A10 Leydig Target gene

Hsd3β Hydroxysteroid dehydrogenase 3 β Leydig Target gene

Apo(a-I) Apolipoprotein (A-I) Leydig Target genes (ApoE)
In Foxa2/Foxa3 TF network

Pck-1 Phosphoenolpyruvate carboxy kinase Leydig
(Steroidogenesis)

Target gene
In Foxa2/Foxa3 TF network

Hmgb1 High mobility group box 1 Sertoli, germ Protein-protein interaction

Pparα Peroxisome proliferator receptor alpha Sertoli, germ, Leydig Protein-protein interaction

G6p Glucose-6-phosphatase Leydig
(steroidogenesis) In Foxa2/Foxa3 TF network

Nur77 Nuclear receptor subfamily 4 group A
member 1

Leydig
(Steroidogenesis) Target gene

Tf Transferrin Sertoli Target gene

Tle3 Transducin like enhancer of split 3 Sertoli Target gene

Since we used whole testis extracts, it was important to determine the specific cell
type(s) where FOXA3 was decreased. We used TRANSFAC, a transcription factor database,
to further explore FOXA3-interacting genes. This analysis showed that FOXA3 target genes
were located in Leydig, Sertoli, and germ cells, with many of these genes found in Leydig
cells (Table 3C). These data suggest that FOXA3 may be significantly decreased in Leydig
cells of the testes and that this decrease could affect FOXA3 target genes and disrupt Leydig
cell functions, including steroidogenesis. Among the genes listed in Table 3A,B, none of
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the genes were significantly altered by in utero treatments with 10 mg/kg/day of Gen
or DEHP alone, although Cox4i2 and Khdrbs2 showed decreasing trends of −2.78-fold
change (p = 0.083) and −2.07-fold change (p = 0.312), respectively, in rats exposed to DEHP
alone. These data further highlighted the unique position of FOXA3 as a long-term target
of in utero exposure to Gen + DEHP mixtures (Supplemental Table S1).

2.4. Fetal Exposure to Gen + DEHP Mixtures Decreases the Protein Expression of FOXA3 in
Adult Testicular Interstitium

A study by Behr and colleagues reported that mice that were homozygous for the
FOXA3 −/−null allele were infertile [31]. Another study found that FOXA3 bound to
PDGFRa in Leydig cells, which was necessary for Leydig cell differentiation and embryonic
development [32]. To determine in which cell types FOXA3 protein was downregulated,
we examined the protein expression profiles of FOXA3 in testes of adult rats exposed in
utero to vehicle, 0.1, or 10 mg/kg/day of Gen + DEHP mixtures by IF analysis. FOXA3
gave positive signals in the interstitium of control rat testes (Figure 4). Positive FOXA3
signal was also seen in germ cells within the seminiferous tubules in control samples, in
agreement with published data. Although FOXA3-positive interstitial cells were visible
in all rat testes, suggesting no change in cell numbers, the signal intensity of FOXA3 in
these cells was reduced by fetal exposure to EDC mixtures, indicating that these treatments
did not prevent the formation of adult Leydig cells, but rather altered their protein profiles
(Figure 4A). FOXA3 levels were also decreased in seminiferous tubules of testes from rats in
utero exposed to Gen + DEHP mixtures at both doses, while DAPI nuclear signal showed
that germ cells were present in these tubules (Figure 4A). Quantification of FOXA3 relative
signal intensity for several images per sample using ImageJ after grey scale conversion
showed that the FOXA3 relative signal intensity in interstitial cells was reduced by 27% of
control values for rats in utero exposed to the lower dose, and was only reduced by 12% for
the higher dose (244.7 ± 9.9 in control rats, 179.0 ± 8.9 for Gen + DEHP 0.1, and 216 ± 5.9
for Gen + DEHP 10). The reduction at the low dose was similar to that measured by MALDI
IMS. Inside the seminiferous tubules, FOXA3 relative signal intensity was reduced by 29%
and 27% of control values for the lower and higher doses, respectively, (251.6 ± 14.6 for
control rats, 178.5 ± 10.6 for Gen + DEHP 0.1, and 184.7 ± 10.8 for Gen + DEHP 10). IF
analysis in control samples of FOXA3 and PDGFRa, both expressed in Leydig cells, showed
that the two proteins colocalized in the interstitium (Figure 4B) [31]. The colocalization
of FOXA3 and PDGFRa, and the appearance of FOXA3-positive cells in the interstitium,
suggest that the adult interstitial cells in which FOXA3 expression was reduced by fetal
exposure to the EDC mixtures were Leydig cells. Thus, FOXA3 expression in adult testes
was altered by fetal exposure to the EDC mixtures both in interstital cells—most likely
Leydig cells—and germ cells, with fetal exposure to the lower dose having stronger effect
than the higher dose in interstitial cells, but similar effects in germ cells.

2.5. Gen + DEHP Mixtures Decrease the Expression of Genes/Protein Related to Steroidogenesis

We further used IPA to identify genes in our dataset that were related to the search term
“steroidogenesis”, the main function of Leydig cells. All genes identified were significantly
down- or upregulated, at least two-fold changes, in adult testes by fetal exposure to
0.1 mg/kg/day Gen + DEHP mixture as compared with the control rats (Table 4).

Growth hormone releasing hormone (GHRH) has been reported to be present in
interstitial cells and germ cells in rat testes [33]. The same study also found that GHRH
secreted by Leydig cells in adult rats could stimulate cAMP formation via induction of
luteinizing hormone (LH), and that it could regulate Sertoli cell function. Cytochromes
7B1, 7A1, and 2R1 were also found to be decreased in the study. Cytochrome P450s in the
testes are important for metabolizing cholesterol into testosterone [34]. Cytochrome P450
family 7 subfamily B1 has been found to regulate 11 beta-hydroxysteroid dehydrogenase
1 (11b-HSD1) in rat Leydig cells [34]. CYP7A1 and CYP2R1 are also part of the choles-
terol synthesis network. Translocator protein TSPO binds cholesterol and transports it to
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the inner mitochondrial membrane for steroid biosynthesis to occur [35]. The family of
apolipoproteins (i.e., APOA1) are also responsible for cholesterol transport [36]. Forkhead
box A1 (FOXA1) is a member of the forkhead box A family that has been found to bind to
the androgen receptor in the prostate [37]. From these genes, only Apoa1 was significantly
increased following fetal exposure to both doses of Gen + DEHP mixtures. The other genes
were significantly altered only at the lower dose. None of these genes were significantly
altered by fetal exposure to Gen or DEHP alone at the 10 mg/kg/day by RNA-seq analysis
(Supplemental Table S2). These data suggest that steroid biosynthesis is affected in adult
Leydig cells of the testes, while a reduction in GHRH could also suggest disturbances
within the hypothalamic-pituitary axis, thus, affecting testosterone feedback. Since these
are lists of FOXA3 target genes, these data suggest that a reduction in FOXA3 results in a
reduction of GHRH, CYP7B1, CYP7A1, CYP2CR1, TSPO, FOXA1, and HSD17B, while the
opposite may occur for APOA1.

Figure 4. FOXA3 protein expression is decreased in testicular interstitial cells from adult rats exposed
in utero to Gen + DEHP mixtures: (A) FOXA3 IF signal in testes from control rats and from rats
exposed to Gen + DEHP mixture at 0.1 or 10 mg/kg/day. Left panel, merged IF images of FOXA3
(green) and DAPI nuclear staining (blue); middle column, FOXA3 IF alone; right column, magnifica-
tion of white dotted inserts indicated in middle column; (B) IF colocalization of FOXA3 (green) and
PDGFRa (red) in control rat testes. Representative photos are shown. Same scale in μm used for left
and center columns in panel A, and in all pictures of panel B.

We also examined the mRNA levels of several key genes of the steroidogenic cascade
by qPCR in the testes of control rates and Gen + DEHP-treated rats after excluding infertile
rats, to identify steroidogenic genes that might be related to less serious adverse phenotypes
than infertility in in utero EDC exposed rats. We found that Tspo, Hsd3b, Cyp11a1, and
Cyp17 showed decreasing trends in rats exposed to 0.1 mg/kg/day, with Hsd3b decrease
reaching close to significance with a p-value of 0.0504 at dose 0.1, and a p-value of 0.0713
at dose 10 (Figure 5A). Additional studies will be needed to determine whether these
alterations are due to FOXA3 mediation or are a result of other disturbances. TSPO is a well
characterized protein that is critical for steroid biosynthesis in testes [12]. While the qPCR
analysis showed a decreasing trend in Tspo for fetal exposure to the dose of 0.1 mg/kg/day,
TSPO protein levels showed some decreases in testes of adult rats exposed in utero to both
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doses of Gen + DEHP mixtures (Figure 5B). Quantification of the relative signal intensity of
TSPO in several pictures/samples using ImageJ after grey scale conversion showed that
TSPO protein levels were decreased by 14% in interstitial cells of rats exposed to the lower
dose of mixture, and only 9% for the higher dose of EDC mixture (224.5 ± 1.5 for control
rats, 193.7 ± 3.9 for Gen + DEHP 0.1, and 205.0 ± 4.9 for Gen + DEHP 10), while there
was no noticeable change in the tubules, in which spermatogenesis was visible. The small
changes in TSPO expression in the treated rats as compared with the significant changes
in mRNA-seq analysis performed on different sets of rats likely reflect the variability in
the adult reproductive phenotypes observed in in utero-treated rats, where 25% and 38%
had abnormal testes, including Sertoli-only tubules, and/or small litters at both doses of
Gen + DEHP mixtures, respectively, and 13% were infertile for both doses [26].

Table 4. Fetal exposure to Gen + DEHP mixtures affects steroidogenesis-related genes. Differen-
tially expressed genes related to “steroidogenesis” in adult rat testes exposed to 0.1 mg/kg/day
Gen + DEHP mixture generated from ingenuity pathway analysis of RNA-seq data. Data are shown
in fold change of control samples. N = 4 per treatment, p ≤ 0.05, FC = 2.

Symbol Steroidogenesis-Related Gene Name Fold Change p-Value

Ghrh growth hormone releasing hormone −2.690 0.008

Foxa1 forkhead box A1 −2.333 0.007

Hsd17b1 hydroxysteroid 17-beta dehydrogenase 1 −2.272 0.032

Cypb1 cytochrome P450 family 7 subfamily B member 1 −2.260 0.020

Cyp7a1 cytochrome P450 family 7 subfamily A member 1 −2.164 0.018

Cyp2r1 cytochrome P450 family 2 subfamily R member 1 −2.066 0.005

Tspo translocator protein −2.047 0.012

Apoa1 apolipoprotein A1 2.080 0.002

Taken together, these data suggest that FOXA3 may bind to and affect the transcription
of several genes important for steroid biosynthesis, ultimately affecting steroidogenesis in
testes. This is consistent with our previous study using the same treatments, in which we
found that circulating testosterone levels were significantly reduced in adult rats exposed
in utero to 0.1 mg/kg/day of Gen + DEHP mixture [26]. This further suggests that Tspo
gene expression may be regulated by FOXA3, in a direct or indirect manner, but not in all
in utero EDC-exposed rats.

2.6. Identification of FOXA3 Target Genes in Rat Testes by ChIP-Seq Analysis

We used ChIP-seq analysis to identify potential gene targets of FOXA3 in adult control
rat testes (Table 5), and then examined the expression levels of these genes in the RNA-seq
dataset. Only one gene, Phlpp1, showed a significant change, in that case a 20% increase, in
the testes of rats exposed to 0.1 mg/kg/day of Gen + DEHP mixture, while Phlpp1 showed
a 68% increasing trend for the 10 mg/kg/day dose (Table 6). Tmeff2 was another gene
presenting increasing trends of 50% and 55% above control levels for 0.1 and 10 mg/kg/day
of Gen + DEHP mixtures, respectively. In contrast, Cxcl13 expression showed a decreasing
trend in the testes of rats exposed to 0.1 mg/kg/day of Gen + DEHP mixture. Since a
RNA-seq transcriptome analysis is performed on total testis RNA, and FOXA3 is expressed
not only in Leydig cells, but also in germ and Sertoli cells, it is possible that adult FOXA3
expression might be differentially affected by fetal exposure to Gen + DEHP mixtures
and might have different target genes in these cell types, potentially masking its effect
in Leydig cells. Further studies are needed to examine this possibility. None of these
genes were significantly altered in adult testes by fetal exposures to Gen or DEHP alone
(Supplemental Table S3).
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Figure 5. Fetal exposures to Gen + DEHP mixtures affect adult steroidogenesis-related genes:
(A) qPCR analysis of steroidogenic genes in control (Crtl), Gen + DEHP mixtures at 0.1 and
10 mg/kg/day, excluding infertile rats. N = 3–5 per treatment; (B) protein expression of TSPO
identified by immunofluorescence (green) showing reduced protein expression in testes from rats
exposed in utero to 0.1 and 10 mg/kg/day of Gen + DEHP mixtures as compared with control
rats. Representative photos are shown. Same scale in μm used for left and center columns in
Figure 5B. Pictures in the right column are enlarged views of the white dotted area in pictures from
center column.
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Table 6. mRNA expression changes in genes identified by ChIP-seq as binding to FOXA3. The
18 genes found to bind FOXA3 by ChIP-seq analysis of an adult control testis sample were examined
in the RNA-seq data of control rats vs. in utero Gen + DEHP-exposed rat testes.

GD 0.1 vs. Ctrl GD 10 vs. Ctrl

Gene Fold Change p Value Fold Change p Value

Cxcl13 −1.36 0.605 −1.04 0.209

Mdga2 −1.14 0.916 1.05 0.277

Gnaq −1.13 0.178 −1.12 0.951

Pabpc4 −1.08 0.384 1.10 0.106

Rn5-8s −1.06 0.845 −1.02 0.745

Ppfia2 −1.06 0.435 −1.07 0.920

Rab12 −1.05 0.635 1.04 0.280

Tgds −1.02 0.473 1.11 0.338

Usp9y 1.02 0.276 1.17 0.234

Ptpn14 1.04 0.422 1.05 0.859

Tmprss5 1.04 0.952 −1.49 0.891

Rad51c 1.05 0.318 −1.08 0.116

Pdcd10 1.07 0.728 −1.02 0.271

Rwdd1 1.08 0.904 1.05 0.720

Azi2 1.15 0.493 −1.04 0.00757

Cyp2c6v1 1.16 0.221 1.11 0.585

Phlpp1 1.20 0.0244 1.68 0.110

Tmeff2 1.50 0.347 1.55 0.249

3. Discussion

DEHP, a phthalate plasticizer used in many commercial products and medical devices,
and Gen, a phytoestrogen abundant in baby soy formula and vegetarian diets, are among
the hundreds of chemicals with potential EDC activity to which we are exposed in our daily
life. Our previous studies have shown that in utero exposure to Gen + DEHP mixtures
increased the rates of infertility and abnormal testis development, altered gene expression,
and induced inflammatory processes in adult (postnatal day (PND) 120) rats, differently
from exposure to Gen or DEHP alone [26]. In the present study, we focused on the effects of
fetal exposure to Gen + DEHP mixtures, with the goal of identifying long-term alterations
of functional pathways and genes in adult rat testes, to gain insight into the etiology of the
observed reproductive phenotypes in adult testes. In this study, we used mixtures of Gen
and DEHP given at doses equivalent to levels measured in humans, to increase the chance
of identifying long-term target pathways that could be meaningful for humans.

We found that in utero exposure to Gen and DEHP mixtures altered functional path-
ways related to Sertoli, germ, and Leydig cell development and function, in adult rat
testes. More importantly, the transcription factor FOXA3 was downregulated in adult testes
exposed to the mixtures as fetuses, but not to the same extent by fetal exposure to Gen
or DEHP alone. FOXA3 is a transcription factor that has previously been identified in
Leydig, Sertoli, and germ cells and is critical for testicular function [31,32]. In the present
study, we showed that FOXA3 mRNA was decreased in adult rat testes exposed in utero
to 0.1 and 10 mg/kg/day of Gen + DEHP mixtures, using microarrays, RNA-seq, and
qPCR analyses. Although gene expression changes could reflect changes in the proportion
of specific cell types within the tissue rather than true changes of expression in the cells,
for example, a large loss of germ cells as seen in the testes of rats exposed as fetuses to
Gen + DEHP with Sertoli-only phenotypes [26] could increase the proportion of Leydig
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cells and the representation of Leydig cell markers in the samples, this does not seem to be
the case here, since FOXA3 protein was decreased, not increased, and this was observed in
samples from adult rats exposed in utero to Gen + DEHP where spermatogenesis was visi-
ble. FOXA3 was originally identified in the liver as one of three members of the forkhead
box A family. Forkhead box A family members are winged helix proteins that function as
transcriptional regulators by binding to target sites on DNA [38]. Studies by Garon and
Behr teams previously reported FOXA3 to be the only FoxA family member identified in
the testes [31,32]. Here, we identified another forkhead box A member, Foxa1, in adult rat
testes, that was downregulated (−2.33-fold change) in the RNA-seq dataset and was found
to have a protein–DNA interaction with FOXA3 using a network interaction search in IPA.
FOXA1 was reported to bind to the androgen receptor in the prostate. These data suggest
that Foxa1 is indeed present in adult rat testes and may be altered by fetal exposure to
EDCs, either directly or through interactions with Foxa3. The study identified Foxa3 to be
a novel gene downregulated in adult rats by in utero exposure to environmentally relevant
doses of Gen + DEHP mixtures.

Taken together, the fact that the EDC exposures took place in fetuses and that FOXA3, a
gene known to be expressed in adult Leydig cells, was reduced in the testicular interstitium
of adult rats exposed as fetuses to these EDCs, suggests that the developmental program-
ming of adult type Leydig cells was disrupted in utero. Although adult Leydig cells are
different from fetal Leydig cells, and differentiate from early postnatal progenitor cells that
progress to immature LCs before fully differentiating to adult LCs, they have been proposed
to share an undefined early fetal common precursor [39,40]. Thus, one could interpret our
data to imply the disruption of a fetal precursor of adult Leydig cells jeopardizing their
future differentiation in adult cell type. This is reminescent of the Developmental Origins
of Health and Disease (DOHaD) theory, originally developed based on studies relating
food scarcity in parents or grandparents to metabolic syndrome in children, which has
been extended to many biological functions, including reproduction [11,41]. This complex
phenomenon most likely involves epigenetic remodeling as well as adaptive responses
of the fetus to changes in the environment which can be retained in the adult, as well as
across generations [42]. However, one cannot rule out that fetal EDC exposure altered the
developmental programming of other cell types in the testes, or elements of the H–P–T axis,
or even other endocrine tissues interacting with testes, contributing to the effects observed
in adult Leydig cells.

The search of gene targets of FOXA3 by ChIP-seq analysis identified three genes
pulled down with FOXA3, Phlpp1, Tmeff2, and Cxcl13 that have been found in testes and/or
androgen-responsive tissues and may warrant further examination. PHLPP1 (PH domain
and leucine-rich repeat protein phosphatase 1) has been found to be expressed in human
testes, including spermatogonia [43]. TMEFF2 has also been identified in human testes,
shown to prevent PDGF-AA-induced cellular proliferation, to be upregulated by androgen
in some prostate cancer cells, and to have oncogenic and onco-suppressive actions depend-
ing on the tissue/cancer type context [44,45]. CXCL13 is also an androgen-responsive gene
and has been shown to be involved in androgen-induced prostate cancer [46].

We also aimed to link the effect of FOXA3 downregulation in adult testes to changes in
testicular function. The exact function played by FOXA3 in Leydig, Sertoli, and germ cells
is not fully understood [31,32]. We used TRANSFAC, a transcription factor database, to
identify FOXA3 target genes and their specific cell types. This approach pinpointed at genes
associated with Leydig cells including Hsd3b, Apo (A-I), Pck, Nur77, and G6P. A network
interaction search on genes in our dataset related to “steroidogenesis” also found that Tspo,
Hsd17b1, Foxa1, Ghrh, and a number of cytochrome P450s were downregulated. These genes
are critical for the proper functioning of steroidogenesis [47,48]. A qPCR analysis further
identified decreasing trends in the expression of Cyp17, HSD3b, Cyp11a1, and Tspo,which
was more pronounced in adult rat testes exposed in utero to the 0.1 mg/kg/day dose.
Tspo protein levels were also decreased in the interstitium, but not in seminiferous tubules,
of adult rats, suggesting differential cell-specific long-term consequences of fetal EDC
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exposure in adult testes. TSPO is a translocator protein that plays a role in cholesterol-
mediated transport from the outer to the inner mitochondrial membrane, highly expressed
in and an important component of Leydig cells, but also expressed at lower levels in
pachytene spermatocytes and dividing spermatogonia in adult rat testes [49,50]. These
data may explain the reduction in serum testosterone levels that we previously observed in
rats in utero exposed to Gen + DEHP mixtures, where the lower dose had more dramatic
effects than the higher dose, further suggesting that fetal exposure to these EDC mixtures at
doses lower than their individual NOAEL can affect adult steroidogenesis, a key function
of the testes [26].

4. Materials and Methods

4.1. Animal Treatments and Tissue Collection

Animal treatments and tissue collection were performed as previously described [26].
Timed pregnant Sprague-Dawley rats were purchased from Charles Rivers Laboratories
(Saint-Constant, QC, Canada) and switched to a casein/cornstarch-based, phytoestrogen-
free diet (casein diet) AIN-93G (Teklad diet, Envigo, Indianapolis, IN, USA) from 2 days
before gavage to weaning, to avoid dietary exposure to genistein. The rats were maintained
on a 12L:12D photoperiod with ad libitum access to food and water and handled according
to protocols approved by the McGill University Health Centre Animal Care Committee
and the Canadian Council on Animal Care. Pregnant rats were treated by gavage from
gestational day 14 to parturition with either vehicle (corn oil) alone or containing GEN,
DEHP, or GEN + DEHP mixtures at the doses of 0.1 and 10 mg/kg/day, encompassing
exposure levels found in the general population to those measured in vegetarian/vegan
women and more susceptible populations such as hospitalized neonates exposed to DEHP
via medical equipment and fed soy formula (Figure 6) [16,51–55]. Doses were adjusted to
changes in dam weights. Offspring were weighed and euthanized at PND120. The testes
were collected, weighed, and either fixed in 4% paraformaldehyde or snap frozen for gene
and protein expression analyses.

Figure 6. Flow chart of treatments and experiments performed.

4.2. RNA Extraction and Quantitative Real-Time PCR

RNA was extracted from testes using a Nucleospin XS Kit and digested with DNase I
(Takara Bio, San Jose, CA, USA). Complementary DNA was synthesized using the tran-
scriptor synthesis kit (Roche Diagnostics, Indianapolis, IN, USA). Quantitative real-time
PCR (qPCR) was performed as previously described with a LightCycler 480 using SYBR
Green Supermix (BioRad, Hercules, CA, USA) and a Master Mix kit (Roche Diagnostics).
Glyceraldehyde-3-phosphate dehydrogenase was used as reference to normalize gene ex-
pression. A minimum of 3–8 male offspring from different litters were assessed in triplicate.
The comparative Ct method was used to calculate relative gene expression. Primers specific
for the genes of interest were designed with the NCBI Primer Design Database.
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4.3. Immunofluorescence (IF)

The IF analysis was performed as previously described [49,56]. Briefly, slides were
first dewaxed and rehydrated using Citrisol and Trilogy (Cell Marque, Rocklin, CA, USA)
solution. Following treatment with Dako Target Antigen Retrieval Solution (DAKO, Troy,
MI, USA), the sections were incubated with PBS containing 10% BSA and 10% donkey
serum for one hour to block non-specific protein interactions. The sections were then
incubated with anti-forkhead box A3 (FOXA3) antibody (SAB2108468, Sigma-Aldrich,
Saint Louis, MO, USA) (1:50 dilution), anti-platelet-derived growth factor receptor alpha
(Pdgfrα) (sc-398206, Bioss, Woburn, MA USA) (1:50 dilution), or translocator protein (TSPO)
(1:400 dilution) antibodies [57] diluted in PBS containing 10% BSA, 0.1% Triton-X, and
donkey serum overnight at 4 ◦C. Then, the slides were incubated with a fluorescent goat
anti-rabbit Alexa Fluor 488 (Thermo Fisher, Waltham, MA, USA) diluted in PBS containing
1% BSA for one hour at room temperature. Nuclear staining was performed using nuclear
DAPI anti-fade and mounting medium (Vector Labs, Newark, CA, USA), coverslipped,
and then imaged. Immunofluorescence signals were viewed using the appropriate filters
on a Biotek Cytation 5 slide imager. The IF analysis was conducted on 2–3 independent
offspring per treatment, and representative pictures are shown.

4.4. MALDI Imaging Mass Spectrometry

The matrix-assisted laser desorption/ionization with imaging mass spectrometry
(MALDI IMS) analysis was performed by the Core Facility of the School of Pharmacy
of USC, to generate “intensity maps” showing the in situ relative abundance of FOXA3
using previously described methodology [57]. Briefly, frozen PND120 adult rat testes were
cryosectioned at 12 uM thickness at −21 ◦C and thawed on precooled ITO-coated slides.
Then, sections were washed in 70% ethanol for 120 s two times, followed by washing with
100% ethanol for 120 s. The MALDI matrix consisting of sinapic acid at 10 mg/mL in
50% acetonitrile/0.1% formic acid was sprayed on sections. Matrix-coated sections were
recrystallized using 50% formic acid at 80 ◦C for 10 min. Then, sections were imaged using
a Rapiflex MALDI IMS system (Bruker, rapifleX system, Billerica, MA, USA) at 100 uM
spatial resolution.

4.5. Microarray Analysis

The microarrays were performed as previously described [26]. Briefly, RNA was
extracted with a PicoPure RNA isolation kit (Arcturus, San Diego, CA, USA) from the testes
of PND120 rat offspring from three different dams per treatment. The gene array analysis
was performed on Affymetrix 2.0 ST microarray chips by Genome Quebec, as previously
described [56,58]. A statistical analysis was performed using the Partek Genomics Suite
software, to identify differentially expressed genes (DEGs) between the Gen and DEHP
treatments and control samples using ANOVA. In total, 19,786 protein-coding genes and
microRNAs were analyzed. DEGs were identified using an unadjusted p-value of 0.05 as
cutoff and applying a fold-change cutoff of at least 40% above or below the control values.
The gene lists from Partek were analyzed for functional pathways and networks using the
Ingenuity Pathway Analysis (IPA) software (https://www.nihlibrary.nih.gov/resources/
tools/ingenuity-pathways-analysis-ipa) and the Database for Association, Visualization
and Integrated Discovery (DAVID) software (https://david.ncifcrf.gov/) linked to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/
kegg/). The 2ˆlog2 values of the signal intensities (originally expressed as log2 values)
were calculated, and genes expressed at a relative intensity below 40 (representing 33%
of all genes on the arrays) in all conditions were not given priority. Gene and pathway
relevance to the study were assessed via PubMed keyword searches.

4.6. Whole Transcriptome RNA Sequencing

Transcriptomic RNA sequencing was performed at the USC Norris Molecular Ge-
nomics Core. Total RNA were isolated using a Qiagen (Germatown, MD, USA) All prep Ex-
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traction kit following the manufacturer’s protocol (Qiagen Cat. No. 80284). Libraries were
simultaneously prepared using an Illumina Truseq Stranded mRNA Library Preparation kit
(Illumina Cat. No. 20020594; San Diego, CA, USA). Transcriptomic RNAseq libraries were
sequenced on Illumina Nextseq500 at 25 million reads per sample at 2 × 75 read length.
Data were trimmed normalized and analyzed using Partek Flow. Gene lists were created to
detect differentially expressed genes between

4.7. ChIP-Seq Analysis

The ChIP-seq analysis was performed by Diagenode s.a. (Denville, NJ, USA) to identify
potential target genes of FOXA3 in rat testes, using DNA from frozen adult control rat
testes, which contains higher levels of FOXA3 protein than testes from rats exposed in utero
to Gen + DEHP. Briefly, chromatin was prepared from 175 mg frozen tissue by Diagenode
ChIP-seq/ChIP-qPCR Profiling service (Diagenode Cat. No. G02010000) using an iDeal
ChIP-seq Kit for Transcription Factors (Diagenode Cat. No. C01010170). Chromatin
shearing was performed with a Bioruptor® Pico sonication device (Diagenode Cat. No.
B01060001) for 4 cycles. ChIP immunoprecipitation was performed on 8 μg of chromatin
using 1.5 μg and 3 μg of two anti-FOXA3 antibodies (Invitrogen PA1-813, Lot VD296799,
Santa Cruz sc-74424 X, Lot A2320). Some chromatin was kept as input. ChIP efficiency
was assessed by qPCR analyses, and rat primers for H3K4me3/Pol2 were used as internal
ChIP controls prior to library preparation. Libraries were prepared from input and ChIP’s
DNA using MicroPlex Library Preparation from Diagenode with 24 UDI for MicroPlex v3.
Optimal library amplification was assessed and the libraries were purified, quantified, and
fragment sizes determined. Libraries were analyzed using Illumina sequencing (NextSeq
2000 P2 200 cycles), paired-end reads, 2× 50 bp, 30 million raw reads per mark on average.
Quality check, alignment to reference genome, identification of enriched regions, and
annotation of ChIP-Seq peaks with genomic regions (introns, exons, promoters, 1-to-5 kb
upstream-TSS, and intergenic regions) were performed.

4.8. Statistical Analysis

The statistical analysis was performed using one-way ANOVA with post hoc Dunnett’s
test or unpaired two-tailed Student’s t-test for qPCR data analysis, using the statistical
analysis functions in GraphPad Prism 7.04 program (GraphPad Inc. San Diego, CA, USA).
Because the two EDCs used were not expected to have similar effects, an unpaired two-
tailed Student’s t-test was used to determine the statistical significance between each control-
EDC pair for qPCR analysis. The gene array analysis was performed on three independent
N (one offspring/dam) per treatment condition, using the ANOVA application from the
bioinformatics Partek platform. Fertility was assessed using 8 to 9 offspring from different
litters per treatment condition [26]. For the qPCR analysis, the results are presented
as mean ± SEM of fold changes relative to vehicle control. Experimental points were
performed in triplicate for each sample, from 3 to 8 rats from different dams per treatment
condition. Asterisks indicate a significant change relative to control, with p-values ≤0.05
considered to be statistically significant.

5. Conclusions

In this study, we identified functional pathways related to Leydig, Sertoli, and germ
cells altered in adult rat testes following in utero exposure to mixtures of genistein and
DEHP at doses encountered by humans. FOXA3, a transcription factor critical for Leydig
cell function, was downregulated, as well as several genes in its interactome and steroido-
genic genes. The protein expression of FOXA3 was reduced in testicular interstitium by
in utero exposure to genistein + DEHP mixtures. The results of this study suggest that in
utero exposure to low-dose mixtures of Gen and DEHP can disrupt the developmental
program of key testicular cell types, including Leydig cells, and implies that FOXA3 is a
pivotal target of the long-term adverse effects of fetal exposure to EDC mixtures on male
reproduction. Our findings also suggest that FOXA3 could be used as sentinel gene to
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screen for potential long-term effects of fetal exposure to EDC mixtures with potential
adverse male reproductive effects, in conjunction with the determination of cell-specific
markers and/or morphometric analyses, to assess the possibility of effects due to changes
in cellularity rather than cell-specific gene/protein alterations.
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Abstract: Steroid hormones synchronize a variety of functions throughout all stages of life. Im-
portantly, steroid hormone-transforming enzymes are ultimately responsible for the regulation of
these potent signaling molecules. Germline mutations that cause dysfunction in these enzymes
cause a variety of endocrine disorders. Mutations in SRD5A2, HSD17B3, and HSD3B2 genes
that lead to disordered sexual development, salt wasting, and other severe disorders provide a
glimpse of the impacts of mutations in steroid hormone transforming enzymes. In a departure
from these established examples, this review examines disease-associated germline coding mu-
tations in steroid-transforming members of the human aldo-keto reductase (AKR) superfamily.
We consider two main categories of missense mutations: those resulting from nonsynonymous
single nucleotide polymorphisms (nsSNPs) and cases resulting from familial inherited base pair
substitutions. We found mutations in human AKR1C genes that disrupt androgen metabolism,
which can affect male sexual development and exacerbate prostate cancer and polycystic ovary
syndrome (PCOS). Others may be disease causal in the AKR1D1 gene that is responsible for bile
acid deficiency. However, given the extensive roles of AKRs in steroid metabolism, we predict
that with expanding publicly available data and analysis tools, there is still much to be uncovered
regarding germline AKR mutations in disease.

Keywords: aldo-keto reductase; bile acid; deficiency; congenital adrenal hyperplasia; hydroxysteroid
dehydrogenase; prostate cancer; single nucleotide polymorphism; structure-function; steroid reductase;
pseudohermaphroditism

1. Introduction

Steroid hormones drive essential processes throughout all stages of life, including
fetal gonadal differentiation, childhood and pre-adolescent development, adulthood,
menopause, andropause, and cognitive decline. They regulate a diverse set of functions,
including sexual differentiation, reproduction, water retention, electrolyte balance, and
stress responses [1]. Underpinning this action are steroid hormone biosynthetic and metab-
olizing enzymes, which act as puppet masters and are responsible for the production and
metabolism of these potent signaling molecules. However, when germline mutations cause
dysfunction in these enzymes, the strings are cut, and a variety of endocrine-dependent
disorders can ensue.

Over the years, there have been many well-documented cases of mutations in steroid
hormone-transforming enzymes leading to a variety of disorders. Mutations in SRD5A2 that
result in the rare autosomal recessive 5α-reductase type 2 deficiency is a well-studied example.
Normally, 5α-reductase type 2 converts Testosterone (T) to 5α-dihydrotestosterone (DHT),
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which is critical for male external genitalia differentiation and prostate development [2]. First
documented in the 1970s in isolated clusters of individuals with 46,XY disordered sexual
development (DSD), a biochemical catalog of mutations in SRD5A2 and their impact on
protein function and clinical presentation has expanded over the following decades [2].
Batista et al. provide a comprehensive evaluation of 451 identified cases to date of 5α-
reductase type 2 deficiency in 48 countries, stemming from 151 allelic variants.

Relatedly, HSD17B3 encodes for 17β-hydroxysteroid dehydrogenase type 3, which is
highly expressed in the testes where it converts Δ4-androstene-3,17-dione (Δ4-AD) to T [3].
Mutations in this enzyme that lead to decreased T production underlie 17β-hydroxysteroid
dehydrogenase type 3 deficiency, another rare autosomal recessive cause of 46,XY DSD.
Due to a lack of T production in fetal testes, patients typically present at birth with
a spectrum of phenotypes from completely female to ambiguous genitalia. However,
individuals later experience amenorrhea and severe virilization during puberty [3]. A
summary of clinical presentations, epidemiology, and demographic history of mutations
causing 17β-hydroxysteroid dehydrogenase type 3 deficiency is detailed in a review from
George et al. [3].

Mutations in the HSD3B2 gene that result in 3β-hydroxysteroid dehydrogenase type 2
deficiency are one rare underlying cause of congenital adrenal hyperplasia (CAH) [4]. 3β-
Hydroxysteroid dehydrogenase type 2 is responsible for the conversion of pregnenolone to pro-
gesterone, 17α-hydroxypregnenolone to 17α-hydroxyprogesterone, and dehydroepiandros-
terone (DHEA) to Δ4-AD [4]. Consequently, its dysfunction in adrenal glands and gonads
leads to DHEA accumulation, lowered cortisol and aldosterone levels, and dysregulation of
other downstream and intermediate metabolites. Due to its extensive metabolic influence, the
clinical presentation, diagnostic window, and phenotypic severity of 3β-hydroxysteroid dehy-
drogenase type 2 deficiency are heavily dependent on the location of the mutation within the
gene and its outcome. Mutations that result in frameshift or protein truncation that completely
eradicate enzyme activity cause severe salt-wasting that is diagnosed in the first weeks of life
and is fatal if left untreated [5]. Missense mutations that leave some enzyme activity intact
present as over-virilization in females and under-masculinization of males at birth. Even
mutations that have a mild effect on enzyme activity can contribute to premature puberty,
acne, and menstrual disorders in females, including polycystic ovary syndrome (PCOS) [5]. A
detailed analysis of CAH caused by 3β-hydroxysteroid dehydrogenase type 2 deficiency can
be found in reviews from Al Alawi et al. [4] and Sahakitrungruang [5].

Recently, Chang et al. detailed a unique scenario where a nonsynonymous single
nucleotide polymorphism (nsSNP) in HSD3B1 results in the gain of function N367T substi-
tution that stabilizes its encoded protein, 3β-hydroxysteroid dehydrogenase type 1, leading
to increased DHT production from adrenal-derived DHEA that could ultimately drive
castration-resistant prostate cancer (CRPC) [6]. The authors describe a mode of selective
adaptation in CRPC tumors that operates through loss-of-heterozygosity of the wild-type
copy of HSD3B1 in individuals who are germline heterozygous with wild-type/N367T
alleles. This phenomenon leads to overexpression of the N367T allele due to increased
resistance to ubiquitination and degradation, which allows for elevated intratumoral
DHT production that can drive androgen receptor signaling and, ultimately, CRPC tumor
growth [6]. In contrast to the previous examples where mutations were the source of severe
disorders, the N367T nsSNP is an illustration of a mutant whose impact only becomes
apparent when it exacerbates a disease.

The stories of SRD5A2, HSD17B3, and HSD3B2 are flagship examples that establish
the relevance of germline mutations in steroid metabolizing enzymes in disease. Each
has been thoroughly documented, from mutation identification in patients to functional
genomic studies that provide evidence of the protein dysfunction that is either disease
causal or exacerbates disease. Comprehensive reviews that catalog known cases and
consider what can be learned from the amassed data of each deficiency already exist and
are referenced above. In a departure from these well-studied examples, this review will
focus on the association of disease-associated germline coding mutations in members
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of the human aldo-keto reductase (AKR) superfamily that transform steroids. While
there are many types of mutations that can lead to disease, our analysis considers two
main categories: nsSNPs that results in a missense mutation and familial inherited single
base pair transitions/transversions that result in rarer missense mutations. The main
differentiation between these groups is that single nucleotide polymorphisms (SNPs) are
classically defined as occurring in a significant portion of the population (minor allelic
frequency >1%), while other damaging mutations are rarer. The reader is referred to
Figure 1, which shows a generalized scheme for sex steroid hormone biosynthesis and
metabolism and the genes that have germline mutations.
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Figure 1. Human sex steroid hormone metabolism with short-chain dehydrogenases/reductase
enzymatic conversions influenced by germ-line mutations. AKR family members reviewed in the
present work are shaded in blue, while non-AKR family members previously reviewed are shaded
in orange.

2. Aldo-Keto Reductases

AKRs are a superfamily of enzymes that reduce carbonyl substrates in an NAD(P)
H-dependent reaction by a sequential ordered bi-bi kinetic mechanism [7]. Members
share an (α/β)8-barrel motif with a highly conserved catalytic tetrad and cofactor binding
site and possess three large loops (A, B, and C) at the back of the barrel, which defines
substrate specificity [7]. Often these enzymes are pluripotent and can reduce 3-, 17-, and
20-ketosteroids as well as prostaglandins, retinol, or quinones. Several can also oxidize
polycyclic aromatic hydrocarbon (PAH) trans-dihydrodiols [7]. Rather than discuss all
15 human AKRs, we focus on steroid-metabolizing enzymes, which account for much of
the literature on disease-associated AKR mutations. Unlike the preceding examples, where
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a germline mutation results in a loss or gain of enzyme function that can be related to
phenotypic change and disease outcome, the results are less complete for the AKRs. The
one notable exception is the link between AKR1D1 mutations and bile acid deficiency,
which will be discussed later.

In our review of germline AKR mutations, we report three major approaches to iden-
tify possible links to disease. The first approach involves a survey of the epidemiological
literature that identifies a collection of nsSNPs in a panel of AKR genes that may be associ-
ated with the disease. In the second approach, nsSNPs, without any formal link to disease,
are identified, and biochemical characterization of the mutated protein is performed. The
third approach identifies rare inherited mutations with an almost certain link to disease
identified in the clinic and biochemically characterized. We found numerous reports claim-
ing that nsSNPs in human AKR genes are associated with various aspects of disease without
any functional genomic follow-up studies. In another case, the reverse was true, where
analysis of several nsSNPs in AKR1C2 uncovered kinetic differences in the enzyme that
could theoretically impact prostate cancer (PCa). Still, no clinical study testing for this
association was pursued. Even when a follow-up functional genomic study is conducted,
it is possible that the effects of a deleterious mutation could be overlooked depending on
whether the assay used is able to identify the impact of the mutation. For example, a study
measuring steady-state kinetic parameters would not be suitable for detecting a change
in protein stability. Furthermore, many diseases involving AKRs are polygenic, making it
difficult to conduct studies that isolate the individual contributions of a single mutation.
These efforts are further complicated due to AKRs’ involvement in multiple pathways of
steroid metabolism where mutations in one step may be compensated for or compounded
by nsSNPs in genes responsible for other steps in the same pathway. These obstacles in
unraveling the roles of AKR mutations in polygenic diseases would ideally be overcome by
studying them in vivo, where multiple mutations could be introduced by CRISPR/cas9.
Unfortunately, the use of murine knockouts or transgenic mice to study AKR mutants is
not feasible. Velica et al. [8] investigated eight of the nine existing murine AKR isoforms
and found that they had largely different substrate and tissue distribution compared to
human AKRs and, most importantly, that they were absent from many steroid hormone
target tissues. Alternatively, CRISPR/cas9 could be used to create variants in cell models.
The challenge of this approach lies in the design of specific guide RNAs, as the AKR1C
genes share greater than 86% sequence identity.

We also consider that certain methodological assumptions may be made when search-
ing for nsSNPs with a connection to the disease. Biases built into current systems, such
as the origin of reference genomes, could, for example, tip the balance in determining
which allele should be considered wild-type. As is evident from studies such as the 1000
genomes project, “wild-type” can shift between two alleles depending on which continen-
tal population is under consideration [9,10]. However, with the continually expanding
publicly available data such as the recent additions to the UK biobank, the cancer genome
atlas (TCGA), and more specific resources like the stand up to cancer (SU2C) prostate
cancer foundation, these biases will likely dissipate [11–13]. This expansion also creates
the potential for the categorization of mutations to be upgraded to an SNP status if the
frequency in a newly evaluated population shifts the global minor allelic frequency (MAF).
Additionally, programs that predict mutational impact in silico, such as PolyPhen and Sift,
are useful in a first-pass evaluation of new mutations [14,15]. These programs provide
a prediction of whether mutations are deleterious vs. benign, which often corresponds
to amino acids that are evolutionarily conserved or non-conserved throughout the AKR
superfamily respectively. Furthermore, the addition of new developments in computa-
tional analysis methods and tools like AlphaFold makes it increasingly more accessible to
make an initial evaluation of the impact of mutations on structure in silico [16]. However,
while these programs should be able to accurately predict the presence of the (α/β)8 barrel
motif in mutant proteins, they may be challenged to predict the effect of mutations on the
conformation of the disordered loops A, B, and C, which change upon ligand binding [17].
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With help from advancements in available data and analysis tools, we predict that
there is still much to be uncovered with respect to germline AKR mutations in disease.
In addition to the examples detailed below, there is a web of connections linking AKRs
to disease through their activity in key metabolic pathways, altered expression in female
reproductive diseases such as endometriosis and PCOS, and general participation in a
variety of other disorders and processes [18,19]. Given their wide reach, it is likely that there
are other layers of genetic involvement for these enzymes that have yet to be discovered.
Our goal is to provide a synopsis of germline coding mutations in steroid-transforming
AKRs to reinvigorate the exploration of their connection to the disease.

3. Steroid Metabolizing AKR Enzymes

Members of the AKR1C subfamily display varying levels of 3-, 17-, and 20-ketosteroid
reductase activities and metabolize several major classes of steroids. These reductive
enzymes work in the opposite direction to oxidative hydroxysteroid dehydrogenases,
where the complementary oxidoreductase activity of these enzyme pairs ultimately controls
ligand availability and occupancy for steroid hormone receptors, including the androgen,
estrogen, and progesterone receptors [18]. AKR1Cs also play a role in the metabolism of
exogenous environmental toxicants that drive cancer initiation and progression. AKR1D1
is an exception and is the only steroid 5β-reductase in humans that catalyzes the 5β-
reduction of the double-bond in Δ4-3-ketosteorids to produce 5β-dihydrosteroids, which
are essential intermediates in bile acid biosynthesis. Importantly, several of these enzymes
work in concert one with one another. For example, AKR1C3 is a major peripheral enzyme
that converts Δ4-AD to T, which is a direct precursor to DHT. In contrast, AKR1C1 and
AKR1C2 can metabolize DHT into the inactive 3β- and 3α-androstanediols, respectively. In
another example, AKR1D1 precedes AKR1C4 in hepatic bile acid biosynthesis. Moreover,
AKR1D1 works sequentially with AKR1C1 and AKR1C2 to provide a source of 3β,5β- and
3α,5β-tetrahydrosteroids, respectively. Genetic mutation of these critical enzymes may
lead to disease at various stages of life. Understanding how these variants alter protein
structure and function will improve the identification of at-risk populations and precision
therapies. It is with this in mind that we chose to review current research and the remaining
knowledge gaps in the study of germline mutations in human steroid metabolizing AKRs:
AKR1C1-4 and AKR1D1.

3.1. AKR1C1

AKR1C1 (20α(3α)-hydroxysteroid dehydrogenase) is known to play an essential role
in progesterone metabolism via its 20-ketosteroid reduction activity, where it converts
progesterone to the inactive 20α-hydroxyprogesterone. Knockout of the murine homolog
AKR1C18 leads to a delay in parturition due to the reduced ability to metabolize pro-
gesterone to 20α-hydroxyprogesterone [20]. The NCBI SNP database reveals no nsSNPs
with missense outcomes that occur with an MAF greater than 0.01. A sequence alignment
of the mutations detailed below and their locations with respect to conserved catalytic,
cofactor, and substrate binding sites can be found in Table 1 and Figure 2. Recently a
mutation in AKR1C1 was found to be associated with lipedema, a disease of subcutaneous
fat accumulation [21]. In the context of inappropriate lipid accumulation, AKR1C1 is highly
expressed in fat and liver tissues. Michelini et al. [21] hypothesized that an inherited
AKR1C1 loss-of-function mutation could underpin nonsyndromic primary lipedema in
one family, based on a similar accumulation of progesterone that promotes lipogenesis and
lipid accumulation.
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Table 1. Familial inherited missense mutations in steroid transforming human AKRs.

AKR Enzyme Missense Mutation References Disorder

AKR1C1 L213Q Michelini et al., 2020 [21] Nonsyndromic
Primary Lipedema

AKR1C2

I79V

Flück et al., 2011 [22] 46,XY DSD
H90Q

N300T

H222Q

AKR1D1

P198L
Lemonde et al., 2003, Drury et al., 2010 [23,24]

Bile Acid Deficiency

L106F

P133R Gonzales et al., 2004, Drury et al. 2010,
Chen et al., 2020 [24–26]

R261C Gonzales et al., 2004, Seki et al., 2013,
Drury et al., 2010 [24,25,27]

G223E Ueki et al., 2009, Seki et al., 2013, Drury et al., 2010 [24,27,28]

R266Q Seki et al., 2013, Chen et al., 2020 [26,27]

T25I Chen et al., 2020 [26]
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Figure 2. AKR sequence alignment shows the position of major nsSNPs and inherited mutations.
Catalytic tetrad is shown in orange, steroid binding residues in blue, cofactor binding residues in
green, nsSNPs with an MAF greater than 0.01 in black boxes, and familial mutations in red boxes.

A 638 T > A transversion that results in a one amino acid substitution of L213 to
Q in AKR1C1 was identified in a family with three members afflicted by sex-limited
autosomal dominant nonsyndromic lipedema. Disease occurred in heterozygous carriers
of the mutation. While the mutation did not affect protein expression in carriers, the L213Q
variant was determined to be a loss-of-function mutation. L213 is not located on the active
site. However, it is within the core of the protein, and its mutation appears to influence
structure and function. Using molecular dynamic simulations, residue L213 was shown to
participate in hydrophobic interactions. Mutation to glutamine disrupts these interactions
due to the new polar side chain forming new hydrogen bonds. This mutation was found to
affect the solvent accessibility of substrates with the steroid and cofactor binding pockets of
AKR1C1. As a result of the structural changes, both steroid substrate and cofactor are more
solvent-exposed, leading to a decrease in interaction energy between steroid substrate and
cofactor that likely stems from a loss of non-covalent interactions. Quantitative structure-
activity relationship (QSAR) modeling was performed to predict enzymatic parameters,
where the mutant reduced both turnover number and catalytic efficiency by 50%.
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This is a good example of the identification of a potentially clinically relevant mutation
followed by the pursuit of functional genomic analysis to determine how it affects the
protein of interest. However, the structure–function relationships were only performed
with computational modeling and predictive relationships to determine reaction kinetics.
These predictions were only performed with one steroid (20α-hydroxyprogesterone) and
one cofactor (NADP+). The mutation may affect only one type of reaction, whereas conver-
sion of other steroids may not be as drastically affected. Furthermore, the studies were not
performed with the preferred substrates for AKR1C1, namely NADPH and progesterone.
The QSAR modeling should have been ideally performed with additional steroid substrates
to increase the robustness of the model’s predictions. Beyond progesterone conversion,
the authors raise the idea that prostaglandin F 2alpha (PGF2α) is known to inhibit adi-
pogenesis, whereas AKR1C1 catalyzes its synthesis [29,30]. Decreased AKR1C1 activity
could release this brake on adipogenesis that is normally carried out by prostaglandins.
However, we are unconvinced that the catalytic efficiency of this reaction would support
this functional relationship since AKR1C3 appears to be the major PGF2a synthase [31]. The
authors suggest that mutation of AKR1C1 could result in less PGF2α and stimulation of
adipogenesis, which was described in their discussion. However, the group was unable to
perform predictive kinetics on this reaction. These studies all point to the need to conduct
kinetic analysis on each of the reactions of interest using recombinant enzymes bearing
this mutation.

Lipid production is also known to be androgen-dependent in prostate cancer cells and
PCOS adipocytes [32,33]. AKR1C1 inactivates the potent androgen receptor ligand DHT
to 3β-androstanediol. Androgens have been shown to increase de novo lipogenesis and
decrease lipid breakdown in adipocytes. Therefore, mutation of AKR1C1 would reduce
DHT inactivation, allowing it to promote lipedema through androgen receptor signaling.
Collectively, mutations in AKR1C1 may be able to promote lipedema through progesterone,
androgen, or prostaglandin pathways. Therefore, it is important to perform additional
functional genomic studies to determine how the mutation affects the reaction kinetics
of progesterone conversion to 20α-hydroxyprogesterone, DHT to 3β-androstanediol, or
prostaglandin E2 to PGF2α. These cases illustrate how mutations in a protein could have
diverse effects that are ultimately mediated through the same pathway, from a delay in
parturition in mice to dysregulated lipid accumulation in adults, both the result of decreased
progesterone metabolism.

3.2. AKR1C2

AKR1C2 (type 3 3α-hydroxysteroid dehydrogenase) demonstrates preferred 3-ketosteroid
reductase activity. Importantly, it inactivates the potent androgen DHT to 3α-androstanediol
and converts dihydroprogesterone (DHP) to allopregnanolone, an important neurosteroid
that modulates the GABA receptor. There are no k/o mice available since a murine equiv-
alent of this enzyme does not exist [8]. The NCBI SNP database reveals one nsSNP with
a missense outcome that occurs with an MAF greater than 0.01. It should be noted that
several of the nsSNPs investigated by Takahashi et al. [34], detailed below, fall below the
MAF threshold we used in this search. A sequence alignment of the mutations and nsSNPs
is detailed below, and also their locations with respect to conserved catalytic, cofactor, and
substrate binding sites can be found in Tables 1 and 2, Figure 2. The impact of mutations in
AKR1C2 on hormone-dependent diseases and disorders stems primarily from its involve-
ment in DHT metabolism. As a potent androgen receptor ligand, DHT regulates sexual
differentiation in embryonic males, promotes secondary sexual characteristics in adult
males, and in some cases, causes androgen-dependent disorders. Mutations in AKR1C2
that result in an under or oversupply of DHT have been associated with several disorders.
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Table 2. Steroid-transforming human AKR nsSNPs with an MAF greater than 0.01, * indicates that
nsSNPs with a frequency of <0.01 exist but are not included in the table.

AKR Enzyme Missense nsSNP NCBI Identifier MAF

AKR1C1 * - - -

AKR1C2 F46Y rs2854482 0.0649

AKR1C3

H5Q rs12529 0.4203

K104D rs12387 0.1518

E77G rs11551177 0.0367

R258C rs62621365 0.0325

R66Q rs35961894 0.0230

AKR1C4

C145S rs3829125 0.1028

L311V rs17134592 0.1024

G135E rs11253043 0.0270

AKR1D1 * - - -

Flück et al. described how several germline mutations in AKR1C2 underlie the
dysregulation of male sexual differentiation observed in a Swiss family in 1972, beginning
with the development of the fetal gonad driven by DHT [22]. Several members of a Swiss
family exhibited varying degrees of under-virilization at birth, resulting in female sex
assignment and 46,XY DSD [35]. Years later, Flück et al. sequenced DNA from the original
family as well as one other family with similarly presenting individuals and identified
a total of four germline inherited mutations in AKR1C2 that they further investigated
for functional differences [22]. The authors proposed that fetal DHT synthesis proceeds
through a backdoor pathway ending with the oxidation of 3α-androstanediol to DHT and
that the identified mutations in AKR1C2 are the main cause of this pathway deficiency in
affected individuals. They also identified a mutation in AKR1C4 that resulted in aberrant
splicing, consequently eliminating its supplementary role to AKR1C2 metabolism and
exacerbating the deficiency in the backdoor pathway to DHT. A kinetic analysis of wild-
type and the three AKR1C2 variants identified in family one (I79V, H90Q, and N300T)
showed reduced catalytic activity for two key reactions in the alternative pathway to DHT:
the reduction of 5α-dihydroprogesterone (5α-DHP) to allopregnanolone, and the oxidation
of 3α-androstanediol to DHT. The authors note that while AKR1C2 wild-type was able to
oxidize 3α-androstanediol to DHT in vitro, it acts primarily as a 3-ketosteroid reductase
in vivo based on its high affinity for NADPH. Therefore, the impact of these mutations
most likely manifests in AKR1C2′s decreased ability to catalyze the reduction of 5α-DHP
to allopregnanolone and 17α-hydroxyprogesterone to 17α-hydroxyallopregnanolone, both
of which feed into the backdoor pathway [22], see Figure 3. Another AKR1C2 mutation,
H222Q, was identified in the second family. In an assay performed in COS1 cells, the H222Q
variant resulted in significantly reduced DHT production compared to wild-type [22]. The
authors noted that while all four mutations identified in AKR1C2 resulted in reduced
catalytic activity, it was not to the degree typically associated with recessive disorders
of steroidogenesis. Ultimately, a combination of mutations in AKR1C2 and AKR1C4 is
necessary to stunt fetal DHT synthesis and cause disordered sexual development in these
two families.
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5 -dihydroprogesterone

Allopregnanolone Androsterone

AKR1C2/4

5 -androstanedione

AKR1C2

3 -androstanediol

5 -dihydrotestosterone
AKR1C3

AKR1C3

AKR1C2 ?

CYP17A1

CYP17A1

17 -hydroxy-
5 -pregnane-3,20-dione
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CYP17A1

CYP17A1

(17 -hydroxylase)

(17 -hydroxylase) (17,20-lyase)

(17,20-lyase)

HSD17B6

Figure 3. Role of AKR1C2 and AKR1C4 in the fetal backdoor pathway for DHT. Arrows depict reac-
tions carried out by the indicated enzymes. The involvement of AKR1C2 is unconfirmed (indicated
by a question mark) in the reaction converting 3α-androstanediol to 5α-dihydrotestosterone.

In contrast to the previous study, where AKR1C2 mutations caused an undersupply of
DHT that resulted in a sex development disorder, Takahashi et al. highlight how mutations
in AKR1C2 that lead to an accumulation of DHT could exacerbate PCa. DHT is a potent
AR ligand and a driver of PCa. As a mechanism to regulate its occupancy on the AR, DHT
is reduced to 3α-androstanediol by AKR1C2, where disruption of this shunt could lead
to an accumulation of DHT that exacerbates PCa [34]. Takahashi et al. examined how
five AKR1C2 nsSNPs might affect protein function and disrupt DHT synthesis in PCa
using transient transfection followed by enzyme assays in Sf9 cell lysates. They found
that two variants, F46Y and L172Q, had decreased Vmax compared to wild-type in the
reduction of DHT to 3α-androstanediol [34]. They also reported that three variants, L172Q,
K185E, and R258C, had significantly lower apparent Km values compared to wild-type.
None of the nsSNPs resulted in protein stability differences. The authors note that the
frequency of the F46Y variant in several continental-based populations corresponds with
the occurrence and severity of PCa in these groups. The F46Y allele is found in 15% of
African and 5.9% of European populations and is undetected in Asian populations [34].
Interestingly, this mirrors the occurrence and severity of PCa in decreasing order for these
ethnic groups. The authors highlight the parallel between F46Y occurrence and PCa and
suggest that this or other AKR1C2 mutations could be a contributing factor to genetic PCa
risk. They proposed that an association between the occurrence of the F46Y allele and
elevated DHT serum levels in PCa patients may predict the severity of the disease; however,
to our knowledge, this study has not been conducted. A weakness of the Takahasi study is
that, as a control, they mutated the catalytic tyrosine and found that the Y55F mutant still
had one-tenth the catalytic efficiency of wild-type AKR1C2. This calls into question the
reliability of kinetic data obtained using Sf9 cell lysates as opposed to those obtained using
purified recombinant mutant proteins.

In a follow-up study, Arthur et al. [36] used homology modeling to predict and analyze
the structural impact of the mutations investigated by the Takahashi group. With respect to
the F46Y variant, they report that the substitution of tyrosine introduces a polar residue
into a previously hydrophobic environment. This tyrosine is predicted to form a hydrogen
bond with a water molecule that could change the local environment and destabilize the
hydrogen bond that normally forms nearby between N280 and the cofactor [36]. The
authors suggest that this destabilization in cofactor binding could account for a reduced
maximum velocity rather than F46Y directly disrupting the interaction with substrate
DHT. They also report that the L172Q substitution might result in a similar disruption of
hydrogen bonding between N167 and cofactor that leads to a decreased Vmax reported by
Takahashi [35]. Together, these studies suggest that the F46Y nsSNP decreases AKR1C2′s
catalytic ability due to disrupted cofactor binding, which could result in an accumulation
of DHT. However, in the absence of a more rigorous kinetic analysis of the mutant proteins
and a clinical study to confirm the impact of this finding in PCa patients, this example
serves to highlight how a more comprehensive investigation spanning several disciplines
is necessary to provide a complete story of the role of these nsSNPs in disease.
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3.3. AKR1C3

AKR1C3 (type 2 3α(17β)-hydroxysteroid dehydrogenase) is the only steroid metabo-
lizing AKR that preferentially displays 17-ketosteroid reductase activity that can convert
Δ4-AD to T and 11-oxo-Δ4-AD to 11-keto-T [19]. It is also known as prostaglandin F2α
synthase and oxidizes PAH-trans-dihydrodiols [31]. There are no k/o mice available since
a murine equivalent of this enzyme does not exist [8]. The NCBI SNP database reveals five
nsSNPs with missense outcomes that occur with an MAF greater than 0.01. A sequence
alignment of the nsSNPs detailed below and their locations with respect to conserved
catalytic, cofactor, and substrate binding sites can be found in Table 2, Figure 2.

AKR1C3 drives prostate cancer and other hormone-dependent disorders, e.g., PCOS,
where coding nsSNPs are thought to further modify their role in various aspects of the
disease [37]. Until recently, most studies that implicated AKR1C3 nsSNPs were epidemi-
ological and lacked functional genomic experiments to identify any change in protein
function that could explain the connection to the disease. The AKR1C3 nsSNP rs12529,
which corresponds to the H5Q mutation, has been flagged by many groups without fur-
ther investigation. However, recent work from our group showed no major differences
between AKR1C3 wild-type and the top four most frequently occurring variants, calling
into question the weight of these associations.

Because of the role of AKR1C3 in the peripheral synthesis of T, there are numerous
epidemiological studies that associate AKR1C3 nsSNPs, mainly H5Q, with PCa detection,
prognosis, and treatment effectiveness. One study conducted in a New Zealand PCa cohort
by Karunasinghe et al. suggested that the presence of the Q5 mutation in combination
with smoking is associated with unusually low serum PSA levels that belie the severity
of disease and lead to late detection by current prostate-specific antigen (PSA) diagnostic
benchmarks [38]. The same group suggested that the Q5 mutation and smoking are associ-
ated with an increased age at which PCa is diagnosed by PSA serum levels [39]. Karunas-
inghe et al. also report that in patients receiving androgen deprivation therapy (ADT), the
Q5 variant is associated with increased hormone treatment-related symptoms [40]. They
proposed that these adverse drug effects could be avoided if individuals were genotyped
for the Q5 variant to achieve precise treatment monitoring.

Three groups have associated AKR1C3 nsSNPs with deviations in serum T levels.
Shiota et al. associated the presence of Q at position 5 with higher serum T levels in patients
receiving ADT [41]. Inversely, the presence of H at position 5 is associated with a better
prognosis. Relatedly, Jakobsson et al. described that in healthy Swedish subjects, the E77G
variant is associated with lower serum T levels. However, they found no significant differ-
ence in enzyme activity of this variant compared to wild-type [42]. In the third study, Ju et al.
report that Q5 is associated with increased serum T levels in a cohort of Chinese women
with PCOS, which may indicate that the variant contributes to hyperandrogenism [43].
Notably, these three studies predict that mutations in AKR1C3 may affect T biosynthesis
without performing any supporting biochemical characterization of the mutant proteins.
Relatedly, several groups highlight AKR1C3 nsSNPs that might play a role in non-lethal
disorders in men. Roberts et al. found that the Q5 mutation is associated with decreased
risk of prostate enlargement in benign prostate hyperplasia [44]. Additionally, Soderhall
et al. report the identification of a novel AKR1C3 nsSNP resulting in A215T substitution
that is unique to a boy with penile hypospadias compared to a control group [45].

Studies implicating AKR1C3 nsSNPs extend beyond T production and PCa. The
effects of AKR1C3 nsSNPs in the metabolic activation of PAHs and other carcinogens
have also been considered. A preliminary study from one group suggests that the Q5
variant could be involved in the molecular pathogenesis of urinary bladder cancer [46].
In contrast, Figueroa et al. report an inverse association of Q5 with bladder cancer risk
with no connection to smoking in a Caucasian population [47]. Interestingly, Lan et al.
report the Q5 variant to be associated with a significant risk of developing lung cancer in a
Chinese population exposed to high levels of PAH-rich coal combustions from cooking and
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heating [48]. Together, these studies highlight how AKR1C3 nsSNPs might modify their
contribution to the production of ultimate carcinogens that can lead to cancer.

Given the large number of reports relating AKR1C3 variants with various positive
and negative aspects of the disease, there are disproportionately fewer functional genomic
studies examining how Q5 and other nsSNPs affect AKR1C3 function. To our knowledge,
there are only two studies that biochemically characterize AKR1C3 nsSNPs. The first
analysis, conducted by Platt et al., evaluated wild-type and five AKR1C3 variants in their
ability to metabolize exemestane, an aromatase inhibitor used to treat breast cancer, to 17β-
dihydroexemestane [49]. Their findings indicate that H5Q, E77G, K104D, P180S, and R258C
are 17-250-fold less catalytically active compared to wild-type in this reaction, which could
significantly affect exemestane metabolism in breast cancer patients with different variants
and warrant the consideration of AKR1C3 genotype in treatment protocols [49]. However,
in our own work, where we evaluated wild-type and the top four most frequently occurring
variants (H5Q, K104D, E77G, and R258C), we found no significant kinetic differences in the
ability of the variants to metabolize Δ4-AD to T, progesterone to 20α-hydroxyprogesterone,
or exemestane to 17β-dihydroexemestane compared to wild-type [10]. Additionally, while
the K104D variant was less stable than WT, the presence of cofactors NAD(P)+ diminished
this effect. In contrast to associative and biochemical studies that implicate H5/Q5 and
other AKR1C3 nsSNPs in disease, our findings indicate that none of the variants we
examined have significant differences that would likely manifest in patient prognosis.

While several of the associative studies discussed above convey contradictory impacts
of the H5Q variant on disease prognosis, the sizable number of reports that flag this variant
makes it difficult to excuse these associations completely. However, our own work is
in opposition to the idea that H5Q is an influential variant, as we found no significant
impact of this nsSNP or any other on AKR1C3 protein function or stability. H5Q is the
most commonly occurring AKR1C3 variant with a global MAF of 0.42 [9,10]. However,
in certain continental populations, the distribution is reversed, and Q5 is the major allele.
This raises the concept that depending on the population observed in a given study, Q5
could be the major allele in contrast to the global MAF. This could lead to a distorted
enrichment of the Q5 variant in certain populations. Furthermore, other factors, such as
the upregulation of AKR1C3 via ADT or other modifications of its expression that occur in
PCa and other disease states, could obscure the influence of the H5Q variant and account
for the widespread identification of this variant in associative studies.

3.4. AKR1C4

AKR1C4 (type 1 3α-hydroxysteroid dehydrogenase) is predominantly expressed in
the liver, where it displays 3-ketosteroid reductase activity and is responsible for making
3α-hydroxysteroids. However, alteration of AKR1C4 has been associated with mood
disorders. Progesterone is converted into an intermediate (5α-dihydroprogesterone) by
SRD5A1, which is then available for conversion by AKR1C4 into allopregnanolone, which
is implicated in negative mood changes due to dysregulation of GABAergic signaling of
glutamatergic neurons [50]. However, it is thought that the main AKR involved in central
nervous system (CNS) regulation via allopregnanolone metabolism is AKR1C2 [51]. There
are no k/o mice available since a murine equivalent of this enzyme does not exist [8]. The
NCBI SNP database reveals six nsSNPs with missense outcomes that occur with an MAF
greater than 0.01. A sequence alignment of the mutations and nsSNPs detailed below and
their locations with respect to conserved catalytic, cofactor, and substrate binding sites can
be found in Table 2, Figure 2.

One study identified the C145S AKR1C4 nsSNP due to a C to G transversion in a
purely associative study [52]. The majority of patients in this study had type 1 bipolar
disorder and exhibited an irritable mood during mania/hypomania based on affective
disorders evaluation (ADE). The SNP was associated with increased manic or hypomanic
irritability, where men with the SNP were 5.44 times more likely to experience manic or
hypomanic irritability compared to those without the SNP. This effect was not seen in
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women. Paradoxically, as increased irritability correlated with the C145S variant in men,
there was a corresponding decrease in serum progesterone levels. The authors speculated
why this could occur but did not follow up with any mechanistic studies. The same
group published follow-up studies in another population of men and women with bipolar
disorder [53]. There was a correlation between men with paranoid ideation and both
DHEA-S and progesterone levels, where the mean levels of both steroids were lower in
men with paranoid ideation compared to those without. In terms of the C145S variant
in AKR1C4, women had a reduced likelihood of exhibiting paranoid ideation, indicating
that the mutation may have the reverse outcome and yield a protective effect in women.
However, in order to determine whether the C145S mutation causes a change in AKR1C4
catalytic activity that reflects decreases in DHEA-S and progesterone levels, it would be
necessary to conduct a functional genomic analysis of the protein. It is also uncertain
whether these changes would be related to changes in systemic steroid metabolism in the
liver or CNS. For example, the NCBI database only shows transcript expression in the liver
and gall bladder.

AKR1C4 was also linked to breast cancer in a population of postmenopausal women
who were receiving estrogen or combined estrogen and progesterone therapy [54]. The
group observed that carriers who were heterozygous or homozygous for L311V SNP
correlated with a 16.7 and 29.3% increase, respectively, in mammographic percentage
density (MPD), a risk factor for breast cancer in women who were receiving combined
estrogen and progesterone as hormone replacement therapy. However, the sample size
was small for these groups, with an N of seven and one, respectively, so these findings
should be considered with caution. It was previously reported that L311V does have
a 66–80% decrease in AKR1C4 catalytic activity, so this residue may be important for
substrate binding since it resides in the C-terminal loop [55]. Since functional data about
the mutant was already known, the group was able to relate this SNP to the MPD risk
factor in postmenopausal women who were receiving combined estrogen and progesterone
replacement therapy.

3.5. AKR1D1

AKR1D1 (Δ4-3-oxosteroid-5β-reductase) is a key enzyme for bile acid synthesis, and
disruption of this critical pathway leads to bile acid deficiency. AKR1D1 reduces Δ4-
cholesten-7-ol-3-one and Δ4-cholesten-7,12-diol-3-one to their respective 5β-dihydrosteroid
forms. AKR1D1 works sequentially with AKR1C4 to produce the 3α,5β-configuration in
the A-ring of the steroid, which is essential for the proper emulsification of fats, Figure 4.
Interestingly, steroid 5b-reductase k/o mice retained some ability to synthesize bile acids.
Still, the bile acid levels were reduced, and composition differed in males and females,
where the former had significantly reduced 12a-hydroxylated bile acids [56]. If undetected
in humans, bile acid deficiency can be a fatal disorder in the neonate due to the resulting
inability to emulsify fat and absorb fat-soluble vitamins. In addition, these mutations lead
to diversion in the metabolism of 7α-hydroxy-4-cholesten-3-one and 7α,12α-dihydroxy-
4-cholesten-3-one to the 5α-reduced (allo)-bile acids which are hepatotoxic. Historically
the treatment of this deficiency focused on relieving symptoms rather than identifying the
underlying genetic causes of the disorder, leading to the possibility that the frequency of this
genetic disorder may be underestimated. A sequence alignment of the mutations detailed
below and their locations with respect to conserved catalytic, cofactor, and substrate binding
sites can be found in Table 1 and Figure 2.
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There are several mutations in AKR1D1 associated with bile acid deficiency. Lemonde
identified two transitions in infants with cholestatic liver disease [23]. One patient was
homozygous for a 662 C > T transition that resulted in a P198L substitution, while their
parents were both heterozygous for the mutation. This mutation was not found in a control
population of 100 chromosomes. The group also identified a second mutation (385 C > T),
resulting in an L106F substitution where the patient was similarly homozygous for the
mutation and had parents that were both heterozygous, Table 1.

Gonzales et al. described a case report where a pair of 8-month-old sisters with progres-
sive cholestasis and liver failure were compound heterozygous for two missense mutations
in AKR1D1: P133R (467 C > G) in exon 4 and R261C (850 C > T) in exon 7 [25]. Each parent
was heterozygous for one of the mutations, and it was confirmed that both girls had two mu-
tated alleles. Two patients with chronic cholestasis had a heterozygous mutation resulting
in a G223E (737 G > A) amino acid substitution in exon 6 [28]. Finally, another case report
identified two infants with neonatal cholestasis [27]. One was heterozygous for a novel
R266Q mutation, which was detected in the heterozygous mother but not in the father. The
second patient was compound heterozygous for the G223E and R261C mutations. G223E
was detected as heterozygous in the patient’s father and absent in the mother, while R261C
was heterozygous in the patient’s mother and absent in the father. Recently, another group
identified more inborn errors of bile acid metabolism in three infants [26]. One patient had
a compound mutation consisting of R50X, where X indicates an early stop codon and the
R266Q mutation. The second had a chromosomal mutation (74 C > T), resulting in a T25I
mutation. These studies present the connection between AKR1D1 deficiency and its effect
on bile acid metabolism and the development of cholestasis. However, it is necessary to
evaluate relevant biochemical studies on the structure–function relationship to determine
why these mutations result in bile acid deficiency.

Our group conducted an extensive functional genomic analysis of how these mutations
affect AKR1D1 structure and function. The point mutations L106F, P133R, P198L, G223E,
and R261C were tested to determine how they affect AKR1D1 [24]. All mutations are
highly conserved across AKR1D1 homologs in other mammalian species except for P133R.
None of the mutations were in direct contact with the catalytic tetrad, cofactor, or substrate
binding sites. Interestingly, only P133R could be successfully purified while the other four
accumulated in inclusion bodies indicating protein aggregation, misfolding, or instability.
G223E degraded within 24 h in cycloheximide pulse-chase experiments conducted in
transfected HEK293 cells, while L106F and R261C were poorly expressed and degraded
within 6 h. 5β-Reduction of T was assessed for each mutant, and very low activity was
seen with L106F and R261C within 24 h, which is consistent with their poor expression.
Additionally, no conversion was observed with the G223E or P198L mutations over 60 h.
However, as reaction times increased, background conversion of T to other androgens
occurred, making it difficult to quantify residual 5β-reduction of T. Protein expression was
measured for each of the five mutations, revealing that L106F, R261, and G223E all had
reduced stability. P198L remained in cells for up to 24 h; however, the mutation may still
affect its enzymatic activity or expression since it could not be successfully purified.

The P133R mutation was the only recombinant enzyme to be successfully purified, and
reactions could be conducted to determine steady-state kinetic parameters. When using T
as a substrate, the Km increased from 2.7 to 12.7 μM, and the kcat decreased from 7.1 to 2.7,
resulting in an over 10-fold decrease in the catalytic efficiency. When using cortisone as
a substrate, the Km decreased from 15.1 to 1.3 μM. However, the kcat also decreased from
9.9 to 0.6, ultimately resulting in only a small reduction in the catalytic efficiency. This
illustrates how kinetic parameters for two different substrates could be drastically different
for the same mutation in an enzyme. The substrate of interest Δ4-cholesten-7α-ol-3-one
has a longer C17 side chain, similar to that of cortisone. However, the Km for this substrate
could not be accurately measured due to saturation at the lowest substrate concentration.
At saturation, Km was significantly lower than 0.8 μM (the value for wild-type), while the
kcat was reduced 7-fold. These differences were more like those observed with cortisone
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and reframe AKR1D1 from a low affinity, high-capacity enzyme to a high affinity, low-
capacity enzyme in this scenario. This could indicate that AKR1D1 binds tightly to bile
acid substrates resulting in insufficient turnover to the 5β-reduced bile acid precursors for
proper emulsification, which could account for bile acid deficiency from this mutant.

Thermal stability studies showed that 50% of mutant enzymatic activity was lost
at 42 ◦C and less than 5–10% remained at 46.5 ◦C, while >60% of the enzymatic activity
of wild-type remained. This indicated that the instability of the mutants is exacerbated
at temperatures above 37 ◦C. Thus, while the mutants are less stable than the wild-type
enzyme, this observation is not relevant at physiological temperatures, and it is thought
that differences in kinetic parameters may be more important.

Transient kinetics were performed with the P133R mutant, where it was shown to
result in a 40-fold increase in the Kd value for NADPH and an increased rate of release
of NADP+ by two orders of magnitude compared to wild-type. The reduced affinity for
the cofactor suggests that the enzyme exists in a cofactor-free form. Impaired NADPH
binding and hydride transfer were found to be the molecular basis for bile acid deficiency
in patients with the P133R mutation [57].

Here we see that biochemical studies become critical to understand how a point
mutation may affect structure and function. If only evaluated by computational methods,
these mutations may have been overlooked as they are largely not near the catalytic
tetrad, substrate, or cofactor binding sites. However, the biochemical studies brought to
light why these mutations may lead to bile acid deficiency due to disruption of AKR1D1
expression/stability or catalytic activity. However, each point mutation can have a different
effect on enzyme function, and the same mutation, P133R, can have different effects on
different steroid substrates that can only be revealed by transient kinetic studies. Molecular
dynamic studies could have been useful in understanding how these nsSNPs may directly
affect protein stability, as we saw with the AKR1C1 analysis. The biochemical studies
support the association of the AKR1D1 mutants with cholestasis/liver failure and bile acid
metabolism deficiency. It was suspected that AKR1D1 might be the offender; however, the
biochemical studies aid in definitively explaining why these nsSNPs alter the structure and
function of AKR1D1.

4. Conclusions

AKR steroid metabolizing enzymes are critical players in proper physiological growth
and development. Germline mutations in these enzymes can disrupt androgen, proges-
terone, and bile acid metabolism and lead to debilitating pathological disease states that
greatly diminish the quality of life and could ultimately lead to death, especially in young
individuals born with these variants. These coding-region point mutations ultimately
alter the proper expression levels and function of these key metabolizing enzymes. In
many cases, epidemiological studies link a variant to a specific disease state; however, the
functional genomic studies to support the association and understand the structure and
functional impact of the mutation are often incomplete.

Most often, a patient is treated for a phenotype. However, there may be different
underlying dysfunctions that lead to the same disorder. This is evident in the examples
highlighted in the introduction, where mutations in SRD5A2, HSD17B3, and HSD3B2 all
lead to some form of disordered sexual development. Only with a close examination of
which key steroid metabolites were in excess in patients in combination with sequencing can
these disorders be teased apart. In rare cases, when the diagnosis is based on a phenotype
without investigation of the underlying cause of the disease, a patient could even be
misdiagnosed. This is where precision medicine is helpful in recognizing that patients with
the same categorical disease may need different types of treatment. Additionally, mutations
in a protein should be considered in the greater context of the entire metabolic pathway
of which the enzyme is a part. This is especially true in the case of human AKRs, which
typically catalyze several reactions in alternative routes to the same end steroid. If one
portion of the pathway is shunted due to a mutation that hinders the biological activity of
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the enzyme, this may drive the pathway through another arm. Disruption of this metabolic
pathway could even lead to the formation of novel steroids, making it important to study
the steroid metabolome in the context of a mutation to understand how the disease state
arises. The accumulation of SNPs in the same pathway should also be considered, as the
combination of mutations may have debilitating cumulative effects.

When examining the impact of a SNP, it could also be important to consider how a
mutation may precipitate disease in men and women differently. As can be seen in the
proteins highlighted in the introduction, certain deficiencies cause severe phenotypes in
one gender over the other due to the nature of steroid signaling. This is also evident in
the case of AKR1C3, where T production can affect men and women differently through
PCa and PCOS, respectively. Therefore, mutations may have different outcomes depending
on the role of the enzyme’s target product in different sex-dependent developmental and
reproductive processes.

With the recent additions to large genome databases such as the UK biobank and
increasing accessibility to analytical tools like AlphaFold, there are new opportunities to
unearth connections between AKR SNPs and disease. It will be essential to draw from
both associative and biochemical studies in order to uncover the full story of a mutation
and evaluate how this knowledge may be incorporated into medical intervention. As is
evident from the diversity of research groups and the expanse of time in some of the more
developed stories, this work often requires perseverance by many different groups with
complementary expertise and resources. With this perspective, we might consider some of
these narratives pending rather than permanently incomplete.
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Abstract: Steroid hormones are synthesized through enzymatic reactions using cholesterol as the
substrate. In steroidogenic cells, the required cholesterol for steroidogenesis can be obtained from
blood circulation or synthesized de novo from acetate. One of the key enzymes that control cholesterol
synthesis is 24-dehydrocholesterol reductase (encoded by DHCR24). In humans and rats, DHCR24
is highly expressed in the adrenal gland, especially in the zona fasciculata. We recently reported
that DHCR24 was expressed in the mouse adrenal gland’s inner cortex and also found that thyroid
hormone treatment significantly upregulated the expression of Dhcr24 in the mouse adrenal gland.
In the present study, we showed the cellular expression of DHCR24 in mouse adrenal glands in
early postnatal stages. We found that the expression pattern of DHCR24 was similar to the X-zone
marker gene 20αHSD in most developmental stages. This finding indicates that most steroidogenic
adrenocortical cells in the mouse adrenal gland do not synthesize cholesterol locally. Unlike the
20αHSD-positive X-zone regresses during pregnancy, some DHCR24-positive cells remain present
in parous females. Conditional knockout mice showed that the removal of Dhcr24 in steroidogenic
cells did not affect the overall development of the adrenal gland or the secretion of corticosterone
under acute stress. Whether DHCR24 plays a role in conditions where a continuous high amount of
corticosterone production is needed requires further investigation.

Keywords: adrenal gland inner cortex; X-zone; DHCR24; seladin-1

1. Introduction

The mitochondrial cytochrome P450 cholesterol side-chain cleavage enzyme (P450scc,
encoded by CYP11A1) controls the first step of the steroidogenesis pathway, which converts
cholesterol into pregnanolone (Figure 1) [1]. Steroidogenic cells can obtain the required
cholesterol for steroidogenesis by taking up circulating cholesterol via receptors on the cell
membrane, using the cholesterol stored in lipid droplets in the cytoplasm, or synthesizing
cholesterol de novo from acetate (Figure 1) [2]. Similar to many other steroid-producing
cells, adrenocortical cells can synthesize cholesterol locally [3]. In human adrenal glands,
de novo synthesized cholesterol contributes to 20% of cortisol production [4]. One of the
key enzymes that control cholesterol synthesis is DHCR24, which is highly expressed
in the adrenal gland in both humans [5] and rats [6], especially in the zona fasciculata.
DHCR24 is also named Selective Alzheimer disease indicator 1 (seladin-1) because it was
first identified using neuronal cells from Alzheimer’s disease (AD) patients [7]. In humans,
the adrenal gland is the tissue with the highest expression of DHCR24 [7]. The expression of
DHCR24 has been reported to be altered in human adrenal adenomas and carcinomas [8,9].
Patients carrying mutations in DHCR24 show the accumulation of cholesterol precursor,
desmosterol, and cause desmosterolosis, which is a disorder characterized by multiple con-
genital anomalies, neurological complications, and developmental delays [10]. We recently
reported that DHCR24 was expressed in the mouse adrenal gland inner cortex partially
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colocalized with the inner cortex marker gene 20αHSD [11]. In mouse adrenal glands, the
20αHSD-positive zone is also the X-zone [12], a structure that undergoes regression during
postnatal development [13]. A recent study used single-cell approaches and chronic stress
challenges to demonstrate the existence and the recruitment of a subpopulation localized in
the adrenal gland inner cortex [14]. This finding suggests that the inner part of the adrenal
cortex might be critical for optimal stress response. To characterize the significance of the
zonal-restricted marker gene, DHCR24, in the mouse adrenal gland inner cortex, we used
X-gal staining, immunostaining, and quantitative polymerase chain reaction (qPCR) for the
time-course expression of DHCR24. A conditional knockout (cKO) mouse model was used
to define the possible role of DHCR24 in adrenal gland development and function at the
baseline level (without treatments/challenges other than CO2 euthanization).

Figure 1. Cholesterol synthesis and steroidogenesis in the adrenal gland.

2. Results

2.1. Cellular Expression of DHCR24 in Mouse Adrenal Glands

A previous finding of the expression of DHCR24 in the mouse adrenal gland inner
cortex [11] was confirmed by X-gal staining (Figure 2A). Three commercially available anti-
bodies against DHCR24 were able to detect DHCR24 on formalin-fixed, paraffin-embedded
adrenal gland sections (Figure 2B) from mice that were treated with T3, which is known to
significantly induce DHCR24 expression [11,15,16] through thyroid hormone receptor (TR)
binding sites on the promotor region [17]. Under the euthyroid condition, the DHCR24-
positive cells were mainly in the 3βHSD low-expressing inner cortex (Figure 2C), which is
also the X-zone in mouse adrenal glands [12]. To obtain the spatial and temporal expression
profile of DHCR24 in mouse adrenal glands, both male and female mice were analyzed
by immunostaining (Figure 2D) and qPCR (Figure 2E). Both results showed that DHCR24
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was expressed in postnatal adrenal glands with a sexually dimorphic pattern. The sexually
dimorphic cellular expression and the expression timeline were similar to those of the
X-zone marker gene 20αHSD [11,18]. At P14, immunostaining results showed that a few
DHCR24-positive cells were found at the cortical–medullary boundary in both sexes. A
clear DHCR24-positive zone existed in the inner-cortical region at P21. At P28 and P35,
the DHCR24-positive zone remained in adrenal glands in female mice. However, in male
mice, only a few DHCR24-positive cells were found at P28; immunostaining did not detect
any DHCR24-positive cells in males at P35 (Figure 2D). Despite the strong increase seen
by immunostaining from P14 to P21 in both sexes, it is interesting that the qPCR result
only showed an increase of the Dhcr24 expression in female mice when the expression is
normalized with Actb. It is possible that a housekeeping gene is differentially expressed
across different postnatal stages [19], thus masking the differential expression of Dhcr24.
Unlike the 20αHSD-positive zone that regresses soon during the first pregnancy [13], im-
munostaining showed that the DHCR24-positive zone remained present in parous females
(Figure 3), suggesting that pregnancy does not lead to loss of the DHCR24-positive zone in
the adrenal glands of female mice.

2.2. Deletion of Dhcr24 in Steroidogenic Cells Did Not Affect the Zonal Structure of the
Adrenal Gland

To understand the role of DHCR24 in the adrenal gland, we used Sf1-Cre to remove
Dhcr24 in steroidogenic cells. The expression of Dhcr24 in the whole adrenal gland shown
by qPCR was dramatically reduced in cKO mice (Dhcr24flox/flox; Sf1Cre) in both sexes
(Figure 4A). The expression level of Dhcr24 in P35 cKO males was 24.6% of that in wild-
type males, whereas in female cKO mice at the same age, the expression was only 10.2%
of that in wild-type females. An RNA-seq result in a previous study showed that the
expression levels of Dhcr24 in the whole adrenal gland in P35 mice were 33.62 FPKM
(fragments per kilobase of exon per million mapped fragments) in males and 111.96 FPKM
in females [11]. The reduction rates of the Dhcr24 expression in cKO mice shown by the
qPCR suggested that the expression levels of Dhcr24 in the adrenal glands in cKO mice
could be around 10 FPKM in both sexes. This finding indicates that Dhcr24 is mainly
expressed in SF1-positive cortical cells and that Sf1-Cre could remove most Dhcr24 in the
adrenal gland. Indeed, immunostaining showed that no DHCR24-positive cells were
detected in adrenal glands in cKO mice of both sexes in the euthyroid condition. Even after
thyroid hormone treatment, the adrenal glands in cKO mice remained DHCR24-negative
for immunostaining signals (Figure 4B), confirming the deletion of DHCR24 in cKO mice
adrenal glands. To determine if the structure of the concentric cortical layers was affected
in cKO adrenal glands, we performed immunostaining to label different cortical layers,
including the X-zone and the CYP2F2-positive zone, which is a newly identified inner
subzone in mouse adrenal zona fasciculata [11]. The lack of DHCR24 did not lead to
any significant change in adrenal cortex zonation at P35 (Figure 4C,D). The qPCR results
showed that expressions of three major marker genes of the inner cortex, Akr1c18 (encodes
20αHSD), Pik3c2g, and Thrb1 were not significantly altered in cKO adrenal glands (Figure 5).
Interestingly, the Cyp2f2 expression was slightly reduced in female cKO adrenal glands
(WT vs. cKO: 1 ± 0.30 vs. 0.53 ± 0.20, p = 0.020). Expressions of Cyp11a1 and Star, the
two key factors that control the rate-limiting step of steroidogenesis, were not affected by
the deletion of Dhcr24. The mRNA level of the steroidogenic enzyme 11β-hydroxylase
(encoded by Cyp11b1) was also unchanged. The enzyme that controls the rate-limiting step
of cholesterol synthesis (HMG-CoA reductase, encoded by Hmgcr), was slightly reduced in
cKO females (WT vs. cKO: 1 ± 0.26 vs. 0.45 ± 0.43, p = 0.038).
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Figure 2. DHCR24 expression. (A) X-gal staining of tissues from 3-week-old female mice that were
either heterozygous for Dhcr24lacz or the wild-type from the Dhcr24lacz strain. (B) Immunostaining of
DHCR24 using three different commercially available antibodies. Mice were treated with T3 water for
10 days to increase the expression level of DHCR24. The negative control sample was stained using
the same method except for incubating with the primary antibody. (C) Double immunostaining using
DHCR24 antibody #sc-398938 and 3βHSD on euthyroid wild-type B6 mice. (D) Immunostaining
using DHCR24 antibody #sc-398938 on euthyroid wild-type B6 mice. (E) Quantitative polymerase
chain reaction was performed to detect the relative expression levels of Dhcr24, normalized with
either B2m or Actb to P15 males (set as 1), in whole adrenal glands. p-values are shown for the
comparison of the same sex between adjacent time points (font color red: female, font color blue:
male), and the comparison of male vs. female within each time point (font color black). The trends
are shown with the mean. Each data point contains pooled samples from at least three mice. The cell
nuclei were counterstained with DAPI (blue). Scale bars, 130 μm. ns, no significant difference.
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Figure 3. Immunostaining using DHCR24 antibody #sc-398938 of tissue from parous and nulliparous
euthyroid wild-type B6 mice. The cell nuclei were counterstained with DAPI (blue). Scale bars,
130 μm.

Figure 4. Phenotypic analyses of Dhcr24 cKO mice. (A) Quantitative polymerase chain reaction
was performed to detect the relative expression levels of Dhcr24 in whole adrenal glands from cKO
and WT littermates at P35. The relative expression levels of Dhcr24 in cKO mice were normalized
to those of the male WT mice. Each dot (WT) and circle (cKO) represents data from one mouse.
Data are shown with the mean. (B) Immunostaining using DHCR24 antibodies #sc-398938 and
#ab137845. The mice were treated with T3 drinking water for 10 days to increase the expression level
of DHCR24. The cell nuclei were counterstained with DAPI (blue). (C,D) Immunostaining showed
areas of zona fasciculata (AKR1B7-positive), medulla (tyrosine hydroxylase (TH)-positive), and inner
cortex (CYP2F2- or 20αHSD-positive) in euthyroid P35 mice. The cell nuclei were counterstained
with DAPI (blue). WT: wild-type mice, cKO: Dhcr24 conditional knockout mice. Scale bars, 130 μm.
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Figure 5. Quantitative polymerase chain reaction showed the relative expressions of key marker
genes in the adrenal cortex. The relative expression levels of each gene in cKO mice were normalized
to those of the male WT mice. Each dot (WT) and circle (cKO) represents data from one mouse. Data
are shown with the mean. WT: wild-type mice, cKO: Dhcr24 conditional knockout mice. ns, no
significant difference.

2.3. Deletion of Dhcr24 in Steroidogenic cells Did Not Affect the Lipid-Droplet Accumulation in
Adrenocortical Cells or the Blood Corticosterone and ACTH Levels

Because DHCR24 is the key enzyme that controls cholesterol synthesis, it is possible
that the de novo synthesis of cholesterol is affected in adrenocortical cells in Dhcr24 cKO
mice and then further alters the subsequent steroidogenesis. Phenotypic analyses using Oil
Red O staining and a hormone assay showed that the oil accumulation was not affected
in adrenal glands at the histological level in cKO mice (Figure 6A); the corticosterone and
ACTH levels in blood circulation and the ACTH/corticosterone ratio were also unchanged
in both sexes of the cKO mice (Figure 6B). It is important to note that these mice were
euthanized by carbon dioxide inhalation, which is considered to be a stressor that leads
to elevated corticosterone secretion [20]. The comparable stimulated corticosterone and
ACTH levels in cKO mice suggest that the lack of de novo synthesized cholesterol does
not significantly affect steroidogenesis under certain stress levels, such as the stress caused
by CO2 euthanasia. This result is consistent with the expression characteristic of DHCR24
in which it is specifically expressed in the inner cortex or X-zone, the area that is not
considered a primary contributor to the steroidogenic function of the adrenal gland cortex.
However, the de novo synthesized cholesterol might still be detrimental to chronic stress
response, especially some genes involved in cholesterol synthesis (e.g., Sqle and Hsd17b7)
has been reported to be upregulated in the mouse adrenal gland after long-term ACTH
administration [21], with the recent identification of an Abcb1b-positive subpopulation in
the adrenal gland inner cortex [14].
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Figure 6. Phenotypic analyses of Dhcr24 cKO mice. (A) Oil Red O staining showing lipid droplets
in the adrenal glands of euthyroid P35 mice. (B) Plasma levels of corticosterone, ACTH, and the
ACTH/corticosterone ratio in euthyroid P35 mice. Each dot (WT) and circle (cKO) represents data
from one mouse. Data are shown with the mean. Scale bars, 210 μm. WT: wild-type mice, cKO:
Dhcr24 conditional knockout mice. ns, no significant difference.

3. Discussion

Although the Dhcr24 cKO mice did not show any strong phenotypes that were exam-
ined in this study, our data demonstrated that in the mouse adrenal gland, DHCR24 was
specifically expressed in the inner cortex, with temporal and spatial expression patterns
that were very similar to those of the X-zone marker gene 20αHSD, which has a sexually
dimorphic expression pattern. The major difference between DHCR24 and 20αHSD is that
there are DHCR24-positive cells in the adrenal glands of parous female mice, but there is
no X-zone in these mice because it regresses during pregnancy [13]. This zonal-restricted
expression of DHCR24 indicates that most adrenocortical cells in the mouse adrenal gland
do not synthesize cholesterol locally because of the lack of DHCR24. We also found that
the deletion of DHCR24 in steroidogenic cells did not lead to major histological and func-
tional changes in the adrenal gland, at least under euthyroid conditions. Although a few
subpopulations in the adrenal gland inner cortex have been reported [11,14] along with
evidence showing the origin [22–24] and the developmental timeline [18] of the X-zone,
more studies are needed to discover the physiological function of cells in the mouse adrenal
gland inner cortex.

Different sources or supply routes of cholesterol ensure the high demand for choles-
terol for steroidogenesis in steroid hormone-producing cells. Other than (1) taking up
high- and low-density lipoproteins from the blood circulation and (2) deriving cholesterol
from cholesterol esters stored as lipid droplets, synthesizing cholesterol de novo in the
endoplasmic reticulum is another way steroidogenic cells obtain cholesterol [2,25]. The
restricted spatial expression of DHCR24 in the mouse adrenal inner cortex with the finding
of normal corticosterone levels in the Dhcr24 cKO mice suggest that the de novo synthesis
of cholesterol is not the major source of cholesterol used for steroid hormone production
in the mouse adrenal gland at least for the stress response caused by CO2 euthanization.
Because the lack of DHCR24 could lead to the accumulation of its substrate desmosterol [26]
and the P450scc enzyme is predicted also to use desmosterol to initiate steroid hormone
synthesis [27], the lack of DHCR24 may not affect steroidogenesis if desmosterol is used for
steroidogenesis as cholesterol. Whether the de novo cholesterol synthesis is important un-
der severe and chronic stress where continuous high amounts of corticosterone production
are needed requires further study. It is possible that the Dhcr24 cKO will start showing phe-

231



Int. J. Mol. Sci. 2023, 24, 933

notypes under certain conditions (e.g., dexamethasone-induced cortex regression, fasting,
long-term ACTH administration, etc.).

In addition to its involvement in the mevalonate pathway that controls cholesterol
synthesis, DHCR24 has also been linked to many cellular functions and diseases. DHCR24 is
also named ‘selective Alzheimer’s disease indicator-1′ or Seladin-1 because of its connection
with AD [7]. Patients with AD suffer from massive neuronal death due to apoptosis in both
neurons and glial cells [28]. In the brain, DHCR24 is less abundant in the areas affected by
AD [7,29]. Over-expression of DHCR24 in neurons prevents β-amyloid accumulation and
oxidative stress. This neuroprotective function that prevents neuronal loss has been seen
both in vitro and in vivo [30–34]. Additionally, it has been demonstrated that DHCR24
has a protective effect against apoptosis by inhibiting caspase-3 activity [35,36]. However,
the molecular mechanism for the DHCR24-mediated cell protective effect is not fully
understood. Our previous study showed that TRβ1 is specifically expressed in the adrenal
gland inner cortex, especially in the X-zone [18]. Because T3 treatment has been shown to
increase the size of inner-cortical cells and delay their regression [18,37,38], the T3-mediated
delayed regression of the X-zone is possibly a direct effect of the T3-induced high expression
of DHCR24 in the inner cortex. We are currently using Dhcr24 cKO mice to determine if
DHCR24 contributes to T3-mediated delayed regression.

Because Dhcr24 is highly expressed in the inner cortex even under euthyroid con-
ditions, it is also possible that DHCR24 confers cell protective effects under euthyroid
conditions [27]. Although no significant difference was noticed in Dhcr24 cKO mice at P35
in both sexes (Figure 6), we are currently examining some earlier developmental stages
to determine if deletion of DHCR24 leads to early regression of the X-zone in euthyroid
mice. For example, compared with wild-type mice at the same age who usually retain
a thin X-zone, male Dhcr24 cKO mice may lose all 20αHSD-positive cells at P28 [18]. A
time-course analysis will show whether or not Dhcr24 has a role in controlling the normal
regression process of the X-zone under euthyroid conditions.

4. Materials and Methods

4.1. Animals

C57BL/6J mice were purchased from the Jackson Lab. The Dhcr24tm1a(EUCOMM)Wtsi

(C57BL/6 background) mutant mice (Dhcr24lacz) were obtained from The European Con-
ditional Mouse Mutagenesis Program (EUCOMM). To generate the conditional knockout
mice, the Dhcr24lacz mice were first crossed with the Flp deleter strain (C57BL/6 background,
#7089 from Taconic Biosciences, Germantown, NY, USA) to generate the ‘conditional ready’
strain (Dhcr24flox). Then, the mice were crossed with C57BL/6J mice to remove the Flp. The
Dhcr24flox/flox mice were then crossed with the SF1-Cre mice (gift from Dr. Keith Parker,
has been back-crossed to C57BL/6 for more than 10 generations) to obtain the cKO mice
(Dhcr24flox/flox; Sf1-Cre). All mice were housed in a 12:12 h light-dark cycle (lights on at
6 am) with free access to regular rodent chow and water until sample collection. Mice
were euthanized between 2 pm and 4 pm using carbon dioxide, followed by decapitation.
Tissues were collected immediately and fixed in ice-cold 4% (v/v%) paraformaldehyde
(PFA) in 1X phosphate-buffered saline (PBS) or frozen by liquid nitrogen. All procedures
followed the protocols approved by the Institutional Animal Care and Use Committees at
Auburn University.

4.2. X-Gal Staining

Tissues were fixed in 2% (v/v) paraformaldehyde in phosphate-buffered saline (PBS)
on ice for 20 min and then rinsed with PBS three times. Samples were immersed in 30%
(m/v) sucrose at 4 ◦C on a shaker until tissues were sunk to the vial’s bottom. Samples
were embedded into Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA, USA),
and 8 μm sections were collected using positive-charged slides. Cryosections were stained
using X-gal staining solution [2 mM MgCl2, 5 mM potassium ferricyanide (Sigma-Aldrich,
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St. Louis, MO, USA), 5 mM potassium ferrocyanide (Sigma-Aldrich), 1 mg/mL X-gal
(Teknova, Hollister, CA, USA) in PBS] with incubation at 37 ◦C overnight.

4.3. Immunohistochemistry

Tissues were fixed at 4 ◦C overnight and processed according to standard immunos-
taining procedures [11]. In short, paraffin-embedded sections were incubated with primary
antibodies (DHCR24, #sc-398938, RRID: AB_2832944, 1:100; DHCR24, #sc-390037, RRID:
AB_2923495, 1:100; DHCR24, #ab137845, RRID: AB_2923496, 1:100; Tyrosine Hydroxylase
(TH), RRID: AB_628422, 1:500; 20αHSD, RRID: AB_2832956, 1:500; CYP2F2, #sc-374540,
RRID: AB_10987684, 1:250) followed by appropriate fluorescein-conjugated secondary
antibodies. DHCR24 was detected by a biotinylated secondary antibody followed by a
fluorescence tyramide [39]. Fluorescent images were obtained using a Revolve 4 microscope
(ECHO). ImageJ (https://imagej.nih.gov/ij/, accessed on 14 December 2022) was used for
adjusting the brightness and contrast.

4.4. Oil Red O Staining

After overnight fixation, tissues were rinsed by ice-cold PBS and then immersed in
30% (w/v%) sucrose in PBS at 4 ◦C on a shaker until tissues were sunk to the vial’s bottom.
Samples were embedded into Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA,
USA), and stored at −80 ◦C until cryosectioning. Sections (8 μm) were collected using
positive-charged slides, rinsed in PBS, and then incubated in Oil Red O solution [0.18%
(w/v%) Oil Red O powder in 60% (v/v%) isopropanol/ddH2O] for 5 min. After washing
with ddH2O twice for 5 min each, the slides were covered with an aqueous mounting
medium. For each group, at least 3 adrenal glands from 3 mice were analyzed.

4.5. Quantitative Real-Time RT-PCR (qPCR)

Total RNA from snape-freezing adrenal glands was isolated using the TRIzol reagent
(Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s instructions. The
reverse transcription was performed with total RNA and SuperScript IV reverse tran-
scriptase (Thermo Fisher, Waltham, MA, USA) with oligo dT primers. The qPCR analy-
sis was performed as described in a previously published study using PowerUP SYBR
Green Master Mix (Thermo Fisher, Waltham, MA, USA) [11]. The relative gene expres-
sions were calculated using relative standard curves with B2m or Actb (Figure 2E, right
panel) as the internal control. Primers used for qPCR are listed below: GCCCTTGGTGTC-
TATGGGTC (forward) and AGCTCGTAGGCAGTGCAAAT (reverse) for Dhcr24; GATAG-
GCCAGGCCATTCTAAGC (forward) and CATTCCCTGGCTTCAGAGACAC (reverse)
for Akr1c18; CCATTTGTGGACCCAGGTGA (forward) and GGGTCAGTGCATTTTG-
GAACA (reverse) for Pik3c2g; AAGTGCAACGCTTTGCTGAC (forward) and TGAACTC-
CTGAGGCGTCTTG for Cyp2f2; CCTGGATCCTGACGATGTGAA (forward) and ACAGGT-
GATGCAGCGATAGT (reverse) for Thrb1; CTGCCTCCAGACTTCTTTCG (forward) and
TTCTTGAAGGGCAGCTTGTT (reverse) for Cyp11a1; TATTGACCTGAAGGGGTGGC (for-
ward) and CAGGTGGTTGGCGAACTCTAT (reverse) for Star; CAGTGTTCCCAAGGCCT-
GAACG (forward) and GGCCATCCGCACATCCTCTTTC (reverse) for Cyp11b1; GGAGGC-
CTTTGATAGCACCA (forward) and TTCAGCAGTGCTTTCTCCGT (reverse) for Hmgcr;
TGCTACGTAACACAGTTCCACCC (forward) and CATGATGCTTGATCACATGTCTCG
(reverse) for B2m; ATGGAGGGGAATACAGCCC (forward) and TTCTTTGCAGCTC-
CTTCGTT (reverse) for Actb.

4.6. Hormone Assays

Mice were exposed to carbon dioxide (~2 min) until they stopped breathing. The blood
was then collected at the decapitation site using EDTA-coated tubes. Plasma was stored
at −80 ◦C until use. Hormones were measured using the corticosterone EIA kit (K014-H1,
Arbor Assays, Ann Arbor, MI, USA) and the mouse ACTH ELISA kit (NBP3-14759, Novus
Biologicals, Centennial, CO, USA) according to manufacturers’ instructions. Five (corticos-
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terone) and 25 (ACTH) microliters of plasma from each mouse were measured for each
data point.

4.7. Statistical Analysis

The two-tailed unpaired Student’s t-test function in Microsoft Excel was used to
calculate p values. p values less than 0.05 were considered statistically significant.
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Abstract: The human adrenal cortex is composed of distinct zones that are the main source of steroid
hormone production. The mechanism of adrenocortical cell differentiation into several functionally
organized populations with distinctive identities remains poorly understood. Human adrenal disease
has been difficult to study, in part due to the absence of cultured cell lines that faithfully represent
adrenal cell precursors in the early stages of transformation. Here, Human Adrenocortical Adenoma
(HAA1) cell line derived from a patient’s macronodular adrenocortical hyperplasia and was treated
with histone deacetylase inhibitors (HDACis) and gene expression was examined. We describe a
patient-derived HAA1 cell line derived from the zona reticularis, the innermost zone of the adrenal
cortex. The HAA1 cell line is unique in its ability to exit a latent state and respond with steroidogenic
gene expression upon treatment with histone deacetylase inhibitors. The gene expression pattern of
differentiated HAA1 cells partially recreates the roster of genes in the adrenal layer that they have been
derived from. Gene ontology analysis of whole genome RNA-seq corroborated increased expression
of steroidogenic genes upon HDAC inhibition. Surprisingly, HDACi treatment induced broad
activation of the Tumor Necrosis Factor (TNF) alpha pathway. This novel cell line we developed will
hopefully be instrumental in understanding the molecular and biochemical mechanisms controlling
adrenocortical differentiation and steroidogenesis.

Keywords: adrenocortical carcinoma; histone deacetylase inhibitor; cell differentiation; gene expression

1. Introduction

In mammals, the adrenal cortex is composed of concentric cellular zones that sur-
round an inner medulla (M) and are anatomically and functionally distinct. Three major
zones are distinguished in the human adrenal cortex: (a) zona glomerulosa (ZG), (b) zona
fasciculata (ZF), and (c) zona reticularis (ZR). Steroidogenic cells present in these three
zones synthesize steroid hormones: mineralocorticoids, glucocorticoids, and androgens,
respectively. In the murine adrenal cortex, ZG and ZF can be distinguished, but in contrast
to humans, the presence of ZR in mice is controversial (e.g., [1–4]) and no adrenal androgens
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are produced. Furthermore, rodent adrenals do not express Cyp17a1 (a gene encoding
17α-hydroxylase/17,20-lyase), and their ZF cells secrete corticosterone, while the main
glucocorticoid produced by human adrenals is cortisol [5]. As a result of these notable
dissimilarities, mouse models of several human adrenal diseases have been difficult to
establish. A thin capsule (C) that surrounds the gland provides the structural support and
serves as a source of cortical stem cells [6,7].

Successful production of essential steroidogenic hormones in the adrenal gland relies
on the combination of the universal and unique steroidogenic regulatory proteins. Ac-
cordingly, master regulators of steroidogenesis confer the common hormone-producing
characteristics, while zone-specific enzymes act as refining molecular coordinators for
adrenal cell specificity. Steroidogenic factor 1 (SF1/NR5A1) is the transcriptional master
regulator of steroidogenic cell identity in several endocrine organs, including the adrenal
gland. Sf1 expression serves as a molecular marker of steroidogenic cell identity [8]. Mice
lacking Sf1 do not develop steroidogenic cells and fail to form gonads or adrenals [9].
In humans, SF1 mutations cause adrenal failure and a 46,XY-sex reversal [10,11]. As we
described previously, GATA4 and GATA6 transcription factors are necessary for the expres-
sion of steroidogenic enzymes (e.g., cytochrome P450 family 11 subfamily A (CYP11A1,
cholesterol side-chain cleavage enzyme), steroid 3β-hydroxysteroid dehydrogenase/Δ5/4-
isomerase type 2 (HSD3B2), cytochrome P450 family 11 subfamily B member 1 (CYP11B1,
11β-hydroxylase), cytochrome P450 family 11 subfamily B member 2 (CYP11B2, aldos-
terone synthase), and cell surface receptors (e.g., melanocortin receptor type 2 (MC2R, the
adrenocorticotropin receptor)) [12,13]. Tissue- and zone-specific gene expression patterns
serve as unique molecular signatures for human adrenal cell populations. For example,
CYP11B2 required for aldosterone synthesis is expressed by ZG cells, while cells residing
in the ZF and ZR express CYP11B1 required for the synthesis of glucocorticoids [5].

Immortalized cell lines are critical tools for understanding disease mechanisms. Unlike
many other tissues (e.g., muscle, adipose, breast or colon), few or no cultured cell models
that faithfully recapitulate adrenal differentiation states currently exist. The armamentar-
ium currently available for understanding human adrenal differentiation in vitro is patently
scarce [14,15]. NCI-H295R, the sole human adrenocortical cell line currently in wide use,
was derived from a late-stage aggressive carcinoma [16]. This lineage provides a valid and
clinically relevant target for drug therapy. However, these cells are not representative of
any specific adrenal lineage and, being late-stage cancer, have limitations for studies of
adrenal differentiation and neoplasia.

Epigenetic regulation modulates gene expression through modification of nucleosomes
(DNA and histones), without altering the DNA nucleotide sequence. Histone acetylation
(hyperacetylation) by histone acetyltransferases results in a relatively open chromatin
arrangement that is favorable for DNA transcription. In contrast, histone deacetylases
(HDACs) catalyze the removal of the acetyl group from the lysine on the target proteins.
Their main function is to balance the acetylation level of histones (and other proteins, most
notably transcription factors) by opposing the action of histone acetyltransferases. A total
of 18 HDAC enzymes that employ zinc- or NAD+-dependent mechanisms to deacetylate
acetyl lysine substrates are known in humans. Small molecules that specifically target these
epigenetic regulators have been identified. HDACis (Histone deacetylase inhibitors) are nat-
ural and synthetically produced compounds that interfere with HDAC function [17]. Here,
we describe a non-secretory SF1-positive human adrenocortical adenoma (HAA) derived
cell line HAA-1 from a patient with a ZR tumor, which produced dehydroepiandrosterone
sulfate (DHEAS). When these cells were placed in culture, they dedifferentiated and no
longer produced hormones. We demonstrate here that, upon treatment with HDACis,
HAA1 cells undergo steroidogenic differentiation and highly up-regulate the expression
of steroidogenic genes and enzymes. We propose that HAA1 represents an early stage in
the differentiation of adrenocortical cells and provide a valuable tissue culture model of
adrenal differentiation and disease.
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2. Results

2.1. Developing the Novel HAA1 Cell Line from a Benign Neoplasm

The HAA1 cell line has been in culture for over eight years and propagated for over
1000 passage doublings. The cells have an epithelial and cuboidal appearance with variably
granular cytoplasm (Figure 1A). Upon addition of 10 μM forskolin, the cell line showed
evidence of morphologic changes (rounding up, not shown). This cAMP-dependent protein
kinase-mediated characteristic has historically been seen with adrenocortical NCI-H295R
cells [18].

Figure 1. (A) HAA1 cells in culture. (B) Both master-regulator NR5A1/SF1 (green) and the key
adrenal transcription GATA4 and GATA6 proteins (red) are expressed at a lower level in the HAA1
cell line (bottom panels) than in the control NCI-H295R (top panels) human adrenal cortical carcinoma
cell line. Scale bar, 50 μ. (C) A representative Western blot analysis of protein expression; NR5A1/SF1
(top panel) and ACTIN1 (bottom panel); L1. SW13 adrenal carcinoma cells (these cells produce
no steroids and serve as a negative control) L2. NCI-H295.L3. HAA1 (D) Quantitative analysis of
GATA4 and GATA6 protein expression for the experiment shown in (B); *, p < 05; ***, p < 0.001.
(E) Quantitative analysis of NR5A1/SF1 expression for the experiment shown in (C). All differences
are significant, p < 0.05.

2.2. HAA1 Cells Exhibit Some Characteristics of the Progenitor Cells of the Adrenal

To characterize the phenotype of the HAA1 cells, we examined the expression of
several genes and proteins normally present in adrenocortical cells. Expression of master-
regulator SF1 and the key adrenal transcription factors GATA4 and GATA6 in the HAA1
line was present, but lower than that in the control NCI-H295R human adrenal cortical
carcinoma cell line (Figure 1B,C). In contrast to the steroidogenic NCI-H295R cells, the
HAA1 cell line showed low RNA levels of most steroidogenic enzymes, which were
comparable to the non-steroidogenic SW13 cells. However, steroidogenic factor-1 (SF1,
NR5A1) and STAR RNA expression levels in HAA1 cells were intermediate between SW13
and NCI-H295R (Supplementary Figure S1). Since the HAA1 line did not exhibit overt signs
of lineage-specific steroidogenic differentiation, we examined the cells for the expression
of genes specific to progenitor cells present in the adrenal gland. Sonic Hedgehog (SHH)
and GLI1 proteins have been described as markers of the major progenitor cell populations
present in the adrenal cortex [7,19,20]. HAA1 cells express nuclear-localized GLI1 protein
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that is also notably present in the sub-population of the adrenal stem cells [7,20–22], but
not SHH (Figure 2).

Figure 2. HAA1 cells exhibit some characteristics of the progenitor cells of the adrenal. HAA1 cells
(bottom panels), but not NCI-H295 cells (top panels), express GLI1 protein that is also expressed in
the sub-population of the adrenal stem cells, but not SHH. H295 cells express SHH protein. Scale bar,
50 μ.

2.3. Increased Expression of Master Regulators alone Does Not Induce Re-Differentiation in
HAA1 Cells

HAA1 cells retain the expression of master steroidogenic regulators SF1, GATA4 and
GATA6, but at a lower level than steroidogenically active NCI-H295R cells (Figure 1B,C)
and, similar to the progenitor adrenal cells, HAA1 cells express key steroidogenic pathway
genes at a low level [23]. One explanation for the absence of steroidogenesis would be
de-differentiation and loss of adrenocortical gene expression upon 2D culture conditions
over an extended time. Thus, we sought to reestablish steroidogenesis in HAA1 cells. Over-
expression of SF1 during embryogenesis is sufficient to cause robust ectopic steroidogenesis
in fetal mice [24]. Hence, we tested whether simply boosting the expression of master
regulators SF1, GATA4, and GATA6, to the levels of NCI-H295R cells, would be sufficient
for re-differentiation. Transient transfection (either separately or combined) of plasmid
DNA in which SF1, GATA4 or GATA6 cDNAs were driven by a strong CMV promoter
did not lead to detectable increases in steroidogenic enzyme expression in HAA1 cells
(Supplementary Figure S2). Other established approaches for inducing differentiation
(e.g., treating cells with the adenylate cyclase activator forskolin or 5-Azacytidine, a DNA
methyltransferase inhibitor) were equally unsuccessful.

2.4. HAA1 Cells Respond to HDACis by Reprogramming Their Gene Expression

It has been known for a long time that the butyrate ion is a potent inducer of terminal
erythroid differentiation in cultured erythroleukemic cells [25]. The mechanistic basis for
this phenomenon, based on the ability of butyrate to inhibit histone deacetylation, has
been proposed [26]. However, unlike undifferentiated hematopoietic cells that undergo
differentiation, cells derived from solid tumors normally respond to HDACis by apoptosis
(e.g., [27] and references therein). Nonetheless, we sought to attempt this differentiation-
inducing protocol for HAA1 cells. HAA1 cells were treated with various concentrations of
sodium butyrate (SoBu), and cells were harvested after 2, 4 or 6 days. RNA was isolated,
converted to cDNA, and subjected to qRT-PCR analysis.

We determined that SoBu treatment led to a prominent adrenocortical differentiation in
HAA1 cells (Figure 3). Gene expression for several key enzymes involved in steroidogenic
hormone synthesis was highly upregulated (Figure 3a); longer treatment times resulted in
higher gene expression (Figure 3b). Since another HDACi, Trichostatin A, was equally effec-
tive in inducing steroidogenic gene expression in the HAA1 cells (Figure 3c), we concluded
that it is HDAC inhibition that is capable of promoting steroidogenic re-differentiation in
these cells. Interestingly, derived from zona reticularis (ZR), HAA1 cells respond to SoBu
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by robustly inducing CYP11B1 mRNA, which encodes the 11β-hydroxylase that catalyzes
the final step of cortisol (corticosterone) biosynthesis (Figure 3c) This gene is normally
expressed in the ZR and ZF but not the ZG [28]. We also noted that not all zonal-specific
steroidogenic gene expression is completely restored in HAA1 cells upon SoBu treatment.
For example, CYP17A1 required for the synthesis of adrenal androgens is normally present
in human ZR cells. qRT-PCR analysis did not detect a notable increase in CYP17A1 RNA
expression in the cell line upon sodium butyrate or Trichostatin A treatment (Figure 3).
In contrast, HDACi treatment of NCI-H295R cells did not result in a robust induction of
steroidogenic gene expression (Supplementary Figure S3A).

 

 
Figure 3. Cont.
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Figure 3. (a) qRT-PCR analysis of steroidogenic gene expression in the HAA1 cells. Gene expression
in treated cells compared to the untreated is shown. Sodium Butyrate treatment leads to a prominent
adrenocortical differentiation in HAA1 cell lines and gene expression for several key enzymes
involved in steroidogenic hormone synthesis is highly up-regulated. ***, p < 0.001; **, p < 0.01;
*, p < 0.05. (b) A comparison of gene expression in HAA1 cells upon 4 (black) or 6 (white) day sodium
butyrate treatment. Longer treatment times increase steroidogenic gene expression. ***, p < 0.001;
**, p < 0.01; ns, no significant. The data for 6-day treatment are also shown in 3A. (c) qRT-PCR analysis
of gene expression in HAA1 cells upon treatment with another HDAC inhibitor, Trichostatin A (TSA).
TSA, similarly, is effective in inducing steroidogenic gene expression in the HAA1 cells as sodium
butyrate. Notice that CYP11B1 gene expression is efficiently induced in HAA1 cells derived from ZR
cells. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, no significant.

To confirm the RNA expression data at the protein level, we performed immunoflu-
orescence staining analysis using antibodies on CYP11A1 and HSD3B2. CYP11A1 and
HSD3B2 immunostaining is prominent only in the HDACi-treated cells (Figure 4). To
examine protein expression in HDACi-treated cells in more detail, we performed a Western
blot for StAR. The StAR gene encodes for the steroidogenic acute regulatory protein that
regulates cholesterol transport within the mitochondria, a rate-limiting step in the produc-
tion of all steroid hormones. The expression of StAR was elevated upon HDACi treatment
in HAA1 cells (Supplementary Figure S4).
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Figure 4. SoBu treatment induces expression of steroidogenic enzymes in HAA1 cells. (A–H) Un-
treated (A,B,E,F) and SoBu-treated (C,D,G,H) HAA1 cells were stained either for CYP11A1 (A–D)
or 3BHSD (E–H) protein. DAPI staining shows that cells are present in all fields. Scale bars,
100 μ (A–D,G,H) and 50 μ (E,F).

2.5. Multiple HDACs Contribute to Repression of Differentiation in the HAA1 Cells

Both SoBu and trichostatin A are pan-HDAC inhibitors; therefore, it is not clear which
HDAC(s) is/are repressing the differentiation of HAA1 cells. To identify the HDACs
involved in this process, we treated HAA1 cells with additional HDAC inhibitors with both
broad and selective activity (Figure 5). We noted that, in HAA1 cells, CI994 inhibitor (Selleck
Chemicals, Houston, TX, USA), which is reported to inhibit HDACs 1, 3, 6, and 8, is the
most effective in inducing steroidogenic differentiation, followed by pan-inhibitors SAHA
and SoBu, whereas specific inhibitors PCI-34051 (Selleck Chemicals, Houston, TX, HDAC8-
specific) and RGFP966 (Selleck Chemicals, HDAC3-specific) were less potent. Overall,
these results suggest that multiple HDACs may contribute to repressing differentiation in
the HAA1 cells.

2.6. RNA-Seq Analysis of Gene Expression in HAA1 Cells

To gain a better understanding of the differentiation process in HAA1 cells upon
HDACi treatment, we performed an RNA-seq analysis of untreated and SoBu-treated
cells (Figure 6A). Ingenuity pathway analysis revealed that the steroidogenic (cholesterol
biosynthetic) pathway is the top canonical pathway activated in SoBu-treated HAA1 cells
(Table 1).

Additionally, TNF-alpha appears as a top activated regulator (Table 1), with increased
expression of numerous inflammation-related genes upon HDACi treatment (Figure 6B). To
confirm activation of the TNF-alpha pathway by a different assay, we performed qRT-PCR
analysis of several genes associated with this pathway. We demonstrated a profound
activation of TNF-alpha pathway genes, confirming the RNA-seq results (Figure 6C).
Similarly, the TNF-alpha pathway genes were not induced by the HDACi treatment of
NCI-H295 cells (Supplementary Figure S3B).
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Figure 5. Several HDAC inhibitors were compared for their ability to induce differentiation in the
HAA1 cells. CI-994 is the most potent inducer of steroidogenic differentiation in HAA1 cells. All
values are significant (p < 0.05 or less) except those indicated with “ns”.

Table 1. Ingenuity Pathway Analysis of gene expression in HAA1 cells. Summary of Analysis-HAA1
for Ingenuity.

Top Canonical Pathways

Name p-Value Overlap

Superpathway of Cholesterol Biosynthesis 6.72 × 10−15 53.6% 15/28
LXR/RXR Activation 1.89 × 10−12 20.7% 25/121
Hepatic Fibrosis/Hepatic Stellate Cell Activation 2.10 × 10−12 16.6% 31/187
Cholesterol Biosynthesis I 7.59 × 10−11 69.2% 9/13
Cholesterol Biosynthesis II
(via 24,25, dihydrolanosterol) 7.59 × 10−11 69.2% 9/13

Top Upstream Regulators p value of overlap Predicted activation
TNF 1.47 × 10−55 Activated
IL1B 9.44 × 10−35 Activated
Cg 6.48 × 10−34 Activated
TGFB1 1.32 × 10−32 Activated
Beta-estradiol 1.73 × 10−30
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Figure 6. (A) A volcano plot of RNAseq analysis of HAA1 cells upon HDACi treatment. The genes
with Qval < 4.78 × 10−95 and log2 (fold change) > 5 are labeled. (B) RNA-seq analysis of gene
expression in HAA1 cells after HDACi treatment showing increased expression of a number of
TNF-alpha pathway related genes. All values are highly significant, p < 0.001. (C) qRT-PCR analysis
of gene expression in HAA1 cells after HDAC-inhibitor treatment, confirming increased expression
of TNF-alpha pathway genes. All values are significant, p < 0.05.

2.7. Chromosomal Characteristics

This is a male-derived cell line with a chromosome number ranging from 45 to 92
and a modal chromosome number of 46. Representative karyotypes of this cell line at
passages 25 and 155 are shown in Supplementary Figure S5A,B, respectively. Five consis-
tent clonal markers were present in this cell line. Tentative identification of these mark-
ers are M1 = t (8q; ?), M2 = dup (11q), M3 = t (14p; ?), M4 = t (15q; 10q), M5 = t (16q; ?)
and M6 = t (17p; 1q). Marker M4 was not present in every metaphase, as shown in
Supplementary Figure S5B.

2.8. Quantitative Characterization of the Steroidogenic Synthesis in HAA1 Cells upon
HDACi Treatment

To examine the steroidogenic potential of the cell line, we measured a set of 23 steroids
by LC-MS/MS. We compared the steroid output in media from HAA1 cells under basal
conditions and after HDACi treatment using the pan-HDACi SoBu, as well as the optimal
HDACi for the cells, CI994. No notable hormone production was observed in untreated or
treated cells, despite a dramatic elevation of RNA messages for several key steroidogenic
enzymes. To examine the limiting step in steroid hormone biosynthesis in HAA1 cells, we
attempted to bypass the first two biosynthetic steps mediated by StAR and CYP11A1. To
this end, we supplemented the media with 22(R)-hydroxy-cholesterol (22ROH) and preg-
nenolone. HDACi treatment resulted in the appearance of modest amounts of progesterone
in the treated, but not untreated, cells (not shown). We concluded that HDACi-induced
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differentiation does not induce a complete steroidogenic capacity to a sufficient extent for
HAA1 cells to synthesize steroid hormones.

2.9. Short Tandem Repeat (STR) Analysis

The HAA1 cells were compared by STR analysis with the H295R (adrenal cortical
carcinoma) cell line-ATCC website (https://www.atcc.org/products/all/CRL-2128.aspx#
specifications (accessed on 17 October 2019). The HAA1 cells are a unique cell line (Table 2).

Table 2. Short tandem repeat profile of HAA1.

Amelogenin CSF1PO D13S317 D16S539 D18S51 D19S433 D21S11 D2S1338

HAA1 X, Y 11 12, 13 9, 11 14, 18 14, 15 27, 32.2 24, 25
D3S1358 D5S818 D7S820 D8S1179 FGA * TH01 TPOX vWA

HAA1 14, 18 12 8 10, 14 21, 22, 24 7. 9.3 8, 10 16, 18

*, multiple low-level peaks were also observed.

3. Discussion

In this study, we describe a non-secretory SF1-positive cell line, HAA1, derived from
a human DHEAS-producing tumor. We demonstrate that, upon treatment with HDACis,
HAA1 cells undergo further steroidogenic differentiation and up-regulate the expression
of steroidogenic genes and enzymes. Epigenetic regulation modulates gene expression
through the alteration of nucleosomes (by modifying DNA and histones), without changing
DNA nucleotide sequence. One of the established regulatory mechanisms is through
the control of histone acetylation. The degree of histone acetylation in a cell is mostly
determined by opposing activities of two types of enzymes: histone acetyltransferases and
HDACs. HDACs’ main function is to balance the acetylation level of histones by opposing
the action of histone acetyltransferases. HDACs catalyze the removal of the acetyl group
from lysines on target proteins. Intuitively, one may think that HDACs, by promoting
chromatin condensation, should be dedicated to gene repression; however, recent evidence
points to HDAC function in highly transcribed genes, where they regulate the turnover
of acetylated histones and reset chromatin after transcription [29]. On the other hand,
histones are not the sole target of HDAC action and hypoacetylation can certainly result in
down-regulation of gene expression, and HDAC-dependent down-regulation of key tumor
suppressor genes, such as gatekeepers TP53 and RB1, has been reported [30,31]. Information
available with respect to HDAC expression and function in adrenocortical cells is very
limited. It has been previously reported that HDACis inhibit steroidogenesis through
ubiquitination and degradation of steroidogenic factor 1 (SF1, NR5A1) in Y-1 murine
cultured cells [32]; however, as the results reported here demonstrate, this observation does
not appear to hold true in the human HAA1 cell line. HDAC function in adrenocortical
cells in humans remains to be understood.

HDACis include both natural and synthetically produced compounds that interfere
with the function of HDACs [17]. While they have important additional targets, the key
substrates for these enzymes are the core DNA histones H2A, H2B, H3 and H4 [33]. His-
tone acetylation (hyperacetylation) by histone acetyltransferases neutralizes the positive
charge of the histone tail and destabilizes binding to the negatively charged DNA. This
weakened affinity results in a relatively open chromatin arrangement that is favorable for
DNA transcription. Acetylation of nucleosomes residing in the vicinity of transcription
start sites (TSSs) is thought to promote the binding of chromatin remodeling factors at pro-
moter regions and/or destabilize chromatin structure [34,35], which may lead to decreased
nucleosome occupancy immediately upstream of TSSs and facilitate RNA Pol II binding
and transcription [36].

Our data show that HDACis induce expression of steroidogenic genes in HAA1 cells.
The results also suggest that multiple HDACs may be involved in the suppression of HAA1
steroidogenesis (Figure 5). Furthermore, HDACi treatment of HAA1 cells demonstrates
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that they preserve some memory of their cell of origin. We found that CYP11B1 and
MCR2 MC2R expression is induced in HAA1 cells (Figure 3B,C). We have also determined
that untreated HAA1 cells express GLI1 protein that is normally present in the stem cell
population in the adrenal cortex (Figure 2). However, a complete pattern of gene expression
corresponding to the original adrenal layer was not restored. For example, CYP17A1 was
not expressed in HAA1 cells upon HDACi treatment (Figure 3A).

It is not entirely surprising that a complete roster of lineage-specific expression in
HAA1 cells is not restored upon HDACi treatment. For example, some of the genes may
require a qualitative or quantitative blend of transcription factors that was not recreated as
a result of the treatment, or these genes could be controlled through other pathways. It is
also possible that these genes were deregulated in the primary tumors that the HAA1 cells
were derived from, as adrenal cancer cells are known to exhibit disorganized steroidogenic
gene expression [37]. It has been also postulated that early stage, immature steroidogenesis
is a characteristic of adrenal tumors. Exploring methylation patterns and chromatin con-
figuration for genes that failed to re-activate in the HAA1 cells upon treatment should be
informative and will be the subject of further studies.

Our data further suggest that one of the functions for HDACs could be regulation and
suppression of the TNF-alpha and inflammation pathway in adrenocortical cells. Previous
research convincingly demonstrated that TNF-alpha is a potent indirect activator of steroid
secretion through its ability to stimulate ACTH production [38]. A dedicated role for the
intra-adrenal TNF-alpha pathway has also been proposed based on its presence in adrenal
cell lines [39,40] and adrenal tumors [39,41]. The addition of TNF-alpha to HAA1 cells
did not result in activation of steroidogenic gene expression, so at this point we can only
speculate on the role of this pathway in adrenocortical differentiation of HAA1 cells and
whether it is a contributing factor or a bystander in their steroidogenic differentiation.
In agreement with previous studies, we favor the hypothesis that a chronically active
TNF-alpha pathway could be important for activating steroidogenic gene expression in
HAA1 cells. In addition, we observed cell death in HDACi-treated cultures of HAA1 cells,
consistent with TNF-alpha’s ability to induce apoptosis [42,43]. TNF-alpha can also be a
contributing factor to adrenal cancer development and its drug resistance. In conclusion,
we have observed that HDAC inhibition partially restores steroidogenic genes in a human
cell line derived from an adrenal adenoma.

4. Materials and Methods

4.1. The HAA1 Cell Line Derivation

Human Adrenal Adenoma Line 1 (HAA1) cell line was derived from a 29-year-old
man incidentally found to have bilateral macronodular adrenal hyperplasia. Hormonal
work-up revealed elevated DHEA and DHEAS levels, which normalized following bilat-
eral adrenalectomy [23]. Tissue samples were procured under an IRB-approved protocol
after obtaining written informed consent. To derive cell line HAA1, tissue from DHEAS-
producing macronodular hyperplasia was surgically excised, minced, dispersed with
collagenase and DNAse I, and passaged in ACL-4 medium. Primary HAA1 cells were
infected with lentiviruses containing human telomerase reverse transcriptase (hTERT) and
the human papilloma virus early genes E6/E7, and cells were selected with G418. The
resultant line was characterized with phase-contrast microscopy. Later, passage cells were
adapted to grow in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS).

4.2. Ectopic Gene Expression in HAA1 Cells

The pCS2_SF1_IRES_EGFP, pCS2_GATA4 and pCS2_GATA6 plasmids were intro-
duced into HAA1 cells by lipofection using Lipofectamine 3000 (Invitrogen, Waltham,
MA, USA). For lipofection, 2 μg of plasmid DNA mix was combined with Lipofectamine
3000 reagent as recommended by the manufacturer and added to the mini-chamber slide
(Lab-Tek, Grand Rapids, MI, USA). The cells were incubated with the plasmids for 48 h,
washed with phosphate-buffered saline (PBS), and fixed with 4% paraformaldehyde.
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4.3. Immunocytochemistry

Immunofluorescence analysis of HAA1 cells was performed, essentially as previously
described [12]. Briefly, cells were grown on chamber slides (Lab-Tek) and used for plasmid
DNA transfection, HDACi treatment or as controls. Cells were gently washed with PBS
and fixed with 4% paraformaldehyde or cold methanol for 7 min on ice. Fixed cells were
washed twice with PBS, and blocked for 30 min in PBS, 5% bovine serum albumin (BSA),
and 0.1% Triton X-100. Cells were incubated with primary antibodies diluted in PBS,
1% BSA, and 0.1% Triton X-100. After 1 h of incubation, cells were washed twice with
PBS and incubated with Alexa Fluor-conjugated secondary antibodies diluted in PBS/1%
BSA/0.1% Triton X-100 for 1 h. Cells were washed and mounted in medium containing 4,6-
diamidine-2-phenylidole-dihydrochloride (DAPI, Vector Laboratories, Newark, CA, USA).
The following antibody combinations were used: goat anti-GATA4 antibody (R&D Sys-
tems, Minneapolis, MN, USA), followed by donkey anti-goat Alexa Fluor 555-conjugated
antibodies (Alexa); rabbit anti-GATA6 antibody (Cell Signaling Technology, Danvers, MA,
USA) and rabbit anti-GLI1 antibody (Santa Cruz Biotechnology, Dallas, TX, USA) followed
by goat anti-rabbit Alexa Fluor 488-conjugated antibodies (Invitrogen); and goat anti-SHH
antibody, goat anti-HSD3B2, and goat anti-CYP11A1 (all Santa Cruz Biotechnology) anti-
bodies followed by donkey anti-goat Alexa Fluor 555-conjugated antibodies (Invitrogen).
All primary antibodies were diluted 1:300, and all secondary (conjugated) antibodies were
diluted 1:500. Images of cells were obtained and photographed using an Olympus BX-51
microscope and an Olympus DP72 digital camera. Images were overlaid in Photoshop
and assembled and labeled in Canvas, CorelDraw or Powerpoint. To quantify the GATA4;
GATA6 levels, immunofluorescence staining for GATA4 and GATA6 was converted to
grayscale and analyzed in a minimum of 20 cells in four sections. The lasso tool was used
for nucleus contouring, and the integrated density immunofluorescence for each nucleus
was calculated; the background was subtracted from each image. The Mann–Whitney test
was performed, and the data were plotted in Excel and presented as corrected total cell
fluorescence (CTCF) for nucleus ± SEM.

4.4. Western Blot Analysis

Whole cell lysates were prepared using a sodium deoxycholate lysis buffer. Nuclear
protein extracts were prepared using a dual buffer method, with the first buffer containing
a detergent and the second containing glycerol. Samples were isolated from well washed
cell pellets from control or sodium butyrate-treated HAA1 cells and BJ fibroblasts (neg-
ative control), which were flash-frozen and kept at −80 ◦C. The protein in each sample
was measured using a NanoDrop Lite spectrophotometer (ThermoFisher Scientific Inc.,
Waltham, MA, USA). A 100 μL aliquot was separated from the original sample and boiled
with 4X LDS sample buffer (Invitrogen) for 5 min. A total of 30 μg of protein for each
sample was loaded and resolved on a 12% SDS-PAGE gel along with a BenchMark Protein
Ladder (Invitrogen), followed by electroblotting onto PVDF (BioRad, Hercules, CA, USA)
membrane. The membranes were incubated with anti-SF1 antibody (Perseus Proteomics,
Tokyo, Japan) followed by horseradish peroxidase (HRP)–conjugated anti-mouse secondary
(BioRad), and anti-StAR antibody (Santa Cruz Biotechnology) followed by anti-rabbit HRP
secondary antibody (BioRad). The HRP signal was developed using Clarify Western ECL
substrate (BioRad) and detected using a Li-Cor scanner and Image Studio Digits version 3.1.
Sample loading was confirmed through incubation with anti-beta actin antibody (Novus,
Centennial, CO, USA), followed by anti-mouse HRP antibody and ECL development and
detection. To quantify the protein levels, the staining was converted to grayscale and the
images were inverted. The marquee tool was used for band contouring, and the integrated
density for each band was calculated; the background was subtracted from each image.
The Mann–Whitney test was performed, and the data were plotted in Excel and presented
as mean ± SEM.
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4.5. Chromosome Analysis

HAA-1 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, and
chromosome preparations were made at passages 25 and 155 following the standard air-
drying technique. Aged slides were G-banded by Trypsin Giemsa technique. G-banded
metaphase spreads were photographed using 80i Nikon Microscope and Applied Spectral
Imaging (ASI) Karyotyping system. A minimum of ten metaphases were karyotyped.

4.6. HDACi Treatment

HAA1 cells were plated onto 60 mm plates at a density of 8.0 × 105 in RPMI 1640 medium
supplemented with 10% FBS. Then, 24 h after plating, cells were either left untreated or
treated with sodium butyrate (3 mM, Thermo) or trichostatin A (100–300 nM, Sigma-
Aldrich, Saint Louis, MO, USA). Cells were maintained in the presence of the HDACi
for a defined number of days, at which time the media was removed and cells harvested
directly on the plate with TRI® reagent (Sigma-Aldrich, St. Louis, MO, USA). Experiments
with HDAC isoform-specific inhibitors and suberoylanilide hydroxamic acid (SAHA) were
performed in a similar fashion, except that HAA1 cells were grown in triplicate in 6-well
plates (Corning) and either left untreated or treated for 4–6 days with sodium butyrate,
Trichostatin A, SAHA (5 μM, #SML0061, Sigma-Aldrich, St. Louis, MO), CI994 (50 μM,
#S2818, SelleckChem, Houston, TX, USA), PC-34051 (50 μM, #S2012, SelleckChem) or
RGFP996 (50 μM, #S7229, SelleckChem, Houston, TX, USA). RNA from untreated and
treated cells was prepared and analyzed as described below.

4.7. Total RNA Extraction, First cDNA Synthesis and Quantitative RT-PCR (qPCR)

Total RNA was isolated with the TRI® reagent (Sigma-Aldrich), following the manu-
facturer’s recommendations, and treated with DNase I (Roche Diagnostics Corporation,
Indianapolis, IN, USA), according to the vendor’s instructions. DNase I-treated RNA
was purified with Qiagen Mini columns (Qiagen, Germantown, MD, USA), and the quan-
tity and quality of RNA were determined spectrophotometrically with a NanoDrop Lite
spectrophotometer. Equal concentrations of total RNA were reverse transcribed using an
M-MLV (Moloney Murine Leukemia Virus) Reverse Transcriptase kit (Invitrogen, Thermo),
following the manufacturer’s specifications. Quantitative RT-PCR experiments were per-
formed in an ABI 7500 instrument (Applied Biosystems, Foster City, CA, USA) using SYBR
Green PCR master mix (Applied Biosystems) under the following conditions: 40 cycles of
95 ◦C for 15 s and 60 ◦C for 1 min in a 2-step thermal cycle, preceded by two initial steps:
2 min at 50 ◦C and 10 min at 95 ◦C. The primer sequences are shown in Table 3.

Table 3. qRT-PCR primers.

Gene Name Primers Reference

1. CYP11B1 CYP11B1_For: GGCAGAGGCAGAGATGCTG
CYP11B1_REV: TCTTGGGTTAGTGTCTCCACCTG [44]

2. CYP11B2 CYP11B2_FOR: GGCAGAGGCAGAGATGCTG
CYP11B2_REV: CTTGAGTTAGTGTCTCCACCAGGA [44]

3. CYP17A1 CYP17A1_For: TGTGGACAAGGGCACAGAAG
CYP17A1_Rev: GGATTCAAGAAACGCTCAGGC [45]

4. CYP11A1 CYP11A1_FOR: AGCTAGAGATGACCATCTTCC
CYP11A1_REV: GGCATCAGAATGAGGTTGAATG [45]

5. CYP21A2 Cyp21a2_FOR: ACCTGTCCTTGGGAGACTAC
Cyp21a2_REV: TGCGCTCACAGAACTCCTGGGT [46]

6. HSD3B2 HSD3B2_FOR: AGAAGAGCCTCTGGAAAACACATG
HSD3B2_REV: CGCACAAGTGTACAAGGTATCACCA [47]

7. NR5A1 NR5A1_For: TGGCTACCTCTACCCTGCCTTTCC
NR5A1_Rev: GCCTTCTCCTGAGCGTCTTTCACC [48]

8. StAR hStAR For: AAGACCAAACTTACGTGGC
hStAR Rev: GTGGTTGGCAAAATCCACC [45]
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Table 3. Cont.

Gene Name Primers Reference

9. MC2R MC2R_For: AGCCTGTCTGTGATTGCTG
MC2R_Rev: AGATGACCGTAAGCACCACC [45]

10. SULT2A1 SULT2A1_For: TGATGTCAGACTATAATTGGTTTGAAGGC
SULT2A1_Rev: GGTTATGAGTCGTGGTCCTTCCTTATTG [49]

11. AKR1C3 AKR1C3_For: GAGAAGTAAAGCTTTGGAGGTCACA
AKR1C3_Rev: CAACCTGCTCCTCATTATTGTATAAATGA [50]

12. CYB5A CYB5A_For: CCAAAGTTAAACAAGCCTCCG
CYB5A_Rev: TGTTCAGTCCTCTGCCATG [51]

13. CYPA CYPA_For: TATCTGCACTGCCAAGACTGAGTG
CYPA_Rev: CTTCTTGCTGGTCTTGCCATTCC [52]

14. ACTN hbAct_For: TCACCATTGGCAATGAGCG
hbAct_Rev: TGGAGTTGAAGGTAGTTTCGTG [45]

For the initial analysis of the HAA1 cells, standardization was performed relative to
cyclophilin A (PPIA) RNA, and the expression was compared to that in the NCI-H295R
and the non-steroidogenic SW13 cell lines. For the analysis of the HDACi-treated cells,
standardization of the qPCR data was performed with the endogenous reference ACTB
(human beta actin) gene RNA. The samples were analyzed in triplicate from at least
3 biological replicates (independent experiments), and the fold change was calculated using
the ΔΔCt method. Statistical analysis (Student’s t-test; two-tailed) was performed on the
ΔΔCt values, and the results were considered significant at p < 0.05. The results were
graphed as fold-change differences relative to wild-type controls using GraphPad Prism®,
San Diego, CA (6.02 version) software. Fold change equal to 1 represents no change in
gene expression.

4.8. RNAseq Analysis

HAA1 cells were grown in triplicate and either left untreated or treated with sodium
butyrate (3 mM). After six days, cells were harvested and total RNA isolated as described
above. For quality control, RNA concentration was determined on a Qubit® 2.0 Fluorometer
(ThermoFisher/Invitrogen, Grand Island, NY, USA). RNA quality was assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Only total
RNA with 28S/18S > 1 and RNA integrity number (RIN) ≥ 7 were used for RNA-seq
library construction. The RINs of RNA ranged between 7.5 and 9.4.

RNA library construction was performed at the Interdisciplinary Center for Biotech-
nology Research (ICBR) Gene Expression Core, University of Florida, and sequencing runs
were performed in the NextGen core. RNA-seq library preparation was performed with
2 μL of 1:200 diluted RNA spike-in External RNA Controls Consortium (ERCC; 0.5× of
the amount suggested in the ERCC user guide: Cat# 4456740) and 1000 ng of total RNA,
followed by mRNA isolation using NEBNext Poly(A) mRNA Magnetic Isolation module
(New England Biolabs, catalog # E7490 ) and RNA library construction with NEBNext
Ultra RNA Library Prep Kit for Illumina (New England Biolabs, catalog # E7530) according
to the manufacturer’s instructions. RNA fragmenting time was adjusted according to
the RIN of total RNA. Briefly, 1000 ng of total RNA together with 2 μL of 1/200 diluted
ERCC were incubated with 15 μL of NEBNext Magnetic Oligo d(T)25 and fragmented in
an NEBNext First Strand Synthesis Buffer by heating at 94 ◦C for the desired time. First
strand cDNA synthesis was performed using reverse transcriptase and random primers,
and the synthesis of double-stranded DNA was completed using the second-strand master
mix provided in the kit. The resulting double-stranded DNA was end-repaired, dA-tailed
and ligated with NEBNext adaptors. Finally, the synthesized libraries were enriched by
13 cycles of amplification and purified by Meg-Bind RxnPure Plus beads (Omega Biotek,
Norcross, GA, catalog # M1386). For library quality control and pooling, barcoded libraries
were sized on the bioanalyzer, quantitated by QUBIT and qPCR (Kapa Biosystems, Wilm-
ington, MA, catalog number: KK4824). A total of 12 individual libraries were pooled at
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equal molar value of 20 nM, and a total of 2 lanes of HiSeq 000 were run. Differentially
expressed genes were plotted as a volcano plot and the genes with Qval < 4.78 × 10−95 and
log2 (fold change) > 5 were assigned and labeled. Differentially expressed genes were fur-
ther analyzed using Illumina Pathways analysis and PANTHER. Differential expression of
genes belonging to the TNF alpha pathway was analyzed by qRT-PCR as described above.

4.9. Liquid Chromatography—Tandem Mass-Spectrometry (LC-MS/MS) Analysis

For the LC-MS/MS experiment, HAA1 cells were grown in 6-well plates in the RPMI
media with 10% FBS. Treatments included 15 μM 22R-hydroxycholesterol, 15 μM preg-
nenolone, 10 μM forskolin, without (control) or with HDAC inhibitor, 50 μM of CI-994, to
induce steroidogenic differentiation. On day six of the experiment, the media was replaced
with the same media as above, except that FBS was omitted. Then, 1 mL aliquots of the
media were collected at 0, 4, 8 and 24 h and frozen at −20 ◦C. Steroid quantitation of
20 3-keto-Δ4 (Δ4) and three 3β-hydroxy-Δ5 (Δ5) steroids was performed by LC-MS/MS as
described previously [53,54].

4.10. Short Tandem Repeat (STR) Analysis

Genomic DNA from HAA1 cells was extracted and DNA profiling was performed
using the AmpFLSTR Identifier PCR Amplification kit (Thermo Fisher Scientific) and
subsequently analyzed on a 3730XL DNA analyzer (Thermo Fisher Scientific). The kit
amplified 15 tetranucleotide repeat loci and Amelogenin gender-determining marker. The
results were analyzed using GeneMapper v3.7 (Applied Biosystems, Waltham, MA, USA).
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Abstract: 11-Oxygenated androgens (11-OAs) are being discussed as potential biomarkers in diagno-
sis and therapy control of disorders with androgen excess such as congenital adrenal hyperplasia and
polycystic ovary syndrome. However, quantification of 11-OAs by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) still relies on extensive sample preparation including liquid–liquid
extraction, derivatization and partial long runtimes, which is unsuitable for high-throughput analysis
under routine laboratory settings. For the first time, an established online-solid-phase extraction-
LC-MS/MS (online-SPE-LC-MS/MS) method for the quantitation of seven serum steroids in daily
routine use was extended and validated to include 11-ketoandrostenedione, 11-ketotestosterone,
11β-hydroxyandrostenedione and 11β-hydroxytestosterone. Combining a simple protein precip-
itation step with fast chromatographic separation and ammonium fluoride-modified ionization
resulted in a high-throughput method (6.6 min run time) featuring lower limits of quantification well
below endogenous ranges (63–320 pmol/L) with recoveries between 85% and 117% (CVs ≤ 15%).
Furthermore, the ability of this method to distinguish between adrenal and gonadal androgens
was shown by comparing 11-OAs in patients with hyperandrogenemia to healthy controls. Due to
the single shot multiplex design of the method, potential clinically relevant ratios of 11-OAs and
corresponding androgens were readily available. The fully validated method covering endogenous
concentration levels is ready to investigate the diagnostic values of 11-OAs in prospective studies
and clinical applications.

Keywords: 11-oxygenated androgens; androgens; steroid hormones; LC-MS/MS; method validation

1. Introduction

The adrenal gland is the source of 11-hydroxylated androgens, which are primary
synthesized in the zona reticularis by 11β-hydroxylase (CYP11B1) from androstenedione and
testosterone under regulation of adrenocorticotropic hormone [1]. The low potent andro-
gens 11β-hydroxyandrostenedione (11-OHA4) and 11β-hydroxytestosterone (11-OHT) are
precursors for the higher potent 11-ketoandrostenedione (11-KA4) and 11-ketotestosterone
(11-KT) which are formed by 11β-HSDB2 (11β-hydroxysteroid dehydrogenase type 2) in
adrenal glands and kidneys (Figure 1) [2–5]. In adipose tissues, the synthesis of 11-KT
from 11-KA, as well as the metabolization of the higher potent 11-ketoandrogens to 11-
hydroxylated androgens by 11β-HSDB1 (11β-hydroxysteroid dehydrogenase type 1), is
suggested [3,6,7]. Due to their origin, 11-oxygenated androgens (11-OAs) allow the differ-
entiation of adrenal- and gonadal-produced androgens and provide a potential diagnostic
tool to reliably assign contributions of these organs to disorders of androgen synthesis,
such as polycystic ovarian syndrome (PCOS), androgen-producing or -dependent tumors,
and for therapy control in congenital adrenal hyperplasia (CAH) [3,8–14]. Furthermore, the
ratios of 11-OAs to testosterone or androstenedione are discussed as potential biomarkers
regarding disorders of androgen synthesis [12,13,15].
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Figure 1. Metabolism of 11-OAs and their circulation in peripheral tissues. Circulating 11-OHA4
and 11-OHT is de novo synthesized from cholesterol via androstenedione and testosterone in
adrenal glands. 11-OHA4 and 11-OHT are metabolized to 11-KA4 and 11-KT in kidneys and
vice versa converted as well as metabolized to 11-KA4 from 11-KT in adipose tissues. 11-KA4,
11-ketoandrostenedione; 11-KT, 11-ketotestosterone; 11-OHA4, 11β-hydroxyandrostenedione;
11-OHT, 11β-hydroxytestosterone.

Considering their diagnostic potential, 11-OAs are not yet established as parameters
in clinical routine analysis, due to low serum concentration levels, high laborious effort
and interferences in routine immunoassays. First mass spectrometry-based methods to
reliably quantify 11-OAs were published between 2008 and 2011 and were limited by,
e.g., lack of corresponding internal standards, long runtimes, low sensitivity or missing
validation for human serum samples as well as a lack of certified calibrators and quality
controls [16–19]. In recent years, several newly developed LC-MS/MS methods have
been published partially overcoming those limitations [10,13,15,20–32]. These analytical
methods, including validation data as well as advantages and disadvantages, are described
in detail in Caron et al. (2021) [21]. Overall, published methods rely on extensive sample
preparation including liquid–liquid extraction and derivatization, which is unsuitable for
high-throughput analysis in clinical routine diagnostics. Therefore, the major objective of
this work was the inclusion of 11-oxygenated androgens in an established routine online-
SPE-LC-MS/MS setup for profiling of seven clinically relevant steroid hormones including
17α-hydroxyprogesterone (17-OHP), aldosterone (A), androstenedione (A4), cortisol (F),
cortisone (E), dehydroepiandrosterone sulfate (DHEAS), estradiol (E2), progesterone (P)
and testosterone (T). Details of the method are described in Gaudl et al., (2016) [33].

2. Results

Multiple reaction monitoring of the four 11-OAs was integrated into the established
LC-MS/MS setup as shown in Figure 2. Limits of detection (LODs) were calculated at
15 pmol/L for 11-KA4, 18 pmol/L for 11-KT, 32 pmol/L for 11-OHA4 and 19 pmol/L for
11-OHT (see Table S2). Linearity was proven between 0.08 and 3.3 nmol/l for 11-KA4,
11-KT, 11-OHT, and between 0.8 and 33 nmol/l for 11-OHA4. Relative standard deviations
of the slopes of the calibration curves were below 4% with R2 > 0.999. Among the 11-OAs,
multiple interferences were observed (Table S1). Interferences above 1% of the original
signal intensity were chromatographically separated (R > 1.5) except for 11-OHA4-d7
interfering with 11-OHT, adding 1.3% of its original signal intensity to the analyte. In
serum samples, post column infusion showed an intensity loss by the first fraction of matrix
constituents reaching the mass spectrometer and affected all analytes starting with the red
dashed line in example chromatograms for 11-OAs in Figure S1. The ion suppression by
the matrix of serum samples was observed across the detection window affecting all mass
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transitions of all analytes and internal standards (intensity loss in serum: 40% for 11-KA4,
50% for 11-KT and 11-OHA4 and 30% for 11-OHT). Specific ion-suppressing effects at the
retention times of the analytes were not detected. Example chromatograms are shown in
Figure S1.

 

Figure 2. Exemplary chromatogram for single shot analysis of 11 steroid hormones. Chromatographic
separation with retention times and relative intensities of 11-OAs (blue; 11-KA4, 11-KT, 11-OHA4 and 11-
OHT) and established steroid panel (grey; 17-OHP, androstenedione, cortisol, cortisone, DHEAS, testos-
terone and progesterone) [34]. 11-KA4, 11-ketoandrostenedione; 11-KT, 11-ketotestosterone; 11-OHA4,
11β-hydroxyandrostenedione; 11-OHT, 11β-hydroxytestosterone; 17-OHP, 17α-hydroxyprogesterone;
DHEAS, dehydroepiandrosterone sulfate; SPE, solid phase extraction.

Inter- and intra-assay coefficients of variation (CVs) in spiked serum and spiked
controls were between 2% and 13% for 11-KA4, 2% and 15% for 11-KT, 2% and 7% for
11-OHA4, 2% and 10% for 11-OHT. Mean recovery ranges in spiked serum and spiked
controls were between 102% and 115% for 11-KA4, 85% and 105% for 11-KT, 100% and
114% for 11-OHA4 and 99% and 117% for 11-OHT (Table 1). Lower limits of quantification
(LLOQs) were determined at 63 pmol/L for 11-KA4 (CV 20%, s/n = 13), 100 pmol/L for
11-KT (CV 9%, s/n = 17), 320 pmol/L for 11-OHA4 (CV 3.9%, s/n = 30) and 83 pmol/L for
11-OHT (CV 5.7%, s/n = 13). In freeze/thaw stability experiments, the concentrations of
11-OAs were stable across five cycles with a reproducibility within the acceptable limit of
20% and without increasing or decreasing trend (Figure 3).

Table 1. Inter-assay imprecision and recovery of 11-oxygenated androgens. Means and coefficients of
variation for spiked serum and quality controls at low, moderate and high concentration levels.

11-KA4 11-KT 11-OHA4 11-OHT

Mean
[nmol/L]

CV Recovery
Mean

[nmol/L]
CV Recovery

Mean
[nmol/L]

CV Recovery
Mean

[nmol/L]
CV Recovery

Serum Level 1 0.34 13% 102% 1.5 7% 91% 6.0 5% 113% 0.44 10% 108%
Serum Level 2 0.9 10% 107% 1.9 4% 86% 12 6% 114% 0.62 9% 113%
Serum Level 3 19 7% 115% 16 3% 88% 188 4% 111% 1.2 6% 116%

QK Level 1 0.18 7% 109% 0.14 10% 85% 1.8 5% 107% 0.18 13% 109%
QK Level 2 0.7 10% 108% 0.6 4% 85% 7.1 3% 107% 0.69 5% 105%
QK Level 3 19 8% 113% 15 5% 90% 165 6% 100% 16 3% 99%

QK, quality control; 11-KA4, 11-ketoandrostenedione; 11-KT, 11-ketotestosterone; 11-OHA4,
11β-hydroxyandrostenedione; 11-OHT, 11β-hydroxytestosterone; CV, coefficient of variation.

For clinical verification, comparison of CAH patients and healthy controls revealed
elevated levels of 11-KA4 (p = 0.016), 11-OHA4 (p = 0.006), 11-OHT (p = 0.08), 11-KT
(p = 0.001), 17 OHP (p < 0.001), T (p = 0.015) and DHEAS (p = 0.012) as expected (Figure 4
and Table S6).
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Figure 3. 11-OAs are stable across repeated freeze/thaw cycles. Dot plots show mean and coefficient
of variation of 5 individually sample preparations. Data are presented relative to the concentration
of first freeze/thaw cycle. Analyte ranges were from 3.1 nmol/L to 8.1 nmol/L for 11-OHA4,
0.3 nmol/L to 0.8 nmol/L for 11-KA4, 0.3 nmol/L to 1.2 nmol/L for 11-OHT and 0.6 nmol/L to
2.6 nmol/L for 11-KT. Error bars represent standard derivations, dashed lines indicate the acceptable
limit of change (±20%). 11-KA4, 11-ketoandrostenedione; 11-KT, 11-ketotestosterone; 11-OHA4,
11β-hydroxyandrostenedione; 11-OHT, 11β-hydroxytestosterone;.

Figure 4. Levels of 17-OHP, testosterone and 11-OAs are elevated in CAH. Boxplots show me-
dian and interquartile range, whiskers indicate 95% confidence interval; * p < 0.01, ** p <0.05,
*** p < 0.001. CAH, congential adrenal hyperplasia; 11-KA4, 11-ketoandrostenedione; 11-KT,
11-ketotestosterone; 11-OHA4, 11β-hydroxyandrostenedione; 11-OHT, 11β-hydroxytestosterone;
17-OHP, 17α-hydroxyprogesterone.
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Accordingly, ratios of A/11-OHT (p = 0.004), DHEAS/11-OAs (p < 0.001), T/11-
OHT (p = 0.042) were decreased in CAH patients, reflecting a higher adrenal versus
gonadal androgen synthesis. 11-OA levels in the 42 healthy individuals were comparable
to published concentration levels for 11-OAs (Table S3).

3. Discussion

11-OAs are currently being discussed as biomarkers to improve diagnosis and therapy
of diseases that are associated with disturbed androgen production, including CAH, PCOS,
premature adrenarche, metabolic syndrome or obesity [3,8–14]. However, the quantification
of 11-OA is labor intensive and remains a challenge for routine clinical applications. By
implementing 11-OAs into an established routine online solid phase extraction online-SPE-
LC-MS/MS setup for steroids, these challenges were already resolved and we enabled the
simultaneous analysis of 11-OAs and seven relevant steroids within a single run using only
100 μL serum. The presented method covers 11 clinically relevant steroid hormones with
fast and simple sample preparation protocol and a short runtime of 6.6 min. Compared to
run times of published high-throughput LC-MS/MS methods (4 to 15 min) the presented
method can be ranked within the fast ones [14,15,20,23,25,27,28,30]. While these methods
utilize liquid–liquid extraction, including evaporation and re-suspension, the single protein
precipitation step of the described method generates minimal hands-on time prior to LC-
MS/MS measurement, which has been proven to be reliable during five years of routine
application [33,34].

Similar to the referenced routine steroid hormones method, imprecision as well as re-
coveries are within the acceptable limits given by CLSI guideline C62-A, confirming the va-
lidity of the method [35]. The obtained sensitivity competes with the most sensitive methods
utilizing complex derivatization and multi-stage liquid–liquid extraction [10,24,27,30,32].
In contrast to others, LLOQs and LODs were determined in native sera, reflecting genuine
patient samples instead of diluted standards or serum with decreasing matrix influence.
Since the experimentally determined LLOQs of the current method are at least three times
below the published endogenous ranges of 11-OAs (Table S3), the proposed method is
sufficiently sensitive to improve the assessment of clinically relevant hyperandrogenism [7].

Through previous experience in steroid analysis, interferences between the analytes
with similar masses ranging between 301.2 g/mol and 311.2 g/mol and similar fragments
were expected (Table S5) as well as interfering masses by incomplete deuteration of internal
standards and proton substitution within the ion source. Sufficient chromatographic
separated interferences were non-relevant and neglected. The interference of 11-OHA-d7
with 11-OHT delivers an 1.3% of 4e5 intense signal which is negligible below the noise of
2e3 for 11-OHT in endogenous samples.

In post-column experiments, the loss of sensitivity in serum compared to methanol
and calibrator is most probably caused by the serum matrix affecting standards and internal
standards equally. Therefore, a negative effect on the determined concentration of any
given analyte can be neglected. The negative effect on LLOQs, however, is considered as a
price of compromising between sensitivity, selectivity, and high-throughput capability. As
repeated freeze/thaw cycles (n = 5) have no effect on the analytical stability of 11-OAs, the
method is also suitable for batchwise analysis of clinical studies.

To improve clinical diagnostics, the method must reliably discriminate between pa-
tients with and without disturbed androgen production. The determined levels for 11-OAs
in 13 healthy individuals are comparable to reported concentration levels for 11-OAs in
healthy individuals, thus indicating a correct determination of 11-OAs by the method [7,32].
Elevated levels of 11-KA4, 11-KT and 11-OHA4 in CAH patients similar to recently reported
findings in adults are proving the clinical verification of the method (Figure 4 and Table S3).
The non-significant elevation of 11-OHT indicates a lack of power due to small sample size
of n = 42. Decreased ratios of DHEAS and T to 11-OAs confirm the expected increased
adrenal versus gonadal androgen synthesis in CAH patients [36]. Despite a fast and easy
sample preparation protocol combined with short runtimes, the method delivers results for
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CAH patients as well as healthy individuals that are similar to recently reported methods
utilizing liquid–liquid extraction and derivatization. Since commercial calibrators and
traceable controls for 11-OAs are not accessible yet, the fully validated method containing
in-house spiked calibrators and controls is ready to investigate the diagnostic values of
11-OAs in prospective studies and clinical applications. A minimal sample volume of
100 μL makes it highly relevant for children as well.

In conclusion, we present a robust high-throughput method with high sensitivity for
simultaneous quantification of four 11-OAs and seven relevant steroid hormones using
minimal sample preparation. By multiplex-design in single shot analysis, ratios of clinically
relevant steroids to 11-OAs are instantly accessible, allowing the application of 11-OAs in
future routine diagnostics and therapy control in disorders associated with androgen excess.
In future studies, the method will be used for determination of reference intervals (from
birth to 80 years) as well as to investigate the influence of 11-OAs on obesity, metabolic
syndrome, and puberty.

4. Materials and Methods

4.1. Chemicals and Reagents

Deionized water was produced in-house using a Barnstead Nanopure from Thermo
Scientific, Waltham, MA, USA. Zinc sulfate heptahydrate was obtained from Merck, Darm-
stadt, Germany, ammonium fluoride from Sigma Aldrich, St. Louis, MO, USA, LC-MS grade
methanol from Biosolve, Valkenswaard, The Netherlands. 11-KA4, 11-KT, 11-OHA4, 11-OHT
were purchased from Steraloids, Inc., Newport, RI, USA, 11-KT-16,16,17-d3 from Eurisotop
GmbH, Saarbrücken, Germany, 11-OHT-2,2,4,6,6-d5 from CDN Isotopes, Pointe-Claire, Que-
bec, Canada, 11-KA4-3,3,6,6,7,7,9,10,10,17-d10 from LGC Group, Luckenwalde, Germany and
11-OHA4-2,2,4,6,6,16,16-d7 from EQ Laboratories GmbH, Augsburg, Germany.

Methanolic working standards were produced for all analytes and internal standards
based on 1 mg/mL (3.3 mmol/L) stock solutions. 6PLUS1 Multilevel serum calibrator levels
1–5 as well as MassCheck® steroid serum control levels 1–3 were obtained from Chrom-
systems Instruments and Chemicals GmbH, Munich, Germany and were used to generate
calibrators and quality controls (QC) and serum covering expected endogenous levels by
spiking with working standards of 11-KA4, 11-KT, 11-OHA4, 11-OHT (Table S4) [7]. Spiked
Calibrators ranged from 0.08 nmol/L to 33.3 nmol/L for 11-KA4, 11-KT and 11-OHT, and
from 0.83 nmol/L to 331 nmol/L for 11-OHA4. Spiked QC’s and serum controls ranged
from 0.16 nmol/L to 16.6 nmol/L for 11-KA4, 11-KT and 11-OHT, and from 1.7 nmol/L to
165 nmol/L for 11-OHA4 (Table S4).

4.2. Human Samples

Residual serum taken from routine diagnostics of patients with treated CAH was used
for method verification. The study was approved by the ethics committee of the University
Hospital Leipzig (082 10 190-42010) according to the declaration of Helsinki ethical prin-
ciples. Serum samples of healthy individuals with normal 17-OHP concentrations were
obtained from the LIFE Child study (Leipzig Research Centre for Civilization Diseases)
approved by the Ethical Committee of the University of Leipzig (reference number: Reg.
No. 264-10-19042010) and is registered at ClinicalTrials.gov (NCT02550236).

4.3. Sample Preparation

Aliquots of calibrators, quality controls, blank, and serum (100 μL) were treated with
200 μL precipitating agent (ZnSO4 in water (0.3 mol/L)/methanol 1/4 v/v, including
the internal standards (3.3 nmol/L)), thoroughly mixed and centrifuged for 10 min at
14,000× g. The supernatant was transferred to autosampler vials with 250 μL inserts.

4.4. LC-MS/MS

A Prominence UFLC system from Shimadzu (Duisburg, Germany) was coupled to
a QTRAP® 6500plus from SCIEX (Framingham, MA, USA). A PAL3 RSI autosampler
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from CTC Analytics (Zwingen, Switzerland) handled sample injection. Injection vol-
ume was 100 μL. Online solid phase extraction was performed on a POROS® column
(30 × 2.1 mm) from Applied Biosystems (Foster City, CA, USA) at a flow rate of 3 mL/min.
For chromatographic separation, a Chromolith® High Resolution column (RP-18, end-
capped, 100 × 4.6 mm) from Merck (Darmstadt, Germany) was used. The mobile phase
consisted of 50% eluent A (0.2 mmol/L ammonium fluoride (NH4F) in water/methanol
97/3 v/v) and 50% eluent B (0.2 mmol/L NH4F in water/methanol 3/97 v/v) and was ad-
justed as follows: 0–1 min 50% B, 1–5.5 min 50% to 95% B, 5.5–6.5 min 100% B, 6.5–6.6 min
50% B. Flow rate was 1.5 mL/min and the column oven was set to 35 ◦C. Electrospray
ionization (ESI) was applied in positive mode and detection was carried out using multiple
reaction monitoring. Mass transitions of the 11-OAs as well as their corresponding internal
standards are listed in Table S5. The concentrations were determined using calibration
curves which were obtained via ratios of analyte peak area/deuterated standard peak area.
Furthermore, estradiol (E2) and aldosterone (A) (ESI negative mode) can additionally be
determined without extra sample preparation [33,34].

4.5. Validation

Serum samples with known low concentrations of androgens were used for the de-
termination of LLOQ and LOD. LOD was calculated at s/n = 3. LLOQ was defined as the
lowest concentration at which a triplicate measurement resulted in CV ≤ 20% with signal
to noise (s/n) ≥ 10. Linear range of calibration was determined by regression analysis.
Means of slopes and regression coefficients of ten 5-point calibrations were determined
for robustness of linearity. Potential interferences between 11-OAs, 9 established steroid
hormones (17-OHP, A, A4, F, E, E2, DHEAS, T, P), as well as their corresponding inter-
nal standards were investigated by measuring highly concentrated standard solutions
(28–37 nmol/L; 27 μmol/L for DHEAS/DHEAS-d6). Matrix effects were investigated by
post column infusion of 11-OHA4, 11-KA4, 11-OHT and 11-KT (50 nmol/L, 10 μL/min)
during the measurement of methanol, calibrator and serum. Imprecision (intra- and inter-
assay) and recoveries were determined by measurement of 10 replicates of spiked quality
controls as well as spiked serum samples at three concentration levels each as described
above. To asses potential effects of freeze/thaw cycles, five serum samples were frozen at
80 ◦C within 2 h after blood sampling, thawed and refrozen on 4 individual days prior to
threefold measurement. Changes above 20% indicated that repeated freeze/thaw cycles
affect analytical stability of 11-OAs.

4.6. Clinical Verification

Residual serum samples of 42 patients with treated CAH (19 males, 2 to 79 years) and
expected elevated concentrations of 11-OAs were compared to a control group of 42 healthy
individuals matched for sex and age. In both groups, concentrations of 11-OAs as well as
the routine steroid hormone panel (17-OHP, A, A4, F, E, E2, DHEAS, T, P) and ratios of
17-OHP, A, A4, P or T to 11-OAs were compared.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24010539/s1.
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Abstract: The cortex of the adrenal gland is organized into concentric zones that produce distinct
steroid hormones essential for body homeostasis in mammals. Mechanisms leading to the devel-
opment, zonation and maintenance of the adrenal cortex are complex and have been studied since
the 1800s. However, the advent of genetic manipulation and transgenic mouse models over the past
30 years has revolutionized our understanding of these mechanisms. This review lists and details
the distinct Cre recombinase mouse strains available to study the adrenal cortex, and the remarkable
progress total and conditional knockout mouse models have enabled us to make in our understanding
of the molecular mechanisms regulating the development and maintenance of the adrenal cortex.

Keywords: transgenic mice; adrenal cortex; development; maintenance

1. Introduction

The adrenal gland is an organ formed of two main regions: the centrally located
medulla that produces catecholamines, and the adrenal cortex that produces steroid hor-
mones essential for body homeostasis in mammals. The adrenal cortex is further organized
into concentric zones that produce distinct steroid hormones. The outermost zone of the
adrenal cortex, the zona glomerulosa (zG), secretes aldosterone. The intermediate zone, the
zona fasciculata (zF), secretes corticosterone or cortisol depending on the species. Finally,
the inner zone that is absent in rodents, the zona reticularis (zR), secretes dehydroepiandros-
terone and dehydroepiandrosterone sulfate (DHEA/DHEAS).

The development and maintenance of the mammalian adrenal cortex is complex and
includes five main sequential steps: (1) formation of a common primordium with the
gonads known as the adrenogonadal primordium (AGP); (2) separation of the AGP into
the gonadal primordium (GP) and the adrenal primordium (AP), with the latter being
responsible for the formation of the fetal adrenal cortex; (3) encapsulation of the fetal
adrenal cortex, following the invasion of neural crest-derived cells that will form the future
chromaffin cells of the medulla; (4) replacement of the fetal cortex by the definitive adrenal
cortex; and (5) establishment of zonation (zG, zF and zR) and subsequent maintenance of
these zones.

Foundations for the study of the adrenal cortex were laid 139 years ago, when it was
first suggested that cells forming all three of the above-mentioned adrenocortical zones
originate from the outer capsule and migrate inwards to ultimately die at the boundary
between the adrenal cortex and the medulla [1]. Although this theory was reinforced
five decades later by the study of cellular renewal in adrenal injury models [2,3], it took
transgenic mouse technology to begin to understand the molecular mechanisms regulating
the development and maintenance of the adrenal cortex. The objectives of the present
review are: (1) to detail the mouse Cre strains available to study adrenal cortex development
and maintenance; and (2) to present the main findings acquired from these different models,
from AGP formation up to the postnatal maintenance of the adrenal cortex.
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2. Mouse Models Used to Study the Adrenal Cortex Development and Maintenance

In the last three decades, gene targeting approaches have been the most insightful
technique to comprehend the mechanisms regulating the development and maintenance
of the adrenal cortex. Aside from traditional total knockout (KO) mouse models, several
Cre recombinase mouse strains have been generated and used to perform fate mapping
studies and to conditionally (cKO) inactivate genes of interest in the adrenal cortex (Table 1,
Supplementary Table S1). Before presenting the results obtained with these mouse models,
it is important to first present the specificities and the limitations of the Cre recombinase
mouse strains models used in these studies, to better understand the relevance of the results
acquired from them so far.

Table 1. Cre mouse strains used to study adrenal cortex development and maintenance.

Mouse
Strains

Ref
(Mouse Dev.)

Targeted
Tissues/Cells during
Adrenal Development
and Maintenance

Targeted Genes
(Inactivated)/Tracing

Cell Populations
Ref

CAG-CreER [4] Global inactivation
Gata4 [5]
Rspo3 [6]

Osr1eGFP-CreERt2 [7] Coelomic epithelium

Gata4 [5]
Tracing intermediate
mesoderm
descendants

[8]

Tbx18Cre [9] Coelomic epithelium Fgfr2 [10]

Gata4CreERt2 [11] Coelomic
epithelium/AGP

Wt1CreERt2/+ [12]

Coelomic
epithelium/AGP
Subpopulation of
capsular cells

Gata4 [5]
Tracing (capsular
population) [13]

Tracing intermediate
mesoderm
descendants

[8]

Nr5a1-Crehigh

(High
transgene copy
numbers)

[14] AGP/fetal cortex,
definitive cortex

Apc [15]
Ctnnb1 [16,17]
Ctnnb1ex3 [17]
Dicer [17,18]
Ezh2 [19]
Fgfr2 [20]
Gata4 [21,22]
Gata6 [21,22]
Porcn [23]
Prkar1a [24–26]
Rnf43 [23]
Shh [17,27–29]
Smo [28]
Wnt4 [6,25]
Wt1 (activation) [13]
Znrf3 [23]

Nr5a1-Crelow

(low transgene
copy numbers)

[14]
AGP/fetal cortex,
definitive cortex, few
cells affected

Apc [15]
Ctnnb1 [15,16]
H19 [15]

Nr5a1-Cre [30] AGP/fetal cortex,
definitive cortex

Gata6 [31]
Yap/Taz [32]
Lats1/Lats2 [33]
Mst1/Mst2 [34]
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Table 1. Cont.

Mouse
Strains

Ref
(Mouse Dev.)

Targeted
Tissues/Cells during
Adrenal Development
and Maintenance

Targeted Genes
(Inactivated)/Tracing

Cell Populations
Ref

FAdE/Nr5a1-
Cre [35] Fetal cortex

Tracing fetal
adrenocortical cells
descendants

[35,36]

FAdE/Nr5a1-
CreERT2

[35] Fetal cortex

Prkar1a [37]
Tracing fetal
adrenocortical cells
descendants

[35,37]

Nr5a1
eGFP-CreERt2 - AGP/fetal cortex,

definitive cortex

hCyp11a1-iCre [38] Fetal cortex/definitive
cortex Insr/Igf1r [39]

mCyp11a1-iCre [40] Fetal cortex/definitive
cortex

Ctnnb1ex3 [41]
Nr5a1 [40]

Cyp11a1Gfp,Cre/+ [42] Fetal cortex/definitive
cortex AR [43,44]

Akr1b7-Cre [45] Fetal cortex/definitive
cortex

Ctnnb1ex3 [24,25,46,47]
Prkar1a [25,26]
Prkaca [25]

Cyp11b2Cre/ASCre [48]
Aldosterone producing
zG cells and their zF
descendants

Ctnnb1 [49]
Ctnnb1ex3 [49,50]
Ffg2r [49]
Prkar1a [37]
Nr5a1 [48]
Nr0b1 [48]
Znrf3 [23]
Tracing zG cell
descendants [23,37,48,50]

Cyp11b1eGFP-Cre [51] zF cells Cth [51]

Gli1CreERt2 [52] Capsular stem cells

Rspo3 [6]
Smo (activation) [53]
Tracing capsular stem
cell descendants [27,28,36,53–55]

ShhCre [56] Subcapsular progenitor
zG cells

Tracing subcapsular
progenitor cell
descendants

[28]

ShhCreERt2 [56] Subcapsular progenitor
zG cells

Tracing subcapsular
progenitor cell
descendants

[28,53]

Axin2CreERt2 [57] WNT signaling
activated zG cells

Ctnnb1 [53]
Tracing zG cells
descendants (including
subcapsular progenitor
cells)

[53,54]

Wnt4 CreERt2 [58] WNT signaling
activated zG cells

Tracing zG cells
descendants (including
subcapsular progenitor
cells)

[54]

Nes-CreERt2 [59]
Stress induced
adrenocortical
progenitor cells

Tracing stress induced
progenitor cell
descendants

[60]

2.1. Mouse Strains to Study AGP Formation

Adrenal development is first initiated with the thickening of the coelomic epithelium,
followed by subsequent delamination of a group of cells that migrate inwards to form the
AGP beginning at around e9.5. Most information obtained for this stage of development
comes from studies employing KO animals. Identifying the best promoter to drive Cre
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expression and generate cKO to specifically study this step of development have proven
difficult because genes expressed in the coelomic epithelium are also expressed in several
other tissues. For example, Gata4 (gene names/abbreviations are listed at the end of this
review) and Wt1 are two key transcription factors expressed in the coelomic epithelium and
involved in the early steps of AGP formation [5,61]. However, both genes present broad
expression, including in the developing heart, and using them to drive a Cre recombinase
and generate cKO could lead to the death of the embryo at a time point that precedes the
thickening of the coelomic epithelium. Gata4-Cre [62,63] and Wt1-Cre [12,64,65] strains
have therefore not been employed to generate cKO models and evaluate early stages
of adrenal development. Tamoxifen inducible models have provided a more promising
solution to understand this stage of development, as demonstrated by the study of the role
of GATA4 in the coelomic epithelium [5]. In this study, three mouse strains were used to
inactivate Gata4 at e8.75: the CAG-CreER [4]; the Osr1eGFP-CreERt2 [7]; and the Wt1CreERt2 [12]
(mouse strains expressing, respectively, Cre following tamoxifen injections ubiquitously [4]
or in the intermediate mesoderm/early coelomic epithelium [7,8,12,66–68] among other
tissues). It was further suggested that creating mutants with both Osr1- and Wt1-driven
Cre alleles in the same animal might be the best solution to study the earliest steps of
the AGP formation [5], since recombination with both Osr1eGFP-CreERt2/+ and Wt1CreERt2/+

strains has shown variant efficiency while the CAG-CreER strain increases the risk of an
indirect effect [5]. Two other mouse strains have been generated that could be useful to
evaluate the AGP. First, the Tbx18Cre mouse strain targets, among other tissues, the adrenal
precursors in the anterior coelomic epithelium [9,10]. This mouse strain has only been used
once to evaluate the AGP [10]. Finally, the generation of a Gata4CreERt2 strain was recently
reported [11]. However, this strain has not yet been used to study the development of
the AGP.

2.2. Mouse Strains Using Nr5a1 Regulatory Sequences to Drive Cre Expression

Concomitantly to coelomic epithelium thickening and delamination, Nr5a1 expres-
sion rapidly increases in the forming AGP. Contrary to Gata4 and Wt1, Nr5a1 expres-
sion is maintained in the AP, and the fact that its expression is mainly restricted to en-
docrine/steroidogenic tissues, makes its regulatory region an interesting driver of Cre
expression. Indeed, two Nr5a1-Cre mouse strains have been generated [14,30] and, to date,
they remain the most common strains used to study the development and maintenance
of the adrenal glands. A less efficient version of one of these Nr5a1-Cre strains called
Nr5a1-Crelow (in opposition to Nr5a1-Crehigh) [14] has also been reported, but has only been
used seldomly since its driven recombination occurs in fewer cells. Several aspects must
be considered when analyzing cKO models generated using the Nr5a1-Cre strains. First,
Nr5a1 is expressed in the AGP, the fetal cortex and the adult cortex, making it difficult to
determine if a phenotype observed at a certain time point indicates a role for the deleted
floxed target genes at this particular time point, or if the observed phenotype is actually
associated with an alteration that has started in a previous step of development. For exam-
ple, the fetal cortex initially contributes to adult cortex formation [35,36] and inactivating
a gene important for the development of the fetal cortex could also indirectly affect the
formation of the adult cortex. Secondly, conditional deletion of the gene of interest will
also be performed in other steroidogenic and endocrine cells including the Leydig and
Sertoli cells in the testis, the granulosa and theca cells in the ovary, the gonadotropes in
the pituitary and the neurons of the ventromedial hypothalamus [14,30]. Considering
the main hormones produced by each of these cells, it is likely that the loss of the target
gene expression in any of these cells might affect the maintenance of the adrenal cortex
indirectly. Androgens [37,54] and, to a lesser degree, estrogen [69] have been shown to
affect homeostasis of the adrenal cortex, while luteinizing hormone (LH) has been shown to
induce the transdifferentiation of adrenal hyperplastic spindle-shaped cells into sex-steroid
producing cells in gonadectomized mice [70,71]. Furthermore, it was demonstrated that le-
sions of the ventromedial hypothalamus in rats increased the adrenal weight and inhibited
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corticosterone/basal adrenocorticotropic hormone (ACTH) diurnal rhythm feedback [72].
Gonadal and gonadotropic hormones (and potentially corticosterone circadian rhythm)
should therefore be evaluated, to determine if an observed abnormal phenotype following
gene inactivation is exclusively due to alterations happening in the adrenal cortex and/or
depends on hormones secreted from other tissues. Finally, it was recently demonstrated
that conditional deletion of the genes of interest could also occur in a subset of dermal
fibroblast progenitors when using the Nr5a1-Crehigh model [73]. Although inactivation of
a gene of interest in these cells is unlikely to indirectly affect the adrenal cortex, this ex-
pression must be considered when characterizing the phenotype of mouse models. This is
particularly true for mouse models that attempt to simulate a complex syndrome affecting
multiple organs like Carney complex [73].

Three other mouse strains using Nr5a1 regulatory sequences to drive Cre expression
have been reported. First, a tamoxifen inducible Nr5a1eGFP-CreERt2 mouse strain was created
by the Welcome Trust Sanger Institute. That strain, which has not yet been used, could tech-
nically target Nr5a1+ cells at specific time points to only study postnatal steroidogenic cells,
for example. Secondly, two strains, the FAdE/Nr5a1-Cre and the FAdE/Nr5a1-CreERT2, have
been reported [35]. These strains use the enhancer that selectively drives Nr5a1 expression
in the fetal adrenal cortex to specifically express Cre in the fetal adrenal cortex [35]. These
two models have been used mainly to perform lineage experiments and determine the
fate of the fetal adrenal cortex [35,36]. However, the FAdE/Nr5a1-CreERT2 was used once
for gene inactivation [37]. Interestingly, the FAdE/Nr5a1-CreERT2 model can specifically
target the fetal adrenal cortex without subsequently affecting the definitive cortex if the
recombinase Cre is activated after e14.5 [35].

2.3. Mouse Strains Using Regulatory Sequence of Genes Coding for Steroidogenic Enzymes to
Drive Cre Expression

Three strains using the promoter of the steroidogenic enzyme Cyp11a1 to drive Cre
expression have also been employed to inactivate genes in the adrenal cortex. The first two
of these models used either 4.4 Kb of the human CYP11A1 promoter [38] or 2.8 Kb of the
mouse Cyp11a1 promoter [40]. In both strains, Cre expression is detected in the fetal and
adult adrenal cortex and in Leydig cells. However, Cre expression is also detected in the
theca cells and corpus luteum of the postnatal ovaries [38,40] and, for the human Cyp11a1-
iCre strain, at lower levels in the female gonads and in the diencephalon and midbrain [38].
Expression in the brain was not evaluated in the mouse Cyp11a1-iCre model [40]. More
recently, a third model (called Cyp11a1Gfp,Cre) was generated to drive Cre expression under
the endogenous Cyp11a1 promoter [42]. In this model, the integration of a GFP/Cre cassette
was used to disrupt the Cyp11a1 exon containing the ATG site [42]. Again, Cre expression
was detected in the fetal and adult testis, adrenal cortex and adult ovary (as well as in the
cerebellum) [42]. Although these models are a little bit more specific than the Nr5a1-Cre
strains, similar problems will arise since sexual hormones will/could also be affected
in them.

Other strains have been generated/used to target recombination in the adrenal cortex
in a more specific matter. First, a Cyp11b2Cre knocking allele (better known as ASCre) has
been created to target zG cells. Using tracing experiments, it was demonstrated that a few
zG cells were marked between e16.5 and 1dpp with all zG cells marked at 6 weeks after
birth [48]. Tracing experiments further demonstrated that all cells of the adrenal cortex were
eventually marked due to centripetal migration and lineage conversion of zG cells into
zF cells [48]. Although the ASCre is specific to the adrenal cortex and has the potential to
inactivate a gene of interest in all the zones of the adrenal cortex, it was demonstrated that
the zF cell population can be maintained independently of the zG cell population when the
capacity of zG cells to differentiate into zF cells is affected [48]. This finding suggests that
this strain might not be useful to study the function of a gene in both the zF and zG when
genes essential for zG cell survival or differentiation are inactivated [48,50]. Furthermore,
loss of zG cells or zG functions can potentially lead to an increase in the proliferation of the
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non-recombined progenitor and stem cell populations, and their subsequent differentiation
into zG steroidogenic cells leading to a mosaic of recombined steroidogenic zG cells and
consequently to a weaker phenotype. Similarly, lineage conversion of zG cells into zF cells
could also be accelerated if the deleted gene is particularly important for zF functions as the
tissue tries to replace/replenish the zF with functional cells. Cells might therefore spend
insufficient time in their zG state to allow efficient recombination of some floxed alleles
before their transdifferentiation into zF cells. This could also be exacerbated in females
in which complete adrenal cortex turnover is three-times faster than in males [54]. More
recently, a strain in which a P2A-eGFP-Cre cassette was integrated before the 3′ UTR region
of the Cyp11b1 gene, was generated using Crispr technology to specifically target the zF.
However, to date, only one scientific paper (written in Chinese) has been published using
this model [51].

2.4. Other Mouse Strains Used to Target the Adrenal Cortex

Other strains have been generated/used to target recombination in the adrenal cortex.
In the Akr1b7-Cre strain, recombination is observed in about 80% of the adult adrenocortical
cells [45]. Recombination is also observed in the adrenal cortex starting at e14.5 and persists
in the presumptive X-zone cells until 10 dpp [45]. This suggests that Cre recombination
occurs in both the fetal and definitive adrenocortical cells. As by e14.5, the fetal adreno-
cortical cells do not contribute anymore to the formation of the adult cortex [35]; this also
suggests that an abnormal phenotype observed postnatally will directly come from the
inactivation of the gene of interest in the definitive cortex. Interestingly, Cre activity is not
detected in the gonads (though recombination can be observed in some structures of the
kidney) facilitating the interpretation of the phenotype [45].

The Gli1 CreERt2 strain [52] targets, among other tissues, the capsular adrenal stem cells.
This strain has been used for both tracing experiments and for gene inactivation. However,
it is important to note that while the capsular stem cells contribute to the adrenocortical
steroidogenic cell lineage in juvenile males and females, their contribution is limited to
the females in adult mice [53,54]. The dimorphic contribution of the stem cell population
and the timing of the inactivation should therefore be accounted for when this model is
used. The importance of the Hedgehog signaling in numerous tissues limits the potential
usage of this strain. Similarly, a few other mouse strains targeting different cell populations
in the adrenal cortex have mostly been used for tracing experiment due to concomitant
recombination in several tissues. These strains, respectively, target a subpopulation of
capsular cells (the previously mentioned Wt1CreERt2 [12]), the subcapsular progenitor cells
(ShhCre and ShhCreERt2 [56]), all zG cells (Axin2CreERt2 [57], Wnt4 CreERt2 [58]) or a stress
induced adrenocortical progenitor cell population (Nes-CreERt2) [59,60].

3. AGP Development

As previously mentioned, the adrenal cortex and the gonads arise from the thicken-
ing of the coelomic epithelium. However, the genesis of these organs is initiated at an
earlier time point of embryonic development. Indeed, recent fate mapping studies have
demonstrated that the coelomic epithelium could derive from the posterior intermediate
mesoderm which emerges from the primitive streak [8,74]. In mice, it was demonstrated
that mesenchymal cells originating from the early primitive streak (and subsequent early
posterior intermediate mesoderm/coelomic epithelium) contribute to both the adrenal and
the anterior gonad formation, while cells emerging from the late primitive streak (and
subsequent late posterior intermediate mesoderm/coelomic epithelium) contribute solely
to the gonad formation [8] (Figure 1A). In humans and monkeys the adrenal and gonad
arise from two distinct regions of the coelomic epithelium (anterior and posterior regions,
respectively) [74], suggesting that complete segregation of both tissues arises earlier in
these species. Furthermore, it was suggested that a Hox gene code is involved in the
anterior/posterior regionalization of the coelomic epithelium [8,74]. Finally, in the chicken,
the adrenal gland seems to arise from the inner layer of the coelomic epithelium while the
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gonad arises from the outer layer [75]. This regionalization of the coelomic epithelium
could explain the discrepancies observed following the inactivation of genes considered
critical for the thickening of the coelomic epithelium and AGP formation. Indeed, while
inactivation of Osr1 [76] or Wt1 [61,77] leads to adrenal and gonadal agenesis (Table 2, list
of mouse models), inactivation of Emx2 or Lhx9 leads to agenesis of the gonads without
affecting adrenal development [78–80].

Figure 1. Key events in for the early stages of the development of the fetal adrenal cortex in mice:
(A) Schematic model for the anterior–posterior regionalization of the posterior intermediate meso-
derm, the coelomic epithelium and the AGP in mouse. Fate mapping experiments suggest that cells
from the early (anterior) primitive streak migrate to form the early posterior intermediate mesoderm,
which is followed by subsequent formation of both the adrenal and the gonad, while cells from the
late (posterior) primitive streak migrate to form the late posterior intermediate mesoderm, which is
followed by formation of the gonad but not the adrenal gland. (B) Schematic model for the develop-
ment of the AP in mouse. The schematic representation of a transverse view of an embryo shows that
the AGP arises from the thickening and delamination of the coelomic epithelium, a process that is
initiated around 9.5 and that necessitates the contribution of GATA4 OSR1, WT1 and NR5A1. Once
AGP is formed it is invaded by the PGCs (around e10.0), which leads to the separation of the AP
from the GP (at e10.5 when a population of cells expressing high levels of NR5A1 begins to migrate
dorsomedially). (C) Overview of the regulation of the transcription of Nr5a1 during AGP and AP
formation. In the coelomic epithelium/AGP, Nr5a1 expression is initiated by the binding of several
factors to its proximal promoter (only the transcription factors relevant to adrenal development
are depicted). Elevated expression of Nr5a1 in the AP is initiated by the binding of PREP1, PBX1
and HOXs to the FadE enhancer located in the exon 4. Elevated expression of Nr5a1 in the AP is
further maintained by an autoregulatory loop. AGP = adrenogonadal primordium, AP = adrenal
primordium, BM = basement membrane. CE/IM = coelomic epithelium/intermediate mesoderm,
FadE = fetal adrenal enhancer, GP = gonadal primordium, HG = hindgut, PGCs = primordial germ
cells, NT = neural tube.
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Table 2. List of mouse models evaluating the development, zonation and maintenance of the
adrenal cortex.

Genes Mouse Models Phenotype Ref

Apc

Apc flox/flox; Nr5a1-Crehigh Adrenal hypoplasia [15]

Apc flox/flox; Nr5a1-Crelow Adrenal Hyperplasia, rare
adenoma in older animals [15]

Apc flox/flox; Ctnnb1 flox/flox;
Nr5a1-Crelow Rescue of the hyperplasia [15]

Apc flox/flox; H19 floxDMD/floxDMD;
Nr5a1-Crelow

Adrenal Hyperplasia with higher
incidence of adenoma [15]

AR

Ar flox/Y; Cyp11a1 Gfp,Cre/+
Abnormal retention of the X-zone,
Subcapsular spindle-shaped cell
hyperplasia

[44]

Ar flox/flox; Cyp11a1 Gfp,Cre/+
Reduced expression of the zF
markers AKR1B7, Subcapsular
spindle-shaped cell hyperplasia

[43]

Cbx2 Cbx2−/− Mild hypoplastic adrenal gland at
e18.5 [81]

Cited2
Cited2−/− Adrenal agenesis [82,83]

Cited2+/−; Wt1+/− Adrenal and gonadal hypoplasia [83]

Ctnnb1

Ctnnb1 flox/flox; Nr5a1-Crehigh Adrenal aplasia [16,17]

Ctnnb1 flox/flox; Nr5a1-Crelow Age-dependent adrenal cortex
degeneration [16]

Ctnnb1 flox/flox; Axin2CreERt2/+ Inefficient regeneration of the
adrenal cortex [53]

Ctnnb1 flox/flox; AS Cre/+ Impaired rosette formation in
the zG [49]

Ctnnb1ex3/+; Nr5a1-Crehigh Adrenal agenesis (right adrenal),
adrenal hypoplasia (left adrenal) [17,25]

Ctnnb1ex3/+; Prkar1a flox/flox;
Nr5a1-Crehigh

Partial rescue of the adrenal
hypoplasia. [25]

Ctnnb1ex3/+; Akr1b7-Cre

Ectopic expression of zG cells at
the expense of zF cells,
hyperaldosteronism, Subcapsular
spindle-shaped cell hyperplasia,
rare adenoma in older animals

[46]

Increased SUMOylation in the zF [24]

Ctnnb1ex3/+; Prkar1a flox/flox;
Akr1b7-Cre

Decreased WNT induced
hyperproliferation and ectopic zG
differentiation

[25]

Ctnnb1ex3/+; Prkaca +/−; Akr1b7-Cre
Accelerated WNT induced
tumorigenesis [25]

Ctnnb1ex3/+; Akr1b7-Cre,
Akr1b7-Igf2

Same phenotype as the Ctnnb1ex3/+;
Akr1b7-Cre mice

[47]

Ctnnb1ex3/+; mCyp11a1-iCre Adenoma (Dab2+) [41]

Nr5a1-Hoxb9; Ctnnb1ex3/+;
mCyp11a1-iCre

Adenoma, increase adrenal size in
male compared to activation of
CTNNB1 alone

[41]

Ctnnb1ex3/+; AS Cre/+
Hyperaldosteronism, increased
rosette frequency in the zG, block
differentiation of zG to zF cells

[49,50]
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Table 2. Cont.

Genes Mouse Models Phenotype Ref

Dennd1a.V2
pCMV-BAM hDenndia.V2
(overexpression of the human V2
isoform)

Overexpression of Cyp17a1,
phenotype not evaluated [84]

Dicer Dicer flox/flox; Nr5a1-Crehigh Adrenal hypoplasia at e16.5 and
adrenal failure at birth [17,18]

Ezh2 Ezh2 flox/flox; Nr5a1-Crehigh

Aberrant zonal differentiation, loss
of PKA activity in the zF,
expansion of the zG, appearance of
subcapsular spindle-shaped cells,
phenotype more pronounced in
males

[19]

Fgfr2

Fgfr2 flox/flox;Tbx-Cre Adrenal hypoplasia [10]

Fgfr2 flox/flox;Nr5a1-Crehigh Adrenal hypoplasia [20]

Fgfr2 IIIb flox/−;K5Cre/+ (global
inactivation via recombination in
germ cells)

Adrenal hypoplasia at e15.5 [85]

Fgfr2 flox/flox; AS Cre/+ Impaired rosette formation in the
zG [49]

Gata4/
Gata6

Gata4 flox/flox; Wt1CreERt2/+ Disruption of coelomic epithelium
thickening [5]

Gata4 flox/flox; Osr1eGFP-CreERt2/+ Disruption of coelomic epithelium
thickening [5]

Gata4 flox/flox; Osr1eGFP-CreERt2/+;
Wt1CreERt2/+

Disruption of coelomic epithelium
thickening [5]

Gata4 flox/flox; CAG-CreER
Disruption of coelomic epithelium
thickening [5]

Gata4+/−
Reduced subcapsular
spindle-shaped cell hyperplasia
following gonadectomy

[86]

Cyp21a1-Gata4 Subcapsular spindle-shaped cell
hyperplasia [71]

Gata6 flox/flox; Nr5a1-Cre

Adrenal hypoplasia, absence of an
X-zone in postnatal adrenal,
Subcapsular spindle-shaped cell
hyperplasia

[31]

Gata4 flox/flox; Gata6 flox/flox;
Nr5a1-Crehigh

Adrenocortical like cells in the
testes [22]

Adrenal agenesis, Adrenocortical
like cells in the testes [21]

Gli3 Gli3Δ699/ Δ699
Adrenal aplasia [87]

Normal adrenals [88]

Hoxb9
Nr5a1-Hoxb9 Large X-zone [41]

Nr5a1-Hoxb9; Ctnnb1ex3/+;
mCyp11a1-iCre

Adrenal tumor formation [41]

Igf2
H19 floxDMD/floxDMD; Nr5a1-Crelow Normal adrenal [15]

Akr1b7-Igf2 Subcapsular spindle-shaped cell
hyperplasia [47]

273



Int. J. Mol. Sci. 2022, 23, 14388

Table 2. Cont.

Genes Mouse Models Phenotype Ref

Insr/
Igf1r

Insr−/−; Igfr1−/− (via
recombination of Insrflox/flox;
Igfr1flox/flox in germ cells)

Adrenal agenesis and gonadal
hypoplasia [89]

Insrflox/flox; Igfr1flox/flox;
hCyp11a1-iCre

Abnormal hypoplastic adrenal [39]

Lats1/
Lats2

Lats1 flox/flox; Lats2 flox/flox;
Nr5a1-Cre

Transdifferentiation of
adrenocortical cells into
myofibroblast like cells

[33]

Lhcgr Lhcgr−/−
Prevention of GATA4 induction
and tumor formation in inhα/Tag
mice

[70]

Mc2r Mc2r−/− Adrenal hypoplasia limited to the
zF, zG still present [90]

Mst1/
Mst2 Mst1 flox/flox; Mst2 flox/flox; Nr5a1-Cre

Premature subcapsular
spindle-shaped cell hyperplasia [34]

Mrap Mrap−/−

Adrenal hypoplasia limited to the
zF (following corticosterone
replacement therapy), expansion
of WNT/CTNNB1 signaling in the
cortex

[91]

Nr0b1

Nr0b1−/Y

Delayed regression of the X-zone [92]

Enhanced subcapsular
proliferation in young animals
followed by progressive adrenal
cortex degeneration in male

[93]

Nr0b1flox/Y; AS Cre/+ No effect on the differentiation of
zG cells into zF cells [48]

Nr5a1

Nr5a1−/− Gonadal and adrenal agenesis [94]

Nr5a1+/− Adrenal hypoplasia [95,96]

Nr5a1flox/flox; mCyp11a1-iCre

Morphological changes in the
shape of steroidogenic cells of the
fetal cortex, Nr5a1- cells never
observed in the definitive cortex

[40]

FAdE-Nr5a1
Hyperplastic adrenal, ectopic
thoracic adrenal tissue, incomplete
separation of the AP and GP

[97]

Nr5a12KR/2KR

Delayed regression of the X-zone [92]

Expansion of SHH+ cells in the zF,
presence of Sox9+ (Sertoli-like
cells?) in the cortex, delayed
regression of the X-zone

[98]

Nr5a1 flox/flox; ASCre/+ Loss of zG (and zF maintenance
independent of the zG) [48]

Nr5a1-TR (overexpression of rat
Nr5a1)

Subcapsular spindle-shaped cell
hyperplasia and nodule formation [99]

Osr1 Osr1−/− Gonadal and adrenal agenesis [66,76]

Pbx1
Pbx1−/− Adrenal agenesis [100]

Pbx1+/− Adrenal hypoplasia and smaller
X-zone [101]
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Genes Mouse Models Phenotype Ref

Pde8b Pde8b−/−

Elevated urinary corticosterone [102]

Elevated basal serum
corticosterone level in female,
Subcapsular spindle-shaped cell
hyperplasia

[103]

Pde11a Pde11a−/−

Persistence or resurgence of the
X-zone, higher cAMP levels,
higher incidence of subcapsular
spindle-shaped cell hyperplasia,
milder phenotype in males

[104]

Porcn Porcn flox/flox; Nr5a1-Crehigh Normal adrenal [23]

Prkar1a

Prkar1a flox/flox; Akr1b7-Cre

Adrenal hyperplasia, increased
PKA signaling,
hypercorticosteronemia,
appearance of subcapsular
spindle-shaped cells, resurgence of
an X-zone/presumptive zR (origin
not evaluated), milder phenotype
in males

[26]

Prkar1a flox/flox; Nr5a1-Crehigh

Expansion of the zF at the expense
of the zG [25]

Repress SUMOylation [24]

Prkar1a flox/flox;
FadE/Nr5a1-CreERT2

Normal adrenal (tamoxifen
induction at e14.5) [37]

Prkar1a flox/flox; AS Cre/+
Hypercorticosteronemia,
differentiation of lower zF into a
presumptive zR, DHEA secretion

[37]

Rnfr3 Rnfr3 flox/flox; Nr5a1-Crehigh Normal adrenal [105]

Rspo3
Rspo3 flox/flox; CAG-CreER

Progressive adrenal cortex
degeneration, loss of zG markers [6]

Rspo3 flox/flox; Gli1CreERt2/+ Progressive adrenal cortex
degeneration, loss of zG markers [6]

Siahi1a Siahi1a−/− Smaller X-zone and dysregulation
of the zG [106]

Sfrp2 Sfrp2−/− Ectopic expression of CTNNB1+
cells in the zF [107]

Shh Shh flox/flox; Nr5a1-Crehigh Adrenal hypoplasia (more severe
on the right side) [17,27–29]

Six1/
Six4 Six1−/−; Six4−/−

Potential marginal hypoplastic
adrenal gland at 1dpp
(unconfirmed, suggested in [107])

[108,109]

Smo
Smo flox/flox; Nr5a1-Crehigh Normal adrenal [28]

RosaSmoM2; Gli1CreERt2/+ Enhanced subcapsular
WNT/CTNNB1 signaling [53]

Tcf21 Tcf21LacZ/LacZ Improper separation of the AP and
GP [36]

Wnt4

Wnt4−/− Reduced aldosterone secretion [110]

Wnt4 flox/flox; Nr5a1-Crehigh
Reduction in zG markers [6]

Expansion of the zF at the expense
of the zG [25]
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Table 2. Cont.

Genes Mouse Models Phenotype Ref

Wt1

Wt1−/− Gonadal and adrenal agenesis [61]

Wt1−/−; WT280 (WT1
complementation)

Rudimentary hypoplastic adrenal
gland at e15.5 [77]

Cited2+/−; Wt1+/− Adrenal hypoplasia [83]

Rosa26Wt1+KTS/Wt1+KTS;
Nr5a1-Crehigh

Adrenal hypoplasia, subcapsular
spindle-shaped cell hyperplasia [13]

Yap/Taz Yap flox/flox; Taz flox/flox; Nr5a1-Cre
Progressive adrenal cortex
degeneration in male [32]

Znrf3

Znrf3 flox/flox; Nr5a1-Crehigh

Adrenal hyperplasia, expansion of
the zF, disrupted adrenal
organization

[23]

Development of adrenocortical
carcinoma in 78 weeks-old females,
activation of androgen-dependent
innate antitumor immunity in
males

[111]

Znrf3 flox/flox; Rnfr3 flox/flox;
Nr5a1-Crehigh

Same as the Znrf3 flox/flox;
Nr5a1-Crehigh [23]

Znrf3 flox/flox; Porcn flox/flox;
Nr5a1-Crehigh

Rescue the phenotype observed in
Znrf3 flox/flox; Nr5a1-Crehigh [23]

Znrf3 flox/flox; AS Cre/+

Adrenal hyperplasia, expansion of
the zF, disrupted adrenal
organization, moderate increased
WNT/CTNNB1 signaling in the
upper zF

[23]

Three genes, Gata4 and the aforementioned Osr1 and Wt1, appear to play a central
role for AGP thickening (Figure 1B). Gata4 is detected as early as e8.0 in the coelomic
epithelium [112]. Global inactivation of Gata4 leads to embryonic death before e9.0 [113,114]
and cannot be used to study AGP formation. However, its conditional inactivation in the
coelomic epithelium at e8.75 completely abolishes its thickening, as well as the subsequent
fragmentation of the basement membrane underneath the coelomic epithelium and the
proliferation and delamination of the epithelial cells at e10.3 [5]. Osr1 is also first expressed
in the coelomic epithelium/mesenchyme at e8.0-8.5 (66,74,76), and as previously mentioned,
its inactivation leads to complete agenesis of the gonads and adrenal glands [76]. Similarly,
Wt1 is also detected around e9.0 in the coelomic epithelium [68,115], and its inactivation
also leads to complete agenesis of the gonads and adrenal glands [61,77].

The study evaluating the function of GATA4 in the coelomic epithelium further sug-
gested that GATA4 initiates the thickening process, while OSR1 and WT1 were not essential
for the initiation of AGP formation (as a small thickening of the coelomic epithelium was
initially observed in Osr1−/− [5] and Wt1−/− animals [61]). However, it is important to
note that the functional hierarchy of these genes in the process of AGP formation has not
been thoroughly evaluated. Wt1 appears to be a target of OSR1, at least in some tissues [76],
but this was not clearly demonstrated in the AGP. It was also demonstrated that GATA
family members can regulate Wt1 expression in Jurkat and K562 cell lines by binding to a
3′ enhancer [116]. However, Wt1 does not appear to be a target of GATA4 in the AGP [5].
GATA4 also does not appear to be a target of WT1 in the AGP [117]. On the other hand,
WT1 and GATA4 have been shown to act in synergy to promote the transcription of genes
important for sex determination/differentiation [118], suggesting that they could act in
synergy in the AGP. More recently, the ontogenic ancestries of the AGP in mouse, human
and monkey were evaluated [8,74]. Interestingly, in human and monkey WT1 expression
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precedes GATA4 expression in the AGP [8,74]. Furthermore, it appears that the adrenal
primordium specifically originates from a portion of the anterior coelomic epithelium that
does not express GATA4 [74]. Although it was also suggested in these experiments that
Wt1 expression precedes Gata4 expression in the mouse, the adrenocortical and gonadal
lineages (and Wt1/Gata4 expression) are initially joint in the coelomic epithelium [8,74].

No matter which gene is expressed first, inactivation of Gata4 and Wt1 both lead
to a decrease in the expression of Nr5a1 [5,83], and Nr5a1 inactivation leads to adrenal
(and gonadal) agenesis [94] suggesting that Nr5a1 acts downstream of these factors for
AGP formation. It was demonstrated in vitro that both these factors can directly regulate
Nr5a1 transcription by binding to its proximal promoter. WT1 have been shown to bind
to four sites located in the first 500 bp of the Nr5a1 proximal promoter (Figure 1C) [119].
Interestingly, if the mutations of all four WT1 binding sites induce an important decrease
in Nr5a1 promoter activity [83], the introduction of a point mutation in any single WT1
binding site rather increases Nr5a1 proximal promoter activity. This suggests that WT1 can
potentially both activate and repress Nr5a1 activity depending on the cellular context [119].
GATA4 is also able to bind to the proximal promoter of Nr5a1 and enhance its activity
in vitro [120] (Figure 1C). This activation was achieved in Sertoli and pituitary cell lines,
but not in Leydig and adrenal cell lines [120]. Again, these findings reinforce the conclusion
that the cellular type/context is important to comprehend the mechanisms regulating Nr5a1
in the AGP/adrenal cortex.

In addition to Gata4 and Wt1, the inactivation of Cited2 [82,83], Tcf21 [36], and Insr/Igf1r [89]
also leads to early developmental defects of the adrenal gland. Like the inactivation of Gata4
and Wt1, the inactivation of Cited2 and Insr/Igf1r also decreases Nr5a1 expression [83,89].
CITED2 is first expressed in the coelomic epithelium at e10.0 [83]. Contrary to the inactivation
of Gata4 and Wt1, inactivation of Cited2 has a greater impact on adrenal development than
the gonad as the gonads appear to recover from early differentiation defects [83]. CITED2
physically interacts with WT1 and stimulates its transcriptional activity at the Nr5a1 basal
promoter [83]. Interestingly, Cited2 expression remains high in the AP but decreases in the
GP [83], suggesting that Cited2 might have additional roles in the AP after its separation.

The loss of Insr/Igf1r, the receptors for insulin and insulin-like growth factors, leads
to a ≈40% reduction of NR5A1+ cells associated with a reduction in the proliferation rate
of GATA4+ cells, and an alteration of a quarter of the genes known to be involved in
the development of the AGP/bipotential gonad [89]. Despite this more global effect, it is
still possible that insulin growth factor (IGF) signaling regulates NR5A1 as INSR/IGF1R
have been shown to activate the mitogen-activated protein kinase (MAPK) signaling
pathway [121], which promotes phosphorylation-dependent-NR5A1 activation [122].

Finally, contrary to the previously mentioned genes, TCF21 represses Nr5a1 transcrip-
tional activity by binding to a E-BOX site [123,124] that overlaps with a WT1 binding
site [119] (Figure 1C). Interestingly, it was demonstrated that inactivation of Tcf21 did not
affect AGP formation, but rather led to incomplete separation of the AP and the GP [36].
This suggests that Nr5a1 must be tightly regulated during the development of the AGP/AP.

Other genes expressed in the AGP such as Six1, Six4 and Cbx2 are also able to reg-
ulate the transcriptional activity of Nr5a1. SIX1/SIX4 are able to bind and activate the
transcriptional activity of Nr5a1 proximal promoter [108], while CBX2, a component of the
mammalian polycomb repressive complex-1 required for chromatin remodeling and his-
tone modification, has been shown to bind several regions of the Nr5a1 genomic region [81].
However, the inactivation of these genes suggests that they are more important to gonadal
development than adrenal development [108,109,125–127] as their inactivation only leads
to marginal or mild adrenal hypoplasia [81,108,109,127]. Nonetheless, these factors might
fine-tune adrenal development.

4. AP and Fetal Adrenal Development

If GATA4 and WT1 are considered two of the main regulators for the initial formation
of the AGP, their expression in mice is switched off in the AP, just after its separation

277



Int. J. Mol. Sci. 2022, 23, 14388

from the GP occurs [13,128]. This suggests that these genes prevent the differentiation
of AGP cells into the adrenal steroidogenic cell lineage. Indeed, it was demonstrated
that the ectopic expression of high levels of the WT1-KTS isoform (the isoform able to
bind DNA and act as a transcription factor) in NR5A1+ cells of the AGP leads to the
maintenance of GATA4 expression, reduced NR5A1 expression, and the formation of
abnormal small adrenal glands [13]. Furthermore, WT1 has been shown to bind the
promoter of Tcf21 suggesting that WT1 could also inhibit Nr5a1 expression indirectly [13].
In an initial study using chimeric mice (generated by the injection of Gata4−/− ES cells
in blastocysts), it was also suggested that GATA4 was not essential for adrenocortical
cell differentiation [129]. However, concomitant inactivation of Gata4 and Gata6 (but
not Gata4 alone) in NR5A1+ cells of the AGP leads to adrenal agenesis, suggesting that
GATA4/6 have redundant activity in the AGP before AP separation and downregulation
of GATA4 expression [21,22]. Interestingly, inactivation of Gata6 alone in these cells affects
adrenal development suggesting that GATA6 is important for later stages of adrenal
development [31]. Following Gata6 inactivation, expression of GATA4 is maintained in the
AP. However, residual NR5A1+ cells did not express GATA4, which suggests that GATA4+
cells are unable to commit to the adrenal steroidogenic lineage. The maintenance of GATA4
expression in this model could be due to a compensatory mechanism. It is also possible
that GATA6 normally represses Gata4 expression in later stages of adrenal development, as
it was demonstrated in H9 and P19CL6 cell lines and heart development that GATA4 and
GATA6 can mutually and directly regulate their transcriptional activity [130–132].

As mentioned previously, Nr5a1 expression closely follows Gata4 and Wt1 expression
in the AGP, and global inactivation of Nr5a1 leads to adrenal and gonadal agenesis [94].
However, contrary to GATA4 and WT1 expression, robust NR5A1 expression is maintained
in the AP following its separation from the AGP. Such robust Nr5a1 transcription is possible
due to the activation of the FadE located in the intron 4 of Nr5a1 [133]. Studies employing
both cell line assays and transgenic mouse models have demonstrated that Pbx/Prep/Hox
binding sites were necessary for the initiation of the transcription by the FadE (highlighted
by the fact that deletion of Pbx1 leads to adrenal agenesis [100]), while Nr5a1 transcription
is further maintained by a NR5A1 positive autoregulatory loop [133] (Figure 1C). It has
also been suggested that NR5A1 dosage is critical for AP development, and it is thought
that cells expressing higher levels of NR5A1 give rise to cells that will form the AP whereas
cells expressing lower levels will form the GP. This was originally proposed because the
adrenal glands of Nr5a1+/− heterozygous animals were highly hypoplastic, while the
gonads were not [95]. A subsequent study demonstrated that the loss of one Nr5a1 allele
decreased the number of adrenal precursor cells within the AGP but not the gonadal
GATA4+ precursor cells [96]. Inactivation of Nr5a1 using the mCyp11a1-Cre model also
demonstrated that Nr5a1- cells adopt a more elongated and flat shape reminiscent of less
differentiated cells, but GATA4 and WT1 expression were not evaluated in this model [40].
Furthermore, overexpression of NR5A1 (using a basal Nr5a1 promoter and the FadE
to drive its expression) led to ectopic adrenal tissue formation in the thorax [97], again
suggesting that high NR5A1 expression is necessary for the proper differentiation of the AP.
Interestingly, separation of the AP and GP was also affected in this model, suggesting that
Nr5a1 dosage is important for this process [97]. As previously mentioned, TCF21 is also
important for the separation of the AP and GP and negatively regulates Nr5a1 expression
(36,123,124), suggesting that TCF21 could be essential for Nr5a1 dosage.

Aside from NR5A1, it was also demonstrated that FGFR2 is important for AP for-
mation. Fgfr2 inactivation also leads to major adrenal hypoplasia [10,20]. Serial section
and 3D reconstruction analyses revealed that the number of NR5A1+ cells was initially
normal in AP of e10.5 mutant animals, but that a two-fold reduction was observed at
e11.5. It was further demonstrated that cell proliferation of NR5A1+ cells was also reduced
by around 50% at e11.5 and e12.5, and that apoptosis increased at e12.5 suggesting that
FGFR2 is required for the expansion of the AP by regulating both cell proliferation and
apoptosis [10].
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As previously mentioned, the late stages of fetal adrenal development are difficult
to evaluate as the inactivation of the gene of interest will occur in cells of both the fetal
and adult cortex using most Cre strains, and both cortices will be present at these later
time points. An indirect manner to confirm the importance of factors involved in later
stages of the fetal cortex development would be to evaluate the fetal cortex at birth, which
is referred as the X-zone (before its eventual regression at puberty in males or after the
first pregnancy in females [134,135]). It could be expected that inactivation of genes that
normally regulate the fetal cortex development positively would lead to the absence or a
decrease in the size of the X-zone at birth; while inactivation of genes that normally regulate
the fetal cortex development negatively would lead to the opposite effect and the presence
of a larger X-zone at birth. To illustrate this, a smaller X-zone is observed in animals
with Pbx1 haploinsufficiency [101]. As previously mentioned, Pbx1 is a gene important
for Nr5a1 transcription from the FadE. On the other hand, Nr0b1 knockout male mouse
present a larger X-zone in young animals and X-zone regression is delayed [92]. A similar
phenotype is also observed in animals with a SUMOylation deficient form of NR5A1 [92].
It was further demonstrated that SUMOylation of NR5A1 facilitates the recruitment of
NR0B1 to the FadE of Nr5a1 to inhibit its transcriptional activity [92]. Inactivation of Gata6,
inactivation of Siah1a and overexpression of Hoxb9, respectively, lead to animals lacking an
X-zone [31], having a smaller X-zone [106] and having a larger X-zone [41]. This suggests
that these genes are also involved in the development of the fetal cortex.

Soon after AP separation, a population of peripheral glial stem cells derived from the
neural crest will migrate, invade the medulla, and eventually differentiate into chromaffin
cells (Figure 2A). Single cell RNAseq experiments suggest that this migrating population of
stem cells differentiate into sympathetic neurons (SN) and Schwann cell precursors (SCP),
with the SCPs further differentiating into chromaffin cells in the AP [136,137] (although
the transition between cell fates in human appears to occur in a different order [138]).
Chromaffin cells are not necessary for the development of the adrenal cortex, but their
presence is necessary for its proper organization [139].

Figure 2. Cont.
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Figure 2. Key events in the late stages of fetal adrenal gland development and fate of the fetal
adrenal cortex in mice: (A) Schematic model of medulla formation. Chromaffin cell differentiation
requires the migration of a subpopulation of neural crest cells and their progressive differentiation
into Schwann cell precursors and chromaffin cells. (B) Schematic model depicting the fate of the
fetal adrenocortical cells. Before e14.5, adrenocortical fetal cells can differentiate into adrenocortical
cells of the definitive cortex by first differentiating into capsular stem cells (or potentially by directly
differentiating into cells of the definitive cortex), or they can proliferate and maintain the AP. After
e14.5, cells from the AP do not contribute anymore to the definitive cortex formation. The progressive
inactivation of Nr5a1 expression via NR5A1 SUMOylation and recruitment of NR0B1 to the FAdE
leads to the regression of the fetal cortex/X-zone. (C) Schematics model for AP encapsulation. AP
encapsulation requires the contribution of cells originating from both the fetal adrenal cortex and cells
potentially originating directly from the AGP or the surrounding intermediate mesoderm. Different
cell subpopulations have been identified including: Gli+ cells that are located the nearest to the
adrenal cortex and that will eventually differentiate into steroidogenic cells of the definitive adrenal
cortex; Wt1+ cells that have a more limited potential to differentiate into steroidogenic cells; and
Tcf21+ cells that will differentiate into stromal cells of the definitive adrenal cortex. NCC = neural
crest cells, NT = neural tube, SN = sympathetic neurons, SCP = Schwann cell precursors.

5. Fate of the Fetal Cortex

As previously mentioned, SUMOylation of NR5A1 followed by NR0B1 binding on the
FAdE will eventually inactivate Nr5a1 transcription in the fetal cortical cells [92] (Figure 2B).
This process will eventually lead to the complete regression of the fetal zone that will
arise at puberty in male because of androgen action [44,140], or following the first preg-
nancy in female (or in old virgin females) [141,142] by an unknown mechanism (though it
was suggested that progesterone might be involved in this process [143] and that andro-
gen is probably not [43]). However, although some adrenocortical fetal cells follow this
above-mentioned path, it does not appear to be the case for all of them. Indeed, tracing
experiments using the FAdE driving LacZ demonstrated that if LacZ expression clearly
diminished in the outside cortex (where the definitive cortex appears as discussed below)
and persisted in the inner fetal adrenal cortex, some cells between the two zones appear to
have transient LacZ expression suggesting that cells of the fetal cortex could differentiate
into cells of the definitive cortex [35,133]. A subsequent experiment (in which the FAdE
was used to drive Cre recombinase in ROSA26-LacZ reporter mice to permanently mark
the adrenocortical cells) confirmed that this was indeed the case [35]. Furthermore, a study
using a tamoxifen inducible FAdE-CreERt2, demonstrated that fetal adrenal cortical cells
from e11.5 animals can differentiate into adrenocortical cells of the definitive cortex, but
that their potentiality is lost at e14.5 [35]. An additional study further suggested that
some adrenocortical fetal cells migrate into the developing capsule and form supporting
mesenchymal cells and potential stem cells for the definitive cortex [36] (Figure 2B).
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If tracing experiments suggest that the fetal adrenocortical cells can differentiate into
cells of the definitive cortex, a recent single cell RNAseq analysis rather suggests that three
different cell clusters (adrenal primordium, fetal zone and definitive zone) can be observed
in the developing adrenal cortex [137]. Briefly, this study suggests that a subset of cells
forming the adrenal primordium cluster first differentiate into cells of the fetal cortex cluster
while another subset of cells differentiate into cells of the definitive cortex, suggesting a
mutual exclusion of the differential potential of the adrenal primordium cluster across the
other two clusters [137]. It is however important to point out that these single cell analyses
were performed at time points ranging from e13.5 to P5, a time window that could be
considered too late to properly observe the differentiation of the fetal adrenocortical cells
into cells of the definitive cortex, as it was previously demonstrated that fetal adrenocortical
cells progressively lose their capacity to differentiate into definitive adrenocortical cells
between e11.5 and e13.5 before losing this potentiality at e14.5 [35].

6. Encapsulation of the Adrenal Cortex

Following the invasion of the fetal cortex by the chromaffin cells and concomitantly
with the beginning of the transition of the fetal cortex/definitive cortex, mesenchymal-like
cells will encase the forming adrenal gland and form the capsule; a process fully completed
at around e13.5–e14.5. The lineage of these mesenchymal cells is not completely understood,
but partially overlapping cell populations have been identified in the capsule (Figure 2C).
First, the majority of the capsular cells express NR2F2 and tracing experiments demonstrate
that some of these cells originate from the fetal cortex [36]. Three other cell populations
have been identified as a Gli1+ cell population, a Tcf21+ cell population and a Wt1+ cell
population. The NR2F2+ and Gli1+ cells partially overlapped, and tracing experiments also
suggest that some of the Gli1+ cells originate from the fetal cortex [36]. Tcf21+ cells do not
arise from the fetal cortex but might arise from the AGP [36] or from other regions of the
intermediate mesoderm (Figure 2B). Finally, a Wt1+ cell population potentially overlaps
with the Tcf21+ cell and with the Gli1+ cells [13]. It was further demonstrated that WT1
could regulate the transcription of both Tcf21 and Gli1 [13]. Single cell RNAseq performed
at e13.5 also identified Gli1, Tcf21 and Wt1 expression in the same cell clusters, while
two clusters of capsular cells, Tcf21high and Wt1high, were identified in late fetal/perinatal
adrenal gland suggesting that most Tcf21+ and Wt1+ cells belong to distinct capsular cell
populations at these time points [137]. However, it is important to note that a limited
number of cells (a little over 2000 cells from whole adrenal over six different time points)
were used for this latter experiment. The number of capsular cells sequenced was therefore
insufficient to truly determine how many cell populations were present in the adrenal
capsule [137]. Capsular cells do not express NR5A1, including the cells that originate from
the fetal cortex [36] and, interestingly, NR2F2 [144], TCF21 [123,124] and WT1 [13] are all
able to negatively regulate Nr5a1 expression. This could suggest that these genes ensure
that capsular cells do not express Nr5a1.

7. Development and Maintenance of the Definitive Cortex: The Key Role of Hedgehog
and Canonical WNT Signaling Pathways

Fetal adrenal cortical cells can initially differentiate into adrenal cortical cells of the
definitive cortex but lose this capacity after e14.5 [35]. This suggests that if the initial cells
of the definitive cortex originate from the fetal cortex, the cells necessary for the late stages
of the definitive cortex development (and its subsequent maintenance) have a different
origin [35]. Again, tracing experiments were essential to better understand the origin
of these cells. Using fate mapping it was demonstrated that capsular cells positive for
Gli1+ (the main effector of the Hedgehog signaling pathway) were able to differentiate into
steroidogenic cells of the adrenal cortex (Figure 2C), both in the embryo and postnatally,
and that marked cells migrate inward while centripetally displacing older cells (27,28,36).
It was further demonstrated that some capsular Wt1+ cells were also able to differentiate
into adrenocortical steroidogenic cells (Figure 2C) although the authors suggested that the
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Wt1-, Gli1+ cell located in the interior side of the capsule is probably the main capsular
stem cell population [13]. Contrary to the Gli+ cells, the Tcf21+ cells are only able to
form steroidogenic cells before the formation of the capsule and only differentiate into
non-steroidogenic stromal adrenocortical cells once the capsule is formed [36] (Figure 2C).

Following Gli1+ tracing experiments, the importance of the Hedgehog signaling was
further confirmed when Shh, which is expressed in the subcapsular cell of the adrenal
cortex, was inactivated. Conditional deletion of Shh in the adrenal cortex using a Nr5a1-Cre
strain were generated by three different groups that demonstrated that its inactivation led
to adrenocortical hypoplasia [27–29]. This phenotype was associated with a thinning of
the adrenal capsule [27,28] and a reduction in capsular cell proliferation [27], indicating
that Hedgehog signaling affects capsular cells and not steroidogenic cells. This was further
confirmed by the fact that the inactivation of Smo, a transmembrane protein essential to
transduce Hedgehog signaling in the adrenal cortex, did not lead to an apparent pheno-
type [28]. Furthermore, the number of Gli1+ cells was dramatically reduced in the capsule
following Shh inactivation [28], confirming that Hedgehog signaling acts on the capsular
cells. Gli2 and Gli3 are also important for Hedgehog signaling and are expressed in the
capsule [29]. However, the exact role of these molecules for the maintenance of the adrenal
cortex is currently unknown. It was originally suggested that GLI3 might have a role in
adrenal development, as the expression of a truncated GLI3 with constitutive transcrip-
tional repressor activity leads to the development of Pallister–Hall syndrome in human,
which also included adrenal hypoplasia or aplasia in some cases [145]. Mouse bearing
a similar Gli3 allele was also first reported to have adrenal aplasia [87] but a subsequent
study using the same model did not observe this phenotype [88].

Although SHH acts on the Gli+ capsular cells, it was also shown that the Shhflox/flox;
Nr5a1-Cre animals had fewer proliferating cells in the outer layer of the adrenal cortex [29].
Moreover, tracing experiments demonstrated that the Shh+ cells were also able to proliferate
and move inward centripetally, indicating that they also are progenitor cells [28]. These
results led to the establishment of the two progenitor lineages model in which Gli+ cells
(later coined the adrenal stem cells) give rise to both steroidogenic cells and subcapsular
progenitor cells, which secrete SHH to allow the proliferation/maintenance of the capsular
stem cells. Shh+ cells also proliferate and further differentiate into steroidogenic cells upon
their centripetal migration (Figure 3A) [28]. Subsequent experiments demonstrated that
both the capsular stem cell and the subcapsular progenitor cell populations were also
important to maintain homeostasis of the adrenal cortex in prepubertal animals (males
and females) and mature females, while the subcapsular progenitor cells were the main
contributors to adrenal homeostasis in mature males (Figure 3A) (though capsular stem
cells maintain a role when important regeneration is needed) [53,54]. The importance of
sexual dimorphism for the maintenance of the adrenal cortex will be discussed in a later
section of this review.
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Figure 3. Development, maintenance, and establishment of zonation in the mice definitive adrenal
cortex: (A) Schematics model for the definitive cortex maintenance. A WNT/SHH double-paracrine
mechanism is needed to ensure proper development and maintenance of the adrenal cortex. Capsular
stem cells regulate WNT pathway activation in the progenitor zG cells by secreting RSPO3, which in
turn induces the clearance from the cell membrane of the WNT signaling inhibitor ZNRF3 and its
subsequent degradation. This leads to an increase in canonical WNT signaling in the subcapsular
progenitor and it promotes their proliferation (and subsequent differentiation into steroidogenic zG
cells). Capsular WNT2B could be the main ligand responsible for the maintenance of the adrenal
cortex (as WNT4 expressed in the zG appears to be more important for the differentiation of the
steroidogenic zG cells). SHH secreted by the zG progenitor cells promotes the activation of GLI1
in the capsular stem cells and, consequently, their proliferation. Before puberty, both the capsular
stem cells and subcapsular progenitor cells contribute to the maintenance of the adrenal cortex. After
puberty, both the capsular stem cells and subcapsular progenitor cells contribute to the maintenance
of the adrenal cortex in female. In male, only the subcapsular progenitor cells contribute to the
maintenance of the adrenal cortex. (B) Schematics model for adrenal cortex zonation. Capsular and
subcapsular WNTs and RSPO3 secretion create a gradient of WNT/CTNNB1 activity throughout
the upper cortex. Elevated WNT/CTNNB1 activity drives steroidogenic zG cells differentiation
and inhibits differentiation of zG cells into zF. PDE2A (whose transcription is positively regulated
by CTNNB1) could be involved in the inhibition of PKA signaling in the zG by degrading cAMP.
Moderate/low WNT/CTNNB1 favors the differentiation of zG cells into zF cells and the proliferation
of zF cells. Binding of ACTH to its receptor promotes the activation of PKA signaling and antagonizes
WNT signaling. Potential expression of FRZB or SFRP2 in the zF could also contribute to the inhibition
of WNT signaling in the zF. PKA signaling is also optimized by adrenocortical cell programming by
EZH2, which inhibits the transcription of Pde7b, Pde3a and Pde1b.
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Aside from the Hedgehog signaling, the canonical WNT signaling also has an impor-
tant role for the development and the maintenance of the definitive cortex. This role was
first suggested when a transgenic mouse model inactivating Ctnnb1 (the main effector of
canonical WNT signaling) in the adrenal cortex was generated. In this model, the adrenal
gland initially formed. However, the adrenal cortex was unable to grow properly, leading
to the complete atrophy of the adrenal gland by e18.5 [16]. Using a similar model in which
Ctnnb1 recombination was not as efficient, it was demonstrated that CTNNB1 was also
essential for the maintenance of the adult adrenal cortex [16]. It was suggested at that time
by the authors that the changes observed in the latter model could be associated with the
depletion of a population of progenitor cells [16]. The role of CTNNB1 signaling in the
progenitor cell population was later confirmed using lineage tracing experiments [53]. In-
deed, it was demonstrated that subcapsular cells expressing Axin2 (a transcriptional target
of CTNNB1) contribute to adrenal cortex regeneration following dexamethasone-induced
adrenocortical atrophy [53]. Furthermore, inactivation of Ctnnb1 in Axin2+ cells using the
Axin2CreERt2 mouse strain led to inefficient regeneration of the adrenal cortex, reduced Shh
expression and reduced expression of Ctnnb1 target genes, demonstrating that at least some
progenitor cells were Shh+, Ctnnb1+ [53].

If it was demonstrated that canonical WNT signaling induced SHH signaling in the
subcapsular adrenal cortex (which led to the proliferation of the capsular Gli1+ cells), it was
also demonstrated that the effect was reciprocal and that Gli1+ cells induced canonical WNT
signaling in the Shh+ cells (Figure 3A). Indeed, it was first shown that Gli1+ cells express
and secrete Rspo3, an enhancer of WNT signaling [6]. It was further demonstrated that
the inactivation of Rspo3 at different time points between e11.5 and 12-week-old animals
(using either a ubiquitously expressed tamoxifen Cre inducible mouse strain or a Gli1
regulated tamoxifen Cre inducible mouse strain) results in developmental and maintenance
defects of the definitive cortex. These defects were associated with the loss of CTNNB1
target genes and Shh expression in the subcapsular cells as well as the loss of capsular Gli1
expression [6].

It was also demonstrated in other systems that RSPOs promote the clearance of the
inhibitor of WNT signaling ZNRF3 from the cell membrane [105,146]. Interestingly, inacti-
vation of Znrf3 in the developing adrenal cortex (using the Nr5a1-cre strain) or in the zG
of adult animal (using the ASCre strain) increases WNT/CTNNB1 signaling and promotes
adrenal hyperplasia (Figure 3A) [23]. Together, these findings indicate that inactivation of
ZNRF3 by RSPO3 is essential for the development and maintenance of the adrenal cortex.
Regulation of the canonical WNT signaling by Gli1+ cells was further confirmed as it was
demonstrated that CTNNB1 transcriptional activity and adrenocortical regeneration were
improved in a mouse model in which a constitutively activated form of SMO is expressed
in capsular stem cells following dexamethasone-induced adrenocortical atrophy [53]. Pre-
viously mentioned experiments suggested that canonical WNT signaling play a key role in
the maintenance of the adrenal cortex. However, 19 WNTs have been identified in the mice
suggesting that numerous WNTs could be involved in this process. WNT4 is strongly ex-
pressed in the subcapsular region of the adrenal cortex as early as e14.5 [110]. Interestingly,
inactivation of Wnt4 either globally [110] or specifically in the adrenocortical cells [6,25]
affects steroidogenic zG cells, CYP11B2 expression and aldosterone secretion [25,110], but
only has a marginal effect on adrenal size and does not appear to have an important effect
on the proliferation or maintenance of the adrenal cortex. This suggests that WNT4 is more
important for the zonation of the adrenal cortex than for the proliferation of the progenitor
cell population, and that other WNTs are more important for the proliferation of the pro-
genitor cells (Figure 3A,B). This could also suggest that other WNTs compensate for the loss
of WNT4 or act in synergy with WNT4 to regulate the proliferation of the progenitor cells.
Wnt2b expression has been detected in the adrenal capsule as early as e13.5 [147] and could
therefore be the main WNT ligand involved in the crosstalk between the capsular stem
cells and the subcapsular progenitor cells. Taken together, all these studies demonstrate
that a WNT/SHH double-paracrine mechanism is needed to ensure proper development
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and maintenance of the adrenal cortex via regulating the capsular stem cell population and
the subcapsular progenitor cell population (Figure 3A).

Whether the Hedgehog and WNT signaling pathways appear to be the most important
pathways involved in the development and maintenance of the definitive cortex, other
biological processes and signaling pathways are also involved. FGFR2 and INSR/IGF1R,
which have been shown to respectively have a role during development of the fetal cor-
tex [10] and AGP formation [89], could also participate to the development of the definitive
cortex. Inactivation of the Fgfr2 isoform IIIb (which is expressed in the subcapsular region
of the developing adrenal cortex) impairs the development of the adrenal cortex by po-
tentially affecting cell proliferation [85]. On the other hand, inactivation of Insr1 and Igf1r
using the hCyp11a1-iCre gives rise to small abnormal adrenal glands in adult animals that
produce less corticosterone and that require exogenous sodium supplementation for their
survival [39]. MicroRNAs also play an important role in the development of the definitive
cortex, as the inactivation of Dicer using a Nr5a1-Cre strain leads to adrenal failure at birth
associated with the progressive atrophy of the adrenal cortex starting at e16.5 caused by
an increase in cellular apoptosis [17,18]. One common denominator with these transgenic
mouse models is that development and maintenance defects are associated with a decrease
in the expression of NR5A1, or in a decrease in the number of NR5A1+ cells. Although
these latter observations could simply indicate that fewer steroidogenic cells are present in
these animals, it is likely that the loss of NR5A1 in these models contributes to the observed
phenotype. Inactivation of Nr5a1 could not be achieved in the definitive cortex (contrary to
what was observed in the fetal cortex) using a hCyp11a1-iCre strain, suggesting that the lack
of Nr5a1 is incompatible with the definitive cortex development [40]. Furthermore, inacti-
vation of Nr5a1 using the AScre strain also leads to the loss of the zG suggesting again that
Nr5a1 expression is essential for adrenocortical steroidogenic cell maintenance [48]. Finally,
overexpression of rat Nr5a1 in transgenic mouse models leads to nodule formation [99]
while overexpression of NR5A1 in the human H295R adrenal cell lines increases cellular
proliferation [99]. Together, these studies suggest that NR5A1 maintains the definitive
adrenal cortex by regulating the proliferation of the steroidogenic cells. Interestingly, loss
of NR5A1 SUMOylation also leads to ectopic expression of Shh in the developing testes,
increased Shh expression in the adrenal cortex and the presence of Shh+ cells deep into the
adrenal cortex [98]. Experiments performed in the embryonic cell line mHypoE-40 further
demonstrated that SUMOylation modulated the DNA binding of NR5A1 to the promoter
of Shh. This suggests that NR5A1 activity must be tightly regulated by SUMOylation to
properly regulate the expression of Shh in adrenocortical cell populations.

Finally, postnatal impairment of adrenocortical maintenance was also observed fol-
lowing the inactivation of the effectors of the Hippo signaling, Yap and Taz, in steroidogenic
cells [32], or global inactivation of Nr0b1 [93]. In these two models, degeneration of the
adrenal gland was also associated with the appearance of large multinucleated lipoid
structure in the adrenal cortex potentially caused by a decrease in the progenitor reserve
or progenitor cell reserve [32,93], as suggested by a decrease in the expression of Shh
following the inactivation of Yap/Taz [32]. A potential link between these two models
is also suggested by the fact that inactivation of Yap/Taz also leads to a decrease in the
expression of Nr0b1 [32]. Interestingly, the degeneration of the adrenal cortex was only
observed in male following the inactivation of Yap/Taz [32] suggesting that maintenance of
the adrenal cortex is sexually dimorphic. Surprisingly, inactivation of the main kinases of
Hippo signaling, Lats1 and Lats2 (which lead to an increase in YAP and TAZ activity), does
not lead to hyperplastic adrenal gland or increased proliferation of the progenitor cells,
but rather leads to the transdifferentiation of adrenocortical cells into myofibroblast-like
cells [33].
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8. Establishment of Zonation: The Opposing Roles of WNT and PKA Signaling
Cascades

One key feature of the adrenal cortex is the appearance of concentric zones in which
aldosterone (zG) and corticosterone (zF) are synthetized in mice, and aldosterone (zG),
cortisol (zF) and DHEA/DHEAS (zR) are synthetized in humans. In mice, functional
zonation (as shown by the activity of the Cyp11b2 promoter) is first observed at e16.5 in
rare scattered subcapsular cells (with a similar pattern being also observed at 1dpp) [48].
However, this limited number of cells might reflect a delay in the appearance of the
fluorescent reporter marker following recombination. Even though the presence of the
enzyme necessary for mineralocorticoid production only appears in late stages of adrenal
cortex development, zonation of other genes such as Wnt4 precedes this time point and can
be observed as early as e14.5 in the outer cortex [110]. This suggests that WNT signaling
is not only important for adrenal cortex development/maintenance, but also for proper
zonation. The importance of WNT signaling for zG development was first suggested when
it was demonstrated that Wnt4 global knockout animals secreted less aldosterone [110].
This result was later confirmed by the inactivation of Wnt4 using a Nr5a1-cre strain in
which the expression of zG markers was reduced [6,25], and an expansion of the zF was
observed [25]. The loss of Wnt4 also led to a reduction in the expression of CTNNB1 [25]
and its downstream target Axin2 [6] suggesting that canonical WNT/CTNNB1 signaling is
involved in the differentiation of the zG (Figure 3B).

The importance of CTNNB1 in this process was confirmed by the study of trans-
genic mouse models in which expression of CTNNB1 was stabilized. If the stabilization
of CTNNB1 at an early time point of adrenal development (either by inactivating Apc
or by expressing a constitutively active form of CTNNB1 that lack the phosphorylation
sites on exon 3 necessary for its degradation) led to significant adrenal hypoplasia during
development [15,17], its stabilization at later time points (either by inactivating Apc with
a less efficient Nr5a1-cre [15] or by expressing the Ctnnb1ex3 allele in Akr1b7+ cells [46])
rather led to an increase in cellular proliferation and adrenal dysplasia. Even more im-
portant for the zonation process, CTNNB1 stabilization in adrenocortical cells led to the
downregulation of the zF marker AKR1B7, expression of ectopic CYP11B2+ cells in the zF
and hyperaldosteronism [46]. The importance of CTNNB1 was further confirmed in the
H295R cell line as its inactivation also decreased aldosterone production in these cells [107].
Recent studies also demonstrate that ectopic CTNNB1 activation in zG cells blocks their
differentiation into zF cells, increases aldosterone production and the number of rosettes
(structures adopted by glomerular cells) [49,50]. Furthermore, Ctnnb1 inactivation in zG
cells reduced rosette frequency, though this might be associated with the role of CTNNB1
at cellular junctions rather than in WNT signaling [49] as membranous CTNNB1 is also lost
following inactivation of Fgfr2, which also leads to the impairment of rosette formation [49].
Finally, global inactivation of the WNT signaling inhibitor Sfrp2 leads to the appearance of
CTNNB1/CYP11B2 positive cells in the zF [107], while the inactivation of the previously
mentioned capsular activator of WNT signaling Rspo3 leads to the loss of all zG markers [6].
Together, these findings clearly indicate that WNT signaling is the key pathway regulating
zG cell differentiation (Figure 3B).

If WNT signaling plays a key role in the zG formation and aldosterone production,
ACTH/protein kinase A (PKA) signaling is the most important pathway for corticosterone
synthesis by the zF. The role for this pathway for the differentiation of the zG cells into
zF cells was also recently demonstrated. First, it was demonstrated that zF expansion
and expression of zF markers are induced by ACTH treatment in mice, while Cyp11b2
expression and the activity of a WNT signaling reporter transgene is extinguished [25]. In
addition, forskolin (a known pharmacological activator of adenylate cyclase leading to PKA
signaling activation) decreases Wnt4 and Axin2 expression in H295R cells [25]. This role
was further confirmed in a transgenic mouse model inactivating Prkar1a, the gene encoding
the regulatory subunit type 1a of PKA, which leads to the constitutive activation of PKA
in the adrenal cortex. In this model, PKA activation leads to the expansion of zF and an
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important repression of CTNNB1 activity and Cyp11b2 expression [25]. Consistent with
the role of ACTH for zF maintenance, inactivation of Mrap (an accessory protein essential
for MC2R, the ACTH receptor) activity leads to neonatal lethality due to the absence
of corticosterone secretion [91]. However, surviving animals (following corticosterone
replacement treatments) presented hypoplastic adrenals that did not express CYP11B1 [91].
Furthermore, WNT4 and CTNNB1 expression was detected in most cells of the remaining
cortex though CYP11B2 was only expressed in a portion of these cells [91]. Similarly, to
the inactivation of Mrap, the inactivation of Mc2r also leads to neonatal lethality in most
animals, with rare animals surviving through adulthood [90]. The few surviving animals
had hypoplastic adrenal with CYP11B2 expressing zG cells still present (despite lower
circulating aldosterone levels) (Figure 3B) [90]. WNT signaling was however not evaluated
in this model. Finally, it was demonstrated that global SUMOylation was negatively
regulated by PKA signaling and positively by CTNNB1 in the adrenal cortex. However, a
possible role for SUMOylation in the zonation process has not yet been identified [24].

Epigenetic factors can also contribute to zF differentiation, as it was demonstrated
that the inactivation of the histone methyltransferase Ezh2 affects zF differentiation leading
to an expansion of the zG [19]. The effect of the loss of Ezh2 on zF differentiation was
further associated with a loss of PKA activity that was associated with an increase in
the expression of negative regulators of PKA including the Pde7b, Pde3a and Pde1b [19]
(Figure 3B). Interestingly, CTNNB1 was also shown to positively regulate the expression
of the phosphodiesterase Pde2a in the zG, suggesting that phosphodiesterases contribute
to the inhibition of PKA signaling in the zG [50]. The contribution of other PDEs for
cAMP/PKA signaling inhibition in the adrenal cortex was also demonstrated using both
mouse models and adrenal cell lines. Indeed, it was demonstrated that Pde8b−/− have
elevated levels of serum and urinary corticosterone [102,103], and that inactivation of Pde8b
potentiates steroidogenesis and corticosterone steroidogenesis in Y1 cells and H295R cells
by potentially increasing cAMP levels [102,103]. The cAMP levels were also higher in the
adrenal gland of hypomorphic Pde11a−/− mice. Furthermore, Pde11a−/− mice failed to
suppress corticosterone in response to low dose dexamethasone [104].

Whether most studies indicate that WNT signaling is essential for zG differentiation
and that PKA signaling is essential for zF differentiation, one study demonstrates that WNT
signaling also contributes to zF maintenance. Indeed, inactivation of the WNT signaling
inhibitor Znrf3 promotes the hyperplastic growth of the zF rather than the expected zG
growth [23]. It was further confirmed that this hyperplasia is caused by an increase
in WNT/CTNNB1 signaling as inactivation of Porcn (an O-acyltransferase required for
post-translational modification of all WNTs necessary for WNT secretion and activity)
concomitantly with Znrf3, rescuing the phenotype observed following Znrf3 inactivation.
The Concomitant inactivation of one copy of Ctnnb1 with Znrf3 also leads to reduced
proliferation and adrenal cortex size following Znrf3 inactivation [23]. Revisiting the
expression of Wnt4 and CTNNB1, it was demonstrated that a gradient of expression is
normally observed in the adrenal cortex going from high expression in the zG to moderate
expression in the upper (or outer) zF to no expression in the lower (or inner) zF [23].
Following the deletion of Znrf3, moderate Wnt4 and CTNNB1 expression could be seen
throughout the cortex suggesting that not only WNT4/CTNNB1 signaling is responsible
for the phenotype observed following the inactivation of Znrf3, but that it is also normally
involved in the proliferation of upper zF cells [23] (Figure 3B).

The gradient of expression of WNT4/CTNNB1 signaling in the zF from mild expres-
sion in the upper zF to its extinction in the lower zF also illustrates the fact that the zF is
heterogenous. The presence of different zones (based on gene expression) in the zF was
also observed in other studies. For example, by using single-cell transcriptomics analysis
(and confirmed by RNAscope analyses) it was demonstrated that a specific cell population
formed the lower zF [148]. Furthermore, this cell population, named zFasc1 by the authors,
significantly expands in response to chronic stress exposure [148]. Interestingly, it was
demonstrated that Abcb1b, one of the genes overexpressed in the zFasc1, positively regulates
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cortisol secretion [148] suggesting that zFasc1 cells could be more potent than cells from
the upper zF. Another study that demonstrated that the lower zF differs from the upper zF
(based on immunofluorescence for CYP2F2 and DHCR24 and RNAseq data) also suggested
that the zF could potentially be divided into even more concentric zones, and that the lower
zF shares some similarities with the X-zone [149]. Finally, it was also shown in that study
that the lower zF expands in response to T3 treatment in females [149]. Interestingly, Wnt4
expression decreased in the adrenal cortex of T3 treated mice while expression of Mrap
was induced [149]. This last result again suggests that the WNT signaling gradient (and
potentially PKA signaling) could be key for the establishment of these zF zones and their
response to different challenges. Whether the upper and lower zF have partially different
functions has, however, not yet been determined.

As mentioned previously, murine adrenal cortex only comprised two zones, the zG
and the zF, and lacked the zR that synthetizes androgens in humans. For this reason, very
few studies have evaluated the differentiation of zR cells. However, one study demon-
strated that PKA signaling activation was involved in its formation. Indeed, inactivation
of Prkar1a not only affects zG/zF differentiation, but also leads to the formation of a third
zone next to the medulla [26,37]. While a study using the Ark1b7-Cre model to inacti-
vate Prkar1a initially suggested that this zone could correspond to the resurgence of the
X-zone [26], a subsequent study combining the inactivation of Prkar1a using the AScre strain
and tracing experiments demonstrated that this third zone does not correspond to the
resurgence of the X-zone, but rather arises from the differentiation of the lower zF [37]. In
this model, the authors demonstrated that expression of CYP17 and its regulator CYB5
could be detected in this zone, and that adrenal cortex from mutant animals could syn-
thetize DHEA/DHEAS [37]. These results indicate that this zone resembles human zR [37].
Interestingly, a persistence or resurgence of the X-zone was also observed in Pde11a−/−
mice [104]. As the inactivation of both Pkrkar1a and Pde11a increase cAMP/PKA signaling,
there is a possibility that the observed X-zone in the in Pde11a−/− mice could also resemble
the human zR. It would therefore be interesting to determine if the adrenal of Pde11a−/−
mice can produce DHEA/DHEAS.

Another study demonstrated that overexpression of human DENND1A.V2 (a trun-
cated isoform of a clathrin-binding protein that has not been detected in rodents but is
expressed in human H295A cell line [150]) in a transgenic mouse model leads to an im-
portant increase in the expression levels of adrenal Cyp17a1, despite only low levels of
DENND1A.V2 being detected [84]. However, it was not determined if a zR was formed
in these mice. Nonetheless, these findings correlate with the role of DENND1A.V2 in the hy-
perandrogenemia associated with polycystic ovarian syndrome (PCOS) in women [151–153].
The exact mechanism of action of DENND1A.V2 is still unknown, but two mechanisms
were proposed for its role in PCOS theca cells. First, it was suggested that nuclear
DENND1A.V2 could activate the transcriptional activity of Cyp17a1 either by facilitating
the transport of ligand/receptor to the nucleus or by acting as a scaffold for transcription
factors [151–153]. Another possibility is that DENND1A.V2, which has a clathrin-binding
domain, could regulate (either directly or by interfering with the action of DENND1A.V1)
the internalization/endocytosis/recycling of GPCR and therefore increase cAMP/PKA
signaling [151–153]. This could lead to the formation of a zR in the mice as observed fol-
lowing Prkar1a inactivation [37]. However, again, cAMP/PKA activity was not evaluated
in mice overexpressing DENND1A.V2 [84].

Finally, although it is usually thought that murine adrenal cortex does not produce
androgen, it has been demonstrated that the spiny mouse expresses Cyp17a1 and produces
DHEA [154]. More recently, it was also shown that the adrenal gland of C.B.-17 SCID mice
also produces a low level of DHEA and its downstream metabolite, suggesting that some
strains of mice can actually produce androgens [155]. Again, the presence of a zR in C.B.-17
SCID mouse was not evaluated. Nonetheless, this suggests that some mouse strains could
be useful to study zR differentiation and functions.
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Tracing experiments (13,27,28,36,37,48,53) have demonstrated that maintenance and
zonation are usually linked in the adrenal cortex in a process in which capsular stem
cells and subcapsular progenitor cells move inward centripetally and differentiate into
zG cells. The latter will then differentiate into zF cells before dying by apoptosis at the
junction between the adrenal cortex and the medulla. If this is normally the case, tracing
experiments have demonstrated that maintenance of the adrenal cortex and zonation can
be separated from one another in certain contexts. For example, inactivation of Nr5a1 in
Cyp11b2+ zG cells leads to the loss of the zG without affecting zF maintenance [48]. Fur-
thermore, zF cells were no longer derived from zG cells in this model [48]. Overexpression
of CTNNB1 in the Cyp11b2+ zG cells also blocks the differentiation of zG cells into zF
cells, leading to the maintenance of a zF no longer derived from the zG [50]. Numerous
hypotheses could explain the separation of zG and zF maintenance. First, it is possible
that the stem/progenitor cells can bypass their need to differentiate into zG cells before
differentiating into zF cells, as recombination does not occur in stem/progenitor cells in
these models. On the other hand, it is possible that the differentiation of zG to zF cells is
accelerated in some models, and that recombination simply does not have time to occur in
zG cells before their differentiation into zF cells. Another possibility is that proliferation
of zF cells increases in these models. Residual WNT signaling could be involved in the
proliferation of zF cells as observed following the inactivation of Znrf3 [23]. A fourth
possibility is that other populations of normally inactive stem/progenitor cells are present
in the adrenal cortex and take over in this context. For example, it was shown in rat that cell
expressing POU5F1, a marker of stem cells, could be seen throughout the adrenal cortex
before puberty with the number of POU5F1+ cells increasing in the zG after puberty and
decreasing in the rest of the cortex [156]. The presence of POU5F1+ cells has not been
evaluated in the mouse, but the presence/maintenance/replication of these prepubertal
POU5F1+ cells could be maintained in the adult zF in abnormal conditions. Finally, it
was demonstrated that a population of Nestin+ cells, mainly located in the subcapsular
region (with rare cells also observed in the zF) also has characteristics of stem/progenitor
cells and can differentiate into steroidogenic cells of the zG and the zF [60]. These cells
lacked co-staining with GLI1 and SHH, suggesting that they are a different population of
stem/progenitor cells, though they could potentially still be descendants of GLI1 or SHH
positive cells. More interestingly, these cells do not seem to play an important role in the
normal maintenance of the adrenal cortex, but their differentiation into steroidogenic cells
increases following stress [60], again suggesting that “dormant” progenitor cells could be
present in the adrenal cortex and ready to respond if necessary.

9. Sexual Hormones Play an Important Role in the Maintenance of the Adrenal Cortex

As previously stated, the adrenal gland of mouse is sexually dimorphic. Indeed, the
adrenal glands of female have a higher weight than their male counterparts [134,157],
which could be explained, in part, by the regression of the X-zone at puberty in male and
its maintenance in female until the first gestation [134,135], and in part by the fact that
the volume of the zF (but not the zG) is higher in females [134]. Furthermore, the higher
volume of the zF was also associated with higher levels of circulating corticosterone [134].
Interestingly, it was shown that castration of mature male mice leads to the appearance of
a secondary X-zone [158], while testosterone treatment caused the rapid disappearance
of the X-zone in females [159]. These findings demonstrate the key role played by male
hormones in the adrenal cortex (Figure 4A).
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Figure 4. Androgens affect adrenocortical maintenance: (A) Androgens act at several levels to
regulate the maintenance of the adrenal cortex. 1© Androgens can limit cortical cell turnover by
reducing the proliferation of the capsular stem cells; 2© abolish the contribution of the capsular stem
cells to the steroidogenic lineage; 3© limit the differentiation of zG cells into zF cells; and 4© permit
the complete regression of the X-zone in male mice. (B) Potential molecular action of androgen
or its receptor in the adrenal cortex. Global molecular mechanisms regulated by androgens are
unclear. It was suggested that androgens could stimulate WNT signaling (and potentially restrain
PKA signaling) via the downregulation of the WNT inhibitor Frzb. Liganded AR can also negatively
regulate the transcriptional activity of Nr0b1 by binding with NR5A1.

The importance of sexual dimorphism and the roles of androgens for the maintenance
of the adrenal cortex were also demonstrated more recently (Figure 4A). By using lineage-
tracing experiments of the zG Axin2+ or Wnt4+ cells, it was first shown that complete
renewal of the adrenal cortex was faster in females (approximatively 3 months) than in
males (estimated at 9 months) [54]. Furthermore, lineage-tracing experiment of the cap-
sular Gli1+ stem cells revealed that these cells contribute to the steroidogenic lineage in
both sexes in 3-week-old animals, but that after puberty the contribution of the capsular
stem cells to the steroidogenic lineage was almost completely abolished in males but that
this contribution remains important in females [54] (Figure 3A, Figure 4A). Again, it was
demonstrated that androgens play a key role in this process as recruitment of Gli1+ was
accelerated in orchiectomized males, while treatment of ovariectomized females with dihy-
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drotestosterone (DHT) had the opposite effect [54]. Adrenal cell renewal was not affected
following ovariectomy, suggesting that progesterone and estrogen do not contribute to
this process [54]. Interestingly, contribution of Gli1+ cells to adrenal cell renewal in male
could be observed in a model of adrenal regeneration (following dexamethasone treatment),
suggesting that these cells can serve as a reservoir in male when important adrenal recovery
is needed [53].

The molecular mechanisms of androgen action in adrenal maintenance are not well
defined. However, it was demonstrated that gonadectomy decreases the expression of
CTNNB1 target genes and dramatically increases the expression of the inhibitor of WNT
signaling Frzb, while DHT supplementation has the reverse effect [37] suggesting that
androgens block the differentiation of zG cells into zF cells or limit the proliferation of
the upper zF cells (Figure 4A,B). Another potential target of androgen is Nr0b1 whose
expression is higher in the adrenal cortex of females (compared to males), and whose
expression increases in orchiectomized males [160]. Interestingly, it was demonstrated that
liganded AR negatively regulates the transcriptional activity of Nr0b1 by binding with
NR5A1 [160] (Figure 4B). YAP have also been shown to bind to AR in prostate cancer [161],
suggesting that Hippo signaling could be involved in the regulation of androgen activity
in the adrenal cortex. Finally, effects of the loss of Ar in the adrenal cortex were evaluated
recently. As expected, an abnormal retention of the X-zone could be observed in males [44].
A tendency for higher circulating corticosterone levels in aging animals is also observed in
these animals. Interestingly, divergent results could be seen in mutant animals and their
orchiectomized counterparts. For example, a reduction in the zF marker ARK1B7 and
an increase in apoptosis of zF cells were solely observed in orchiectomized/AR negative
animals suggesting that androgens do not exclusively act via AR [44]. Contrary to what
is observed in males, ARK1B7 expression was lost in the adrenal cortex of female mutant
animals [43] and X-zone regression was independent of AR [43]. Further delineation of the
molecular mechanisms of action of AR is still needed to comprehend its function in the
adrenal cortex.

Recently, a potential new role for androgen action on adrenal cortex homeostasis has
emerged. Indeed, using the Znrf3 flox/flox; Nr5a1-Crehigh mouse model, it was first demon-
strated that 78-week-old females were developing metastatic adrenocortical carcinoma
(ACC) while no such tumors were observed in males [111]. It was further demonstrated
that tumor development in males was blunted by the induction of adrenocortical cells senes-
cence, followed by the recruitment and differentiation of phagocytic macrophages [111].
Hyperplasia regression in male was confirmed to be androgen dependent, as the male
phenotype (early recruitment of phagocytic macrophages and regression of initial hyper-
plasia) was recapitulated in females implanted with testosterone pellets [111]. These results
might in part explain why ACC incidence is higher in women than in men [162–164].
Interestingly, macrophage number also increases following chronic stress exposure [148].
It was also suggested that adrenal macrophages control lipid metabolism in both sexes,
and that macrophage depletion in the whole animals (performed in females) leads to
lower local production of aldosterone in stressed animals [165]. Furthermore, sexual di-
morphism of the adrenocortical macrophage populations is also observed in wild-type
mice as MCH class IIlow macrophages are solely present in females and are dependent
of the X-zone [165]. Together, these studies suggest that macrophages are important to
maintain adrenal homeostasis. Further studies are warranted to thoroughly understand
their mechanisms of action.

Function of estrogen in adrenal cortex maintenance has not been studied as much as
androgens. However, one study using the estrogen-deficient aromatase knockout mouse
models suggests that estrogen deficiency leads to the inhibition of telomerase activity,
telomere shortening of cortical cells, and a decrease in cell proliferation in the female
adrenal cortex [69], while another study also suggests that estrogen might influence Nr0b1
regulation [160]. Again, further studies will be needed to evaluate the role of female
hormones in adrenal cortex maintenance.
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Finally, a sexually dimorphic response to the thyroid hormones T3 is observed in the
adrenal cortex of prepubertal animals [149]. While differences in this response could be
partially explained by the initiation of the X-zone regression in males, the expansion of the
inner zF in females suggests that T3 also contributes to the dimorphism of the definitive
adrenal cortex. Estrogen and T3 action demonstrate that although androgen action at
puberty is probably the most important factor regulating adrenal gland sexual dimorphism,
other factors also contribute to this dimorphism.

10. Emergence of Spindle-Shaped Cells in Aging Mice

One last feature commonly observed in older mice is the accumulation of subcap-
sular non-steroidogenic spindle-shaped cells, named A cells. Further differentiation
of a few of these cells in large lipid-laden sex-steroid producing cells, named B cells,
is also observed in some mouse strains [166–168]; this is a process that is greatly en-
hanced following gonadectomy [55,169]. Accumulation of these cell types is often con-
sidered a gonad-like tumor as these cells express gonad markers such as Cyp17a1, Gli1,
Lhcgr and Amhr2 [13,55]. Premature appearance of the spindle-shaped cells is also ob-
served following the inactivation or overexpression of numerous genes in the adrenal
cortex [13,19,26,31,34,43,44,46,47,71,99,103,104]. Because it was demonstrated that the
spindle-shaped cells also express Gata4 [19,31,46,170] and Wt1 [13,19], it has been sug-
gested that these cells constitute a population of progenitor cells sharing similarities with
AGP cells, which accumulate as an attempt to maintain homeostasis in animals with adrenal
insufficiency. Further differentiation of A cells to B cells has also been associated with
elevated LH secretion [70,170–172]. Evaluation of LH levels (and other sex hormones) in
the different mouse models presenting this phenotype is therefore essential to determine if
the appearance of these cells is intrinsic to the adrenal or secondary to the inactivation of
these genes in other steroidogenic tissues such as the ovary, testis, or pituitary.

Currently, two theories, both based on tracing experiments, have been suggested
for the origin of the A cells. The first theory suggests that both capsular Wt1+ [13] and
Gli1+ [55] cells can form A cells following gonadectomy. Blocking GLI1/2 activity with a
pharmacological inhibitor following gonadectomy also decreases the expression of gonad
markers, further confirming the results obtained with the tracing experiments [55]. More
recently, the origin of these cells was also evaluated following the inactivation of Ezh2 [19].
In this model, tracing experiments rather suggested that Nr5a1+ cells dedifferentiate into
A cells [19]. Furthermore, in this model, expression of GATA4 preceded the expression
of WT1 in the adrenal cortex, suggesting that GATA4+ cells do not originate from cells
expressing WT1 in this model [19]. GATA4 expression was also broader than WT1 expres-
sion suggesting that GATA4 induction is independent of WT1 induction [19]. The different
origin of the spindle-shaped cells could be associated with differences between the models
(gonadectomy vs. aging mice) but capsular Gli+ cells have also been shown to contribute to
A cell formation in aging animals [55]. It is therefore possible that both the differentiation
of capsular stem cells and dedifferentiation of Nr5a1+ cells contribute to A cell formation.
Which Nr5a1+ cells (Nr5a1+, Shh+ subcapsular progenitor cells or Nr5a1+ steroidogenic
cells) contribute to A cell formation and what would be the exact contribution of capsular
cells and adrenocortical Nr5a1+ cells to A cell formation also remain to be determined.

No matter the origin of the spindle-shaped cells, GATA4 appears to play a promi-
nent role in their appearance and their differentiation into B cells. Indeed, it was first
demonstrated that the appearance of A cells is delayed and that their differentiation into B
cells is blocked in ovariectomized Gata+/− mice [86]. Conditional deletion of Gata4 in the
nascent forming A cells of ovariectomized mice also limits their proliferation and blocks
their differentiation into B cells [86]. Furthermore, GATA4 appears to be the main factor
responsible for the appearance of gonad-like tumor observed in Inha−/− animals [172].
While inactivation of Gata4 has been shown to block the formation of these cells, ectopic
expression of GATA4 in the adrenal cortex (under the control of the Cyp21a1 promoter)
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has also been shown to lead to the appearance of A cells in females and accelerate the
appearance of both A and B cells following gonadectomy in males and females [71].

11. Conclusions

In the last decades, transgenic mouse models have been the driving force behind
our understanding of the molecular mechanisms regulating the development, zonation
and maintenance of the adrenal cortex. Combination of transgenic mouse models with
genome-wide profiling of transcriptomes and epigenomes at the cellular levels further
offers the possibility to comprehend the interplay between gene expression, transcription
factors and chromatin state to uncover the gene networks regulating adrenocortical cell fate
commitment. Disruption of the development, zonation and maintenance of the adrenal
cortex have been associated with diseases such as Cushing syndrome, Carney complex and
both adrenocortical adenoma and carcinoma. To fully understand these mechanisms could
therefore lead to new therapeutic strategies to treat these pathologies.
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Abcb1b ATP-binding cassette, sub-family B (MDR/TAP), member 1B
Akr1b7 aldo-keto reductase family 1, member B7
Amhr2 anti-mullerian hormone type 2 receptor
Apc adenomatosis polyposis coli
Ar androgen receptor
Axin2 axin2
Cbx2 chromobox 2
Cited2 Glu/Asp-rich carboxy-terminal domain 2
Ctnnb1 beta-catenin
Cyb5 cytochrome b5
Cyp2f2 cytochrome P450, family 2, subfamily f, polypeptide 2
Cyp11a1 cytochrome P450 side chain cleavage enzyme 11a1
Cyp11b1 cytochrome P450, family 11, subfamily b, polypeptide 1
Cyp11b2/As cytochrome P450, family 11, subfamily b, polypeptide 2/aldosterone synthase
Cyp17a1 cytochrome P450, family 17, subfamily a, polypeptide 1
Cyp21a1 cytochrome P450, family 21, subfamily a, polypeptide 1
Dennd1a DENN/MADD domain containing 1A
Dhcr24 24-dehydrocholesterol reductase
Emx2 empty spiracles homeobox 2
Ezh2 zeste homolog 2
FAdE/Nr5a1 Fetal adrenal enhancer of nuclear receptor subfamily 5, Group A, member 1
Foxl2 forkhead box L2
Fgfr2 fibroblast growth factor receptor 2
Frzb Frizzled-related protein
Gata4 GATA binding protein 4
Gata6 GATA binding protein 6
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Gli1 GLI-Kruppel family member 1
Gli2 GLI-Kruppel family member 2
Gli3 GLI-Kruppel family member 3
Hoxb9 homeobox B9
IGF insulin growth factor
Igf1r insulin-like growth factor 1 receptor
Inha inhibin a
Insr insulin receptor
Lats1 large tumor suppressor 1
Lats2 large tumor suppressor 2
Lhcgr luteinizing hormone/choriogonadotropin receptor
Lhx9 LIM homeobox protein 9
MAPK mitogen-activate kinase protein
Mc2r melanocortin 2 receptor
Mrap melanocortin 2 receptor accessory protein
Nes nestin
Nr0b1 nuclear receptor subfamily 0, group B, member 1
Nr2f2 nuclear receptor subfamily 2, group F, member 2
Nr5a1 nuclear receptor subfamily 5, group A, member 1
Osr1 odd-skipped related transcription factor 1
Pbx1 pre B cell leukemia homeobox 1
Pde1b phosphodiesterase 1B, Ca2+ calmodulin dependent
Pde2a phosphodiesterase 2A, cGMP-stimulated
Pde3a phosphodiesterase 3A, cGMP-inhibited
Pde7b phosphodiesterase 7B
Pde8b phosphodiesterase 8B
Pde11a phosphodiesterase 11A
PKA protein kinase A
Porcn porcupine homolog
Pou5f1 POU domain, class 5, transcription factor 1
Prkar1a protein kinase, cAMP dependent regulatory, type 1, alpha
Prep1 Pbx-knotted 1 homeobox
Rspo3 R-spondin 3 homolog
Shh sonic hedgehog
Siah1a seven in absentia 1A
Six1 sine oculis-related homeobox-1
Six4 sine oculis-related homeobox-4
Sfrp2 Secreted frizzled-related protein 2
Smo smoothened homolog
Taz transcriptional co-activator with PDZ-binding motif
Tcf21 transcription factor 21
Tbx18 T-box18
Wnt4 wingless-type MMTV integration site family, member 4
Wnt2b wingless-type MMTV integration site family, member 2
Wt1 wilms tumor 1
Yap yes-associated protein
Znrf3 zinc and ring finger 3
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Abstract: Nuclear receptor subfamily 5 group A member 1 (NR5A1) is expressed in the pituitary
gonadotrope and regulates their differentiation. Although several regulatory regions were implicated
in Nr5a1 gene expression in the pituitary gland, none of these regions have been verified using mouse
models. Furthermore, the molecular functions of NR5A1 in the pituitary gonadotrope have not been
fully elucidated. In the present study, we generated mice lacking the pituitary enhancer located in the
6th intron of the Nr5a1 gene. These mice showed pituitary gland-specific disappearance of NR5A1,
confirming the functional importance of the enhancer. Enhancer-deleted male mice demonstrated no
defects at fetal stages. Meanwhile, androgen production decreased markedly in adult, and postnatal
development of reproductive organs, such as the seminal vesicle, prostate, and penis was severely
impaired. We further performed transcriptomic analyses of the whole pituitary gland of the enhancer-
deleted mice and controls, as well as gonadotropes isolated from Ad4BP-BAC-EGFP mice. These
analyses identified several genes showing gonadotrope-specific, NR5A1-dependent expressions,
such as Spp1, Tgfbr3l, Grem1, and Nr0b2. These factors are thought to function downstream of
NR5A1 and play important roles in reproductive organ development through regulation of pituitary
gonadotrope functions.

Keywords: NR5A1; enhancer; pituitary gonadotrope; luteinizing hormone; follicle-stimulating hormone

1. Introduction

Sex hormone secretion from the gonads is controlled by pituitary gonadotropins,
the production and secretion of which is controlled by the hypothalamic gonadotropin-
releasing hormone (GnRH). This hierarchical sex hormone production control mechanism
is called the hypothalamic-pituitary-gonadal (HPG) axis. Pituitary gonadotropins include
luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and they are composed
of common α subunit and unique β subunits, LHβ and FSHβ, respectively. LH stimulates

303



Int. J. Mol. Sci. 2023, 24, 192

testicular Leydig cells to produce androgens, whereas FSH stimulates Sertoli cells to support
spermatogenesis. Male LHβ and LH receptor knockout mice show normal masculinization
at fetal periods but severely impaired postnatal reproductive organ development, indicating
the physiological importance of LH in male reproductive function [1,2]. FSHβ knockout
mice show milder phenotypes than LHβ/LH receptor knockout mice, indicating a minor
role of FSH in male reproductive function [3].

One of the most important factors for HPG axis formation is the nuclear receptor
subfamily 5 group A member 1 (NR5A1, also known as Ad4-binding protein (Ad4BP) or
Steroidogenic Factor-1 (SF-1)). Although this factor is not expressed in the hypothalamic
GnRH neurons, it is expressed not only in pituitary gonadotropes but also in the ventro-
medial hypothalamic nucleus, adrenal cortex, Sertoli and Leydig cells of the testis, and
granulosa and theca cells of the ovaries [4,5]. In mice, systemic Nr5a1 gene disruption
resulted in structural and functional abnormalities in all these tissues, indicating the pivotal
roles of NR5A1 in each tissue [6]. However, because systemic Nr5a1 knockout mice die in
the neonatal period due to adrenal insufficiency, tissue-specific functions of NR5A1 are not
well understood. In order to clarify the NR5A1 function in the pituitary, pituitary-specific
conditional Nr5a1 knockout mice have been generated using the αGSU-Cre lineage [7,8].
In these mice, the expression of Lhb and Fshb is abrogated, indicating that NR5A1 plays an
important role in the functional differentiation of the pituitary gonadotropes.

As Nr5a1 is expressed in multiple tissues, several research groups including our
group have performed transgenic mouse assays to identify tissue-specific regulatory re-
gions. These analyses have identified several enhancers such as the fetal adrenal enhancer
(FAdE) [9], ventromedial hypothalamus enhancer (VE) [10], pituitary enhancer (PE) [11],
and fetal Leydig enhancer (FLE) [12] in the Nr5a1 gene locus. Although these enhancers
have been identified by generating transgenic mice, functional importance of these en-
hancers has not been directly verified by genome deletion. We recently used genome editing
to generate mice with FLE deletion, which showed fetal Leydig cell (FLC)-specific NR5A1
deficiency and severe defects in male reproductive organs from fetal stages, clearly demon-
strating the indispensable role of FLE in FLC-specific Nr5a1 expression [13]. Based on this
result, in this study, we generated a mouse line lacking the PE of Nr5a1 and confirmed that
PE plays an essential role in pituitary-specific Nr5a1 expression.

NR5A1 begins to express in the anterior pituitary at E13.5–E14.5, and analysis of Nr5a1-
disrupted mice suggested that NR5A1 regulates gonadotropin production in the pituitary
gonadotrope [14]. In addition, the results of in vitro analysis suggested that Lhb and Cga
expression was directly controlled by NR5A1 [15,16]. On the other hand, the expression
of LHβ and FSHβ was reduced but not completely lost in the pituitary gland–specific
Nr5a1 knockout mice [7,8]. Furthermore, the expression of LHβ and FSHβ is induced
by GnRH stimulation in Nr5a1 gene knockout mice [14], suggesting that NR5A1 is not
essential for LHβ and FSHβ expression. Considering these results together, it is conceivable
that there are other downstream genes that are directly regulated by NR5A1 in pituitary
gonadotropes. In this study, we identified several candidate NR5A1 downstream genes.
Some of these genes has not been previously linked to the pituitary gonadotrope functions
and might be worth for further analyses in future studies.

2. Results

2.1. Deletion of Gonadotrope-Specific PE of Nr5a1

To confirm the functional significance of the PE, we adopted CRISPR/Cas9 genome
editing to delete the PE region (Figure 1A). Genotyping PCR and direct sequencing confirmed
that the PE region was successfully deleted from the mouse genome (Figures 1B and S1).
Both male and female PE+/− (heterozygous deletion of the enhancer) mice were fertile,
but PE−/− (homozygous deletion of the enhancer) mice were infertile in both males
and females.
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Figure 1. Deletion of the pituitary enhancer (PE) of Nr5a1 by genome editing. (A) Nr5a1 comprises
seven exons. Several tissue-specific enhancers exist in the intronic and upstream regions of Nr5a1,
such as the fetal Leydig enhancer (FLE), fetal adrenal enhancer (FAdE), ventromedial hypothalamic
nucleus enhancer (VE), and PE. (B) The PE (yellow filled box) in the sixth intron of the gene was
deleted by genome editing, and genotyping PCR with the primers PE-Fw and PE-Re confirmed that
the region was successfully removed from the genome.

2.2. Normal Masculinization in Fetal Stages
2.2.1. Testis and Accessory Reproductive Organs

Because PE deficiency was expected to abolish pituitary Nr5a1 expression and reduce
the function of the pituitary gonadotropes, we examined the phenotype of PE−/− male mice
in comparison with that of control (PE+/−) mice to analyze the effects of enhancer deficiency.
Fetal PE−/− male mice (embryonic day 18.5; E18.5) showed normal descendance and size
of the testis relative to those in the control mice (arrows in Figure 2A,B). In addition, vas
deferens development and adrenal gland size (arrowheads in Figure 2A,B) were consistent
between groups, confirming that the effect of enhancer deficiency was limited to the
pituitary gonadotrope. Immunostaining revealed that NR5A1 was strongly expressed
in Leydig cells in the interstitium of the testis and weakly expressed in Sertoli cells in
the seminiferous tubules of the testis in PE−/− mice, showing no clear differences from
expression patterns in control mice. Accordingly, no abnormality was observed in HSD3B
expression in Leydig cells or SOX9 expression in Sertoli cells (Figure 2C–F).
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Figure 2. Fetal masculinization was not affected in PE−/− mice. (A,B) Macroscopic observation of
the urogenital systems in the control mice (A) and PE−/− mice (B). Arrowheads indicate adrenal
glands, whereas arrows indicate testes. (C,D) Double staining of the testis with antibodies for NR5A1
(green) and HSD3B (red). (E,F) Double staining of the testis with NR5A1 (green) and SOX9 (red)
antibodies. Scale bar: 2 mm in (A,B), 100 μm in (C–F).

2.2.2. Steroids in Fetal Testes

The intratesticular concentration of steroid hormones was evaluated by GC-MS. Testos-
terone and androstenedione levels were slightly higher in PE−/− mice than in the control
mice, but the difference was not significant (Table 1). Levels of other steroids showed
no significant differences in concentration between control and PE−/− testis. There was
also no significant difference between control and PE−/− testes in the metabolic ratio of
enzymatic reactions required for androgen synthesis (Supplemental Table S1).
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Table 1. Intratesticular steroids in PE+/− mice and PE−/− mice at E18.5.

Amount (pg/Whole Tissue)

PE+/− PE−/−

Steroid Compound Mean SD Mean SD p-Value 1

Dehydroepiandrosterone 28.4 3.1 24.5 8.5 0.5476
Androstenediol 36.7 1.2 39.7 8.7 0.5000
Epitestosterone 12.2 2.1 15.8 9.5 0.6905

5α-androstane-3β, 17β-diol 18.7 11.2 14.9 1.8 0.6905
Androstenedione 324.0 133.2 381.4 156.0 0.5476

Testosterone 627.1 248.0 722.9 274.6 0.6905
Pregnenolone 18.8 4.6 15.5 0.6 0.2222
Progesterone 28.97 0.24 28.68 11.33 0.8413

17α-hydroxyprogesterone 100.3 35.3 98.4 33.6 >0.9999
11-deoxycortisol 49.9 7.9 62.8 16.5 0.1508

1 Statical significance was determined using the Mann–Whitney U test.

2.3. Impaired Development of Reproductive Organs at Adult Stages
2.3.1. Testis

The testes of adult male PE−/− mice were significantly smaller than those of con-
trol mice (Figure 3A), whereas the size of the adrenal gland was unaffected (Figure S2).
Hematoxylin and eosin (HE) staining of testis sections revealed that the diameter of the
seminiferous tubules was clearly reduced in PE−/− mice relative to that in controls, and
few mature spermatozoa were found within the seminiferous tubules (Figure 3B,C). The
area of the testicular interstitium was also narrower in PE−/− than in control mice, and
lipid droplets within the interstitial Leydig cells were reduced (Figure 3B’,C’).

 

Figure 3. Severely impaired testicular architecture in PE−/− adult mice. (A) Macroscopic view of
the testes collected from control and PE−/− mice. (B,C) Low magnification view of the HE stained
section of testes collected from control (B) and PE−/− mice (C). (B’,C’) Magnified view of the areas
enclosed by open rectangles in (B,C). Scale bar: 2 mm in (A), 100 μm in (B–C’).
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Female PE−/− mice exhibited smaller ovaries than control mice (Figure S3A). When
tissue sections were prepared and analyzed, the PE−/− mice did not present a large number
of corpora lutea compared to those found in the ovaries of control mice (Figure S3B,B’,C).
This was thought to be because ovulation did not occur due to decreased LH secretion
from the pituitary. In addition, many traces of closed follicles were observed in the ovaries
(arrowheads in Figure S3C’), and it was speculated that the follicles could not be maintained
due to the decrease in estrogen.

2.3.2. Seminal Vesicles, Prostate Gland, and Penis

Macroscopic observation of accessory reproductive organs showed that seminal vesi-
cles were not apparent in PE−/− male mice (Figure 4A,B). HE staining revealed that most
of the seminal vesicles and prostate had been replaced with adipose tissue, and only a few
traces of the prostate glands were identified (Figure 4C–D’). The external genitalia were
also clearly smaller in appearance in the PE−/− mice than in the controls (Figure 5A,B),
and the size of the penis was also reduced (Figure 5C,D). Masson-trichrome staining clearly
showed poor development of the penis in PE−/− males (Figure 5E,F).

 
Figure 4. Hypoplastic development of reproductive organs in PE−/− male mice. (A,B) Macroscopic
views of the lower abdominal organs in control (A) and PE−/− (B) mice. Testes are encircled by
broken lines. Arrows in (A) indicate seminal vesicles, which were not observed in PE−/− mice (B).
(C,D) HE-stained sections of the urinary bladder (UB) and seminal vesicles (SV) in control (C) and
PE−/− (D) mice. (C’,D’) Magnified view of the areas enclosed by open rectangles in (C,D). An arrow
in (D’) indicates a rudimentary tissue of the prostate gland. An arrowhead in (D’) indicates the
urethra. Scale bar: 2 mm in (A–D); 100 μm in (C’,D’).
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Figure 5. Hypoplastic penis in PE−/− male mice. (A,B) Macroscopic view of the penis of control
(A) and PE−/− (B) mice. (C,D) Penile foreskin was removed, and penes were compared between
control (C) and PE−/− (D) mice. (E,F) Masson-trichrome staining of the penile sections of control
(E) and PE−/− (F) mice. Scale bar: 2 mm in (A–D); 500 μm in (E,F).

2.3.3. Steroid Levels in Adult Testes

GC-MS revealed the presence of several steroids in adult testes that were not detected
in the fetal testes, such as 3α-androstane-3α,17β-diol, 7α-hydroxyandrostenedione, dihy-
drotestosterone, 6β-hydroxyandrostenedione, 6β-hydroxytestosterone, 16α-hydroxytestosterone,
16α-hydroxyandrostenedione, 17α-hydroxypregnenolone, tetrahydrodeoxycorticosterone,
allo-tetrahydrodeoxycorticosterone, and corticosteron. Among detected steroids, dehy-
droepiandrosterone, androstenediol, 7α-hydroxyandrostenedione, androstenedione, and
testosterone were significantly lower in the testes of PE−/− mice than in those of control
mice (Table 2). From these results, it was speculated that the activities of
17α-hydroxylase/17,20-lyase, 3β-HSD, and 17β-HSD, enzymes involved in the synthe-
sis of testosterone, were globally reduced. Indeed, comparison of metabolic ratios between
control testes and PE−/− testes suggested that activities of enzymes, such as 21-hydroxylase,
17,20-lyase, 3β-HSD, 17β-HSD, 17α-HSD, 5α-reductase, and 3α-HSD were significantly
decreased in PE−/− testes (Supplemental Table S2).

Table 2. Intratesticular steroids in adult PE+/− and PE−/− mice.

Concentration (pg/mg Tissue)

PE+/− PE−/−

Steroid Compound Mean SD Mean SD p-Value 1

3α-androstane-3α, 17β-diol 2.1 0.3 2.3 1.2 0.6905
Dehydroepiandrosterone 0.6 0.1 1.8 0.4 0.0079 *

Androstenediol 3.7 0.8 2.4 0.6 0.0317 *
Epitestosterone 0.9 0.9 1.2 0.8 >0.9999

309



Int. J. Mol. Sci. 2023, 24, 192

Table 2. Cont.

Concentration (pg/mg Tissue)

PE+/− PE−/−

Steroid Compound Mean SD Mean SD p-Value 1

3α-androstane-3β, 17β-diol 1.1 0.5 1.6 0.5 0.2222
7α-hydroxyandrostenedione 3.1 0.9 12.3 2.7 0.0079 *

Dihydrotestosterone 1.7 0.8 2.3 0.5 0.2222
Androstenedione 54.0 21.7 10.9 5.5 0.0079 *

Testosterone 58.3 57.4 9.7 8.1 0.0079 *
6β-hydroxyandrostenedione 1.3 0.3 ND ND NA

6β-hydroxytestosterone 1.5 1.5 ND ND NA
Pregnenolon 4.7 1.1 2.8 2.0 0.0952
Progesterone 8.61 3.11 9.95 3.73 0.6905

16α-hydroxytestosterone 5.9 6.8 ND ND NA
16α-hydroxyandrostenedione 1.0 0.7 ND ND NA

17α-hydroxypregnenolone 1.4 0.3 ND ND NA
17α-hydroxyprogesterone 9.6 2.9 7.1 2.9 0.3095

Tetrahydrodeoxycorticosterone ND ND 3.9 2.1 NA
Allo-tetrahydrodeoxycorticosterone 0.9 0.4 1.0 0.3 0.5476

11-deoxycortisol 2.9 3.0 3.8 2.5 0.1508
Corticosterone 13.3 12.4 7.7 5.7 0.3095

1 Significance was determined using the Mann–Whitney U test. * Statistically significant difference (p < 0.05).
ND, not detected under the limit of quantification; NA, not applicable because analyte was not detected in either
experimental group.

2.3.4. Quantitative Reverse Transcription (qRT)-PCR and Gonadotropin Immunostaining

The pituitary glands of PE−/− mice showed no apparent size difference compared to
those of the control mice (Figure 6A). Plasma LH levels tended to be lower in PE−/− mice
than in control mice, but no significant difference was detected because LH concentrations
were generally low in control mice. FSH concentration was significantly lower in PE−/−
mice than in the control group (Figure 6B).

 

Figure 6. Changes in pituitary gonadotrope marker genes in PE−/− mice. (A) Macroscopic view of
the pituitary glands of control and PE−/− mice. Scale bar: 1 mm (B) Plasma concentrations of LH
and FSH in control (PE+/+ and PE+/−) and PE−/− mice. Differences were evaluated by one-way
ANOVA followed by Tukey’s post hoc test at a significance level of p < 0.05. a and b: significant
difference between different characters. (C) Relative expression of pituitary gonadotrope marker
genes in control and PE−/− mice, as evaluated by qRT-PCR. Y-axis represents gene expression relative
to that of Actb. Statistical significance between two experimental groups was evaluated by unpaired
t-test. * significant difference (p < 0.05), NS: not significant.
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RNA was extracted from the pituitary gland, and the expression of marker genes
of gonadotropin-producing cells was analyzed by qRT-PCR. In male and female PE−/−
mice, Nr5a1 expression was almost completely absent, while that of Lhb, Fshb, and Gnrhr
was detectable but significantly reduced relative to control values. Cga expression in male
PE−/− mice was reduced to about half that of control mice; expression in females was
reduced to about 70% of the control value (Figures 6C and S4).

Expression of LHβ, FSHβ, and thyroid stimulating hormone β (TSHβ) was examined
by immunostaining. A considerable number of LHβ-expressing cells were present in the
pituitary gland of PE−/− mice (Figure 7A,B). These LHβ-expressing cells did not show
nuclear NR5A1 expression, suggesting that NR5A1 was not essential for LHβ expression
(Figure 7A’,B’). The number of FSHβ-expressing cells was dramatically reduced in the
PE−/− group relative to that in the controls (Figure 7C,D). However, cells weakly expressing
FSHβ were still observed in the pituitary of PE−/− mice, suggesting that NR5A1 influenced
FSHβ expression (Figure 7C’,D’). NR5A1 was not expressed in TSHβ-expressing cells, and
no obvious abnormalities in TSHβ expression were observed in PE−/− mice relative to
control expression (Figure 7E–F’).

 

Figure 7. Levels of LHβ and FSHβ decreased in the PE−/− mouse pituitary; TSHβ levels did not
change. (A–B’) Immunostaining of pituitary sections using antibodies for NR5A1 (red) and LHβ

(green). (C–D’) Immunostaining of pituitary sections using antibodies for NR5A1 (red) and FSHβ

(green). (E–F’) Immunostaining of pituitary sections using antibodies for NR5A1 (red) and TSHβ

(green). Scale bars: 200 μm in (A–F), 50 μm in (A’–F’).
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2.4. Transcriptome Analyses of Pituitaries and Isolated Gonadotropes

Because the expression of Lhb and Fshb was not completely lost in PE−/− mice, we
searched for other downstream genes directly regulated by NR5A1. We first analyzed the
transcriptome of the entire pituitary gland and extracted 43 genes with reduced pituitary
expression in PE−/− mice compared to that in controls (pit_m_homo_down; Figure 8A).
Thereafter, we analyzed the transcriptome of the isolated gonadotropes and compared it
with that of the whole pituitary, identifying 189 highly expressed genes in the gonadotropes
relative to whole pituitary expression (gonadotrope_m_up; Figure 8A). In this process, we
noticed that one of the isolated gonadotrope samples (gonadotrope_m1) showed a distinct
gene expression pattern from the other three (Figure S5) and excluded this sample from
the analysis. By comparing the pit_m_homo_down and gonadotrope_m_up gene sets, we
identified 16 genes with gonadotrope-specific, NR5A1-dependent expression (Figure 8B).
Gene ontology (GO) analysis of these genes highlighted “regulation of bone remodeling,”
“GnRH signaling pathway,” and “regulation of hormone levels” as highly enriched GO
terms (Figure 8C). We performed the same analyses in female samples and identified nine
genes enriched in “gonad development” and “neuroactive ligand-receptor interaction”
(Figures S6 and S7).

Figure 8. Transcriptomic analyses of the whole pituitary gland and isolated gonadotropes in
males. (A) Venn diagram showing an overlap between genes downregulated in PE−/− pituitary
(Pit_m_homo_down) relative to the control and those showing higher expression in the gonadotropes
than in the whole pituitary (gonadotrope_m_up). (B) List of the 16 overlapping genes of the two gene
sets shown in (A); differential expression of 16 genes between control and PE−/− pituitary glands.
(C) GO terms enriched in the 16 genes.
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3. Discussion

3.1. Functional Importance of the PE in Nr5a1 Gene Regulation

Nr5a1 contains multiple internal and upstream regulatory regions (enhancers). Al-
though these enhancers have been identified by generating transgenic mice [9–12], their
functional importance has not been strictly defined. In our previous study, the PE of Nr5a1
was identified in the sixth intron [11]. In this study, we demonstrated that deletion of this
PE leads to cell-specific and complete NR5A1 deficiency. In a recent study by another group,
the ATAC-sequence of pituitary gonadotrope–derived cell lines suggested that regions
other than the PE (the FLE and a small region in the fourth intron) are also implicated in
Nr5a1 expression in the pituitary gonadotropes [17]. The involvement of these regions
(especially functionally undefined region in the fourth intron) in pituitary-specific NR5A1
expression should be carefully investigated in future studies.

3.2. Dependence of Fetal and Adult Leydig Cells on Pituitary Gonadotropins

The phenotype of PE-deficient mice was essentially the same as that previously re-
ported in mice with pituitary-specific Nr5a1 gene disruption [7,8]. That is, adult male mice
were infertile due to insufficient formation of reproductive organs and reduced produc-
tion of androgens. In females, ovulation did not occur, and the corpus luteum did not
form, causing infertility. Furthermore, no defects were observed in the masculinization
of fetal PE−/− male mice. These data suggest that fetal masculinization proceeds in a
pituitary-independent manner. Previous studies have shown that even when LHβ or LH
receptors are deleted, fetal masculinization proceeds normally, but the production of andro-
gens after birth declines and puberty does not occur, leading to defective spermatogenesis
and hypoplastic male reproductive organs [1,2]. Another example is the Kiss1 knockout
mouse. In these mice, kisspeptin-induced GnRH production is absent and blood LH levels
are decreased, but fetal androgen production is unaffected, whereas postnatal androgen
production is markedly reduced [18]. These results were explained by the pituitary gland-
independent development of Leydig cells in fetal testes, and LH-dependent Leydig cell
development in postnatal testes [19]. To support this notion, our previous study showed
that fetal Leydig cell–specific LH receptor knockout mice exhibited normal reproductive
organs at the fetal stage [20].

The production of male hormones has been reported to be triphasic, comprising fetal,
neonatal, and adolescent periods [21]. Fetal Leydig cells are responsible for the production
of male hormones during the fetal period, and adult Leydig cells after puberty. In addition,
transient HPG axis activation during the neonatal period is known to produce male sex
hormones through a process called mini-puberty. Recent studies have focused on the
influence of mini-puberty on spermatogenesis and male reproductive function at adult
stages [22]. PE-deficient mice may represent a useful tool to clarify the physiological
significance of mini-puberty.

3.3. Role of NR5A1 in the Pituitary Gonadotrope

Analysis of Nr5a1-disrupted mice suggested that NR5A1 is important for the functional
differentiation of pituitary gonadotropes. Moreover, from the results of in vitro analysis,
Lhb and Cga expression been reported to be directly controlled by NR5A1 [15,16]. However,
in both this study and the previous works [7,8], the expression of LHβ and FSHβ was
reduced but not completely lost in the pituitary gland–specific Nr5a1 knockout mice.
Furthermore, the expression of LHβ and FSHβ is also induced by GnRH stimulation
in Nr5a1 gene knockout mice [14], suggesting that NR5A1 is not essential for LHβ and
FSHβ expression. These results suggested that there may be other downstream genes
that are directly regulated by NR5A1 in pituitary gonadotropes. These genes might be
related to GnRH responsiveness, signal transduction downstream of the GnRH receptor, or
gonadotropin secretion, and several studies have been performed to identify such genes.
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3.4. Candidate NR5A1 Downstream Genes

From the results of transcriptome analyses, 16 NR5A1-dependent genes with high
expression in isolated gonadotropes were identified. GO analyses of these 16 genes identi-
fied Fshb, Spp1, and Grem1 as related to “regulation of bone remodeling.” The Spp1 gene
encodes secreted phosphoprotein 1, or osteopontin, which shows gonadotrope-specific
pituitary expression and regulates the interaction between gonadotropes and extracellular
matrices [23]. Interestingly, osteopontin shows higher expression in male than in female
gonadotropes. In agreement with this, our results showed that Spp1 was highly expressed
in the male gonadotrope but not in the female gonadotrope. Grem1 encodes Gremlin1, an
antagonist of bone morphogenetic protein. In a previous study, Grem2-null mice showed
irregular estrous cycles and subfertility [24]. Although Grem2 is not expressed in the pi-
tuitary gland, these previous data suggested that Grem2 plays an important role in HPG
axis regulation and reproductive function in females. Our study expands on this to suggest
that Grem1 is a novel regulator of gonadotrope function in males. Tgfbr3l, which encodes
transforming growth factor β receptor III-like protein and plays essential roles in the trans-
duction of inhibin B signaling to the pituitary gonadotrope, was also included in the gene
set. Recently generated Tgfbr3l gene-disrupted female mice showed increased FSH pro-
duction and follicle development relative to controls, and double knockout of Tgfbr3l and
betaglycan resulted in female infertility [25], indicating an important role of this factor in
female reproductive function. Another recent study identified an NR5A1 binding sequence
in the proximal promoter of the human and murine Tgfbr3l homologs, and in vitro analyses
suggested that NR5A1 directly induces gonadotrope-specific Tgfbr3l gene expression [26].
Our study supported this finding and strongly suggested that NR5A1 directly regulates
Tgfbr3l gene expression in vivo. The Tgfbr3l gene also shows gonadotrope-specific and
NR5A1-dependent expression in males. However, its role in male reproductive function
has not been clarified. Nr0b2 encodes a small heterodimer partner (SHP), a factor known
to regulate bile acid homeostasis [27]. Recent studies have focused on its function in the
testes [27], but the physiological function of SHP in the pituitary gonadotrope has not been
investigated so far. Another Nr0b family gene, Nr0b1, showed gonadotrope-specific and
NR5A1-dependent expression in females. This gene encodes dosage-sensitive sex reversal,
adrenal hypoplasia congenita critical region, on chromosome X, gene 1 (DAX-1) [27]. Previ-
ous studies have shown that DAX-1 expression overlaps with that of NR5A1 in various
tissues, including pituitary gonadotropes [28]. Although several previous in vitro studies
have suggested that DAX-1 is directly regulated by NR5A1 [29–31], ours is the first report
to suggest that NR5A1 regulates DAX-1 expression in the pituitary gonadotropes in vivo.
Overall, we identified several candidate NR5A1 downstream genes in the pituitary go-
nadotrope. Among these, several genes have not yet been linked to pituitary gonadotrope
function and should be evaluated in future studies.

4. Materials and Methods

4.1. Mice

We previously identified a gonadotrope-specific PE of Nr5a1 [11]. In this study, we
deleted the PE region from the mouse genome following a published procedure [32]. Guide
RNAs targeting the upstream and downstream regions of the PE were designed using
CRISPR direct (http://crispr.dbcls.jp/, accessed on 17 March 2017). crRNA, tracrRNA,
and Cas9 protein (Integrated DNA Technologies) were mixed to form an RNP complex
and then introduced into the fertilized eggs by electroporation (Genome Editor, BEX). The
eggs were then transferred into the oviducts of recipient mothers, and the genotypes of
the resulting pups were determined by PCR. The sequences of genotyping primers are
shown in Supplemental Table S3. Homozygous PE deletion mice were designated as PE−/−
mice, whereas heterozygous PE deletion mice (PE+/− mice) were used as controls unless
otherwise noted. Ad4BP-BAC-EGFP mice [33] were used to collect NR5A1-expressing
gonadotropes from the pituitary gland via fluorescence-activated cell sorting (FACS).
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4.2. Tissue Preparation, Histological Analyses, and Immunostaining

Mice were anesthetized with 0.3 mg/kg medetomidine hydrochloride (Nippon Zenyaku
Kogyo, Fukushima, Japan), 4 mg/kg midazolam (Astellas Pharma, Tokyo, Japan), and
5 mg/kg butorphanol tartrate (Meiji Seika Pharma, Tokyo, Japan), and then perfused with
PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) from the left
ventricle. For histological analyses, tissues were embedded in paraffin wax, sectioned to
5 μm in thickness, and subjected to HE or Masson trichrome staining. Stained sections were
observed using a BZ-X700 fluorescence microscope (Keyence, Osaka, Japan). For immunos-
taining, 50-μm thick sections were cut using a cryotome (Leica CM3050 S, Leica Camera
AG, Wetzlar, Germany) and stained using the free-floating staining method [13]. The
primary and secondary antibodies used in this study are listed in Supplemental Table S4.
For nuclear staining, 4′6′-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO,
USA) was used. Tissue sections were encapsulated in VECTASHIELD Mounting Medium
(Vector Laboratories, Newark, CA, USA) and photographed with a LSM 700 laser scanning
microscope (Carl Zeiss AG, Oberkochen, Germany).

4.3. RNA Preparation and Quantitative RT-PCR

Total RNA was prepared from the anterior pituitary of PE+/− (n = 3) and PE−/− (n = 3)
male mice and subjected to reverse transcription with random hexamers (Superscript VILO
master mix, Invitrogen, Carlsbad, CA, USA). Synthesized cDNA was used for quantitative
PCR using the AriaMx Real Time PCR system (Agilent, Santa Clara, CA, USA) with gene-
specific primers (Supplemental Table S5) and SYBR green qPCR master mix (Agilent, Santa
Clara, CA, USA). Expression of the genes of interest was adjusted relative to that of Actb,
the gene encoding β-actin.

4.4. Measurement of Plasma Gonadotropin

Blood samples were collected from the right ventricle of anesthetized PE+/+ (n = 6),
PE+/− (n = 8), and PE−/− (n = 7) male mice. Plasma LH and FSH concentrations were
measured by a double-antibody radioimmunoassay (RIA) with mouse LH- and FSH-RIA
kits provided by the National Hormone and Peptide Program (Torrance, CA, USA), as
previously described [34,35]. LH and FSH concentrations were expressed in terms of mouse
LH-RP (AFP-5306A) and FSH-RP (AFP-5308D), respectively. The lowest detectable level of
LH in 25 μL plasma samples was 0.156 ng/mL, and the intra- and inter-assay coefficients
of variation were 6.5 and 7.5%, respectively, at 2.8 ng/mL. The lowest detectable level of
FSH in 25 μL plasma samples was 1.252 ng/mL, and the intra- and inter-assay coefficients
of variation were 8.7 and 8.7%, respectively, at 17.1 ng/mL.

4.5. Measurement of Testicular Steroids

Testes were collected from control and PE−/− mice at the fetal stage (E18.5) and adult
stage (8–10 weeks after birth), respectively (n = 5 in each experimental condition). Levels of
testicular steroids were determined by gas chromatography-mass spectrometry (GC-MS)
as previously described [36]. The concentration of steroid hormone was given in units of
ng/tissue in the fetal testis, and ng/mg tissue in the adult testis. The metabolic ratio for
each enzymatic reaction was calculated by dividing the metabolite concentration by the
precursor concentration.

4.6. mRNA Sequencing, Data Processing, and Differentially Expressed Gene Analyses

mRNA sequencing analyses were performed as previously described [13]. Briefly, total
RNAs were prepared from the whole pituitary gland (control mice and PE−/− mice) or
from EGFP-positive cells sorted from Ad4BP-BAC-EGFP mouse pituitary glands, and were
then subjected to library construction using NEBNext Single Cell/Low Input RNA Library
Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA). Libraries were subjected
to paired-end 150-bp sequencing on an Illumina series sequencer. After removing adapter
sequences and low-quality reads using “cutadapt” (version 4.2) with default parameters,
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FASTQ files were mapped to the mouse genome (mm10) by “STAR” (version 2.5.4a) with
default parameters. Reads for each gene were counted using “featureCounts” (version 1.6.1)
with default parameters, and gene expression matrix files were subjected to differentially
expressed gene analyses using “EdgeR”. Genes with reduced expression in PE−/− mice
relative to controls (log2FC < −2, p-value < 0.05, FDR < 0.05) were extracted. Genes with
higher expression in the isolated gonadotropes than in the control whole pituitary were
also extracted. We compared the two gene sets, and overlapping genes were then subjected
to annotation analyses by “Metascape” [37].

4.7. Statistical Analyses

Quantitative RT-PCR data were presented as mean ± SEM, and statistical differences
between experimental groups were examined by the two-tailed unpaired Student’s t-test.
Plasma gonadotropin levels were presented as mean ± SEM, and differences were evaluated
by one-way ANOVA followed by Tukey’s post hoc test. Intratesticular steroid levels and
metabolic ratios were presented as mean and SD, and comparative levels of testicular
steroids and metabolic ratios between control and PE−/− groups were evaluated by a
non-parametric Mann–Whitney U test.

5. Conclusions

Intronic enhancer plays an essential role in pituitary gonadotrope-specific Nr5a1 gene
expression. NR5A1 regulates functional differentiation of pituitary gonadotropes, and
thereby induces development of reproductive organs. This study identified candidate
downstream genes of NR5A1 in the pituitary gonadotrope. Some of them have been
already shown to be important for the pituitary gonadotrope function. However, we also
identified several genes of which function in the pituitary gland is unclear. These genes
may be the target of future studies to clarify the pathogenesis of human hypogonadotropic
hypogonadism patients.
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Abstract: The molecular mechanisms that drive the granulosa cells’ (GC) differentiation into a more
estrogenic phenotype during follicular divergence and establishment of follicle dominance have not
been completely elucidated. The main Hippo signaling effector, YAP, has, however, emerged as a
potential key player to explain such complex processes. Studies using rat and bovine GC demonstrate
that, in conditions where the expression of the classic YAP-TEAD target gene tissue growth factor
(CTGF) is augmented, CYP19A1 expression and activity and, consequently, estradiol (E2) secretion
are reduced. These findings led us to hypothesize that, during ovarian follicular divergence in
cattle, FSH downregulates YAP-TEAD-dependent transcriptional activity in GC to allow the future
dominant follicle to exert its augmented estrogenic capacity. To address this, we performed a series
of experiments employing distinct bovine models. Our in vitro and ex vivo experiments indicated
that indeed FSH downregulates, in a concentration-dependent manner, mRNA levels not only for
CTGF but also for the other classic YAP-TEAD transcriptional target genes ANKRD1 and CYR61
by a mechanism that involves increased YAP phosphorylation. To better elucidate the functional
importance of such FSH-induced YAP activity regulation, we then cultured GC in the presence of
verteporfin (VP) or peptide 17 (P17), two pharmacological inhibitors known to interfere with YAP
binding to TEADs. The results showed that both VP and P17 increased CYP19A1 basal mRNA levels
in a concentration-dependent manner. Most interestingly, by using GC samples obtained in vivo
from dominant vs. subordinate follicles, we found that mRNA levels for CTGF, CYR61, and ANKRD1
are higher in subordinate follicles following the follicular divergence. Taken together, our novel
results demonstrate that YAP transcriptional activity is regulated in bovine granulosa cells to allow
the increased estrogenic capacity of the selected dominant follicle.

Keywords: ovary; cow; Hippo; steroidogenesis; follicle deviation or divergence; yes-associated
protein 1; CTGF; CYR61; ANKRD1

1. Introduction

Ovarian follicular development and growth in mammals is a complex and dynamic
physiological process that requires the interaction of different hormones and cell signaling
pathways [1]. In ruminants, as follicle development progresses, follicles gradually become
more and more reliant on gonadotropins, first as gonadotropin-responsive follicles and
then as gonadotropin-dependent follicles [2]. During the antral growth stage, the most
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advanced follicles in the pool emerge concomitantly with the increase in circulating follicle-
stimulating hormone (FSH) levels to form what is commonly referred to as the cohort of
gonadotropin-dependent follicles. During a certain period of this phase, granulosa cells
(GC) present similar elevated proliferative capacity, which allows these follicles to grow at
an approximately similar rate, until one follicle is selected for further growth [3,4]. In cattle,
as in other monovulatory species such as human and equine, this process is known as
follicle selection [5,6]. The moment when the selected follicle continues its growth, while the
remaining follicles cease growing, is known as follicle deviation or follicle divergence [7].

Probably the most important characteristic of the dominant follicle is its greater ca-
pacity for estradiol (E2) production by its GC. After the wave emergence, E2 content in
the follicular fluid of the growing dominant follicle increases at least 20-fold by the day
of selection [4–8]. Such augmented steroidogenic capacity is mainly due to the fact that
GC differentiate to produce more E2. A key steroidogenic enzyme to this process is cy-
tochrome P450 aromatase family 19 subfamily A member 1 (CYP19A1). At the ruminant
GC level, this enzyme can metabolize the theca-derived androgen testosterone into E2
and/or the theca-derived androstenedione into estrone (E1), which will then be metabolized
into E2 by another steroidogenic enzyme known as 17β-hydroxysteroid dehydrogenase
(HSD17B1) [9,10]. In cattle, as well as in other mammalian species, FSH can be considered
one of the primary stimulators of GC CYP19A1 expression [11,12]. Despite years of research,
the molecular mechanisms that drive the GC differentiation into a more estrogenic profile
during follicular divergence have not been completely elucidated. The Hippo signaling
has, however, emerged as a potential key player to explain such complex processes.

The core Hippo pathway consists of a kinase cascade that ultimately regulates the
activity of the transcriptional activators yes-associated protein 1 (YAP) and transcriptional
co-activator with PDZ-binding motif (TAZ). In a conserved manner, it is known that when
Hippo signaling is inactive, YAP/TAZ accumulate in the nucleus and form complexes
with numerous transcription factors, notably those of the TEA domain transcription factor
(TEAD) family of transcription factors, resulting in the modulation of the transcriptional
activity of several target genes, such as the classic tissue growth factor (CTGF, also known
as CCN2), ankyrin repeat domain 1 (ANKRD1), and cysteine-rich protein 61 (CYR61, also
known as CCN1). Conversely, when Hippo signaling is activated, YAP/TAZ are phospho-
rylated (at serine residues S127 and S397 for YAP, and at S89 for TAZ), resulting in their
nuclear export to the cytoplasm where they will be retained and/or degraded, therefore
compromising YAP/TAZ-dependent transcriptional activity [13,14]. A study employing
mouse in vivo and in vitro models reported that timely expression and activation of the
Hippo effector YAP in GC is critical for ovarian follicle development [15]. Briefly, it was
demonstrated that while an increase of YAP-dependent transcriptional activity promotes
mouse GC proliferation, it suppresses GC differentiation and steroidogenesis. Although
a physiological correlation between FSH and ANKRD1 or CYR61 has not been reported,
a study employing rat GC cultures demonstrated that Ctgf mRNA downregulation coin-
cides with FSH-induced GC differentiation [16]. Interestingly, a recent study employing a
well-defined bovine in vitro GC model clearly showed that when CTGF mRNA levels are
increased in this cell type, there is a decrease in CYP19A1 expression and, consequently,
a significant reduction in E2 secretion levels [17]. Taken together, these findings led us to
hypothesize that, during ovarian follicle divergence in cattle, FSH downregulates YAP-
TEAD-dependent transcriptional activity in granulosa cells to allow the future dominant
follicle to launch its augmented estrogenic capacity. To address this, we performed a series
of experiments employing bovine in vitro, ex vivo, and in vivo models.

2. Results

2.1. FSH Downregulates, in a Concentration-Dependent Manner, mRNA Levels for CTGF and
Other Classic YAP-TEAD Transcriptional Target Genes

To determine whether FSH regulates the expression of CTGF in bovine granulosa
cells, we employed a non-luteinizing GC culture model in which cells were cultured in the
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presence of graded doses of FSH for the last four days of culture. This is a completely serum-
free, long-term GC culture system that allows the induction/maintenance of CYP19A1
expression and E2 secretion in response to physiological doses of FSH [18,19]. As expected,
FSH upregulated CYP19A1 mRNA levels in a concentration-dependent manner (p < 0.05,
Figure 1A) and, consequently, stimulated E2 secretion in a concentration-dependent manner,
too (p < 0.05, Figure 1B).

Figure 1. Effect of FSH on CYP19A1 mRNA abundance and estradiol secretion in vitro. Granulosa
cells (GC) were cultured for 6 days under non-luteinizing conditions and treated with graded doses of
FSH for the last 4 days of culture (see Section 4 for details). (A) Messenger RNA (mRNA) abundance
for CYP19A1 was measured by real-time PCR and normalized to the housekeeping gene H2AFZ.
(B) Estradiol (E2) secretion in culture media was measured by chemiluminescence. Data represent
the mean ± SEM for three independent replicate cultures. Bars with different letters are significantly
different (p < 0.05).

Conversely, FSH downregulated, in a concentration-dependent manner, the mRNA
levels not only for CTGF (p < 0.05, Figure 2A) but also for ANKRD1 (p < 0.05, Figure 2B)
and CYR61 (also known as CCN1; p < 0.05, Figure 2B), both considered classic YAP-TEAD
target genes along with CTGF.

Figure 2. Effect of FSH on mRNA levels for CTGF and other classic YAP-TEAD transcriptional target
genes in vitro. Granulosa cells (GC) were cultured for 6 days under non-luteinizing conditions and
treated with graded doses of FSH for the last 4 days of culture (see Section 4 for details). Messenger
RNA (mRNA) abundance for connective tissue growth factor (CTGF), ankyrin repeat domain 1
(ANKRD1), and cysteine-rich protein 61 (CYR61) was measured by real-time PCR and normalized
to the housekeeping gene H2AFZ. Data represent the mean ± SEM for three independent replicate
cultures. Bars with different letters are significantly different (p < 0.05).
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2.2. YAP Phosphorylation in Granulosa Cells Increases following FSH Challenge and along the
Bovine Follicle Growth

To determine if the mechanism by which FSH downregulates CTGF and the other
YAP-TEAD target genes in bovine GC involves regulation of the YAP phosphorylation
status, we then cultured cells in the presence of two doses of FSH (1 and 10 ng/mL) for
4 days, and samples were then collected at the end of the culture for Western blot (WB)
analyses. The results indicated that FSH treatments did not alter total YAP protein levels
(p > 0.05, Figure 3) but significantly promoted YAP phosphorylation on serine 127 (Ser127)
in a concentration-dependent manner (p < 0.05, Figure 3). The phosphorylation of this
serine is known to promote a binding site for 14-3-3 protein, leading to YAP-14-3-3 complex
formation in the cytoplasm, and therefore affects the binding of this Hippo effector to its
target transcription factors at the nucleus [20].

Figure 3. YAP phosphorylation is regulated by FSH in vitro. Granulosa cells (GC) were cultured for
6 days under non-luteinizing conditions and treated with 2 distinct doses of FSH for the last 4 days of
culture (see Section 4 for details). Total (YAP) and phosphorylated YAP on serine 127 (P-YAP) protein
levels were measured by Western blot and normalized to β-actin, as shown in representative blots
(n = 2 replicates). Data are means ± SEM of four independent cultures. Bars with different letters are
significantly different (p < 0.05).

322



Int. J. Mol. Sci. 2022, 23, 14160

To determine if the above-observed in vitro FSH-induced YAP phosphorylation pat-
tern could be somehow observed in GC along the follicle growth, we then collected bovine
ovarian follicles of different sizes (compatible with those found in emergence to dominance)
for evaluation. The intensity of staining observed suggested that the total YAP expression
pattern is similar in GC collected from small (<5 mm) and medium (5–10 mm) follicles
(Figure 4A,B). However, while the positive signal for phospho-YAP (Ser127) was absent or
barely detected in GC from small follicles (Figure 4A), the staining was easily observed in
the cytoplasm of medium follicles (Figure 4B).

Figure 4. Localization and expression pattern of total (YAP) and phospho-YAP (Ser127) in granulosa
cells from follicles of increasing size. Representative immunohistochemistry (IHC) micrographs
(objective 40x) show the expression pattern of total (YAP) and phosphorylated YAP on serine 127 (P-
YAP) in granulosa (GC) and theca cells (TC) from follicles of (A) small (<5 mm) and (B) medium
(5–10 mm) sizes. While brown color represents a positive immunostaining signal for total and/or
P-YAP (detected in nucleus and/or cytoplasm of GC), the counterstain is hematoxylin, which stains
the cell nuclei in blue, contrasting with the brown.
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2.3. The mRNA Abundance of CTGF, ANKRD1, and CYR61 Is Higher in Subordinate Follicles
following the Follicular Divergence

The previously described in vitro and ex vivo findings suggested that FSH may pro-
mote YAP phosphorylation to decrease the expression of CTGF and other classic YAP-TEAD
target genes to allow GC from growing follicles to better express their estrogenic capacity
and, consequently, establish their dominance over subordinate follicles in the same cohort.
To confirm that, an in vivo experiment was then performed to obtain the largest (F1: herein
also referred to as dominant follicle) vs. the second largest (F2: herein also referred to as
subordinate follicle) GC samples from ovaries collected at days 2 (D2), 3 (D3), and 4 (D4) of
the first follicular wave (collection time points correspond to the days before, during, and
after ovarian follicular follicle deviation in bovine, respectively). Although mRNA levels
for CTGF, CYR61, and ANKRD1 were not significantly higher in GC of subordinate follicles
collected at D2 and D3 (p > 0.05, Figure 5), mRNA levels for those 3 genes were significantly
higher in GC from subordinate follicles collected at D4 (p < 0.05, Figure 5). The latter day
corresponds to the first day after divergence when the dominant follicle has established its
dominance and presents much higher mRNA levels for CYP19A1 in GC, and consequently,
higher intra-follicular E2 levels, as it can be confirmed in a previous publication [8].

Figure 5. Expression of classic YAP-TEAD transcriptional target genes in granulosa cells during
establishment of the dominant follicle in vivo. Granulosa cells (GC) were recovered from the largest
(F1—dominant follicles, black bar) and the second largest (F2—subordinate follicles, white bar)
follicles collected at days 2 (D2), 3 (D3), and 4 (D4) of the first follicular wave of the synchronized
estrous cycle. D2 corresponds to the day before the divergence, D3 corresponds to the day of follicular
divergence, and D4 corresponds to the first day after divergence. Messenger RNA abundance for
connective tissue growth factor (CTGF), ankyrin repeat domain 1 (ANKRD1), and cysteine-rich protein
61 (CYR61) was measured by real-time PCR and normalized to the housekeeping gene GAPDH. Data
represent the mean ± SEM of independent follicle samples (n = 4) per group in each time point.
An asterisk (*) indicates significant difference between F2 (subordinate) and F1 (dominant) follicle
groups over day-matched comparison (p < 0.05) and “nd” denotes non-detectable amplification in
the real-time PCR analysis.

2.4. Pharmacological Inhibition of YAP-TEAD Interaction In Vitro Increases Basal Levels for
mRNA Encoding CYP19A1

Some of the experiments previously performed in the present study clearly confirmed
that, in bovine GC, there is a clear inverse relationship not only between the expression
levels of CYP19A1 and CTGF, but also an inverse relationship between CYP19A1 and other
YAP-TEAD classic target genes. To better elucidate the nature of such relationship (cause vs.
consequence), we decided to perform a series of in vitro experiments using pharmacological
inhibitors known to interfere with YAP binding to TEAD family transcription factors.
In the first series of cultures, GC were cultured without or in the presence of different
concentrations of verteporfin (VP), a well-known and commonly used YAP-TEAD inhibitor
molecule that decreases basal levels of CTGF, CYR61, and ANKRD1 in a concentration-
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dependent manner [21,22]. The results shown herein indicated that VP increased CYP19A1
basal mRNA levels in a concentration-dependent manner (p < 0.05, Figure 6A).

Figure 6. Pharmacological inhibition of YAP-TEAD interaction increases basal CYP19A1 mRNA
abundance in vitro. Granulosa cells (GC) were cultured for 6 days under non-luteinizing conditions
(see Section 4 for details) and treated (for the last 4 days of culture) with different concentrations
of (A) Verteporfin (VP: 0, 0.1, 0.5, and 1 μM) or (B) Peptide 17 (P17: 0, 1, 5, and 10 μM), molecules
known to interfere with YAP binding to the TEAD family of transcription factors. A FSH treatment
group (1 ng/mL) was included from day 2 to 6 in both experiments as a positive control for CYP19A1
stimulation. Messenger RNA abundance for CYP19A1 was measured by real-time PCR and normal-
ized to the housekeeping gene H2AFZ. Data are means ± SEM of three independent cultures. Bars
with different letters are significantly different (p < 0.05).

To further investigate whether VP action was specific or not, we then decided to
use an alternative inhibitor, peptide 17 (P17), which is an engineered peptide that also
disrupts the YAP-TEAD interaction [23,24]. Similar to what was observed for VP, CYP19A1
basal mRNA levels were also increased in a concentration-dependent manner following
P17 treatment (p < 0.05, Figure 6B). Together, these findings clearly indicate that CTGF
and/or other YAP-TEAD target genes exert a direct or indirect inhibitory effect of CYP19A1
transcriptional regulation in bovine GC.
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3. Discussion

The establishment of ovarian follicle dominance in monovulatory species involves
complex and dynamic processes. Despite years of research, some key molecular mecha-
nisms that drive the GC differentiation into a more estrogenic phenotype during follicular
divergence remain unclear. In the present study, we used bovine in vitro, ex vivo, and
in vivo models to generate novel and exciting data, showing an important role of the Hippo
effector YAP during the establishment of follicular dominance. Together, our data indicate
that YAP transcriptional activity is downregulated in bovine granulosa cells by FSH to
allow or facilitate the increased estrogenic capacity of the selected dominant follicle.

In terms of the expression pattern for the Hippo effector YAP in bovine ovarian follicles,
a recent study in this species showed via WB analysis that total YAP expression levels
were similar in GC isolated from all stages of follicle development (2–5, 5–10, >10 mm) [25].
These authors, however, did not include phospho-YAP (Ser127) in such WB comparison
nor did they evaluate the effect of FSH or any other growth factor on total and phospho-
YAP protein levels. Although their WB results for total YAP in GC isolated from different
follicle sizes corroborate the total YAP expression stability pattern observed in our IHC
analysis and following our FSH treatment in vitro, our study clearly contributes with novel
data for this and other monovulatory species, particularly related to FSH-induced YAP
phosphorylation aspects and its consequence to YAP-TEAD-related transcriptional activity
during the establishment of follicle dominance.

FSH action in GC occurs mainly through the adenylyl cyclase (cAMP) pathway [11,26].
Forskolin is a pharmacological agonist of adenylyl cyclase which is widely used to mimic
FSH in activating differentiation signaling in GC [27]. Treatment of mouse GC with forskolin
induced phosphorylation of YAP protein at serine 127 faster than forskolin increased
Cyp19a1 mRNA abundance in this cell type [15]. In addition, these same authors employed
a human ovarian granulosa cell-like tumor cell line (KGN) to show that constitutively
transcriptional active YAP (YAPS127A) significantly suppresses E2 production by these
cells. These authors, nevertheless, did not assess (in neither their mouse models nor in
their human models) any classic YAP-TEAD target genes, nor did they discuss in the latter
experiment whether the expression of CTGF, CYR61, or ANKRD1 could be directly or
indirectly related to CYP19A1 transcriptional regulation in GC.

Although a previous study in rat GC has reported that FSH downregulates Ctgf in
the same conditions that it stimulates E2 secretion [16], such study only showed a negative
correlation and never confirmed if CTGF by itself can indeed alter Cyp19a1 transcription in
this cell type. Similarly, a study in bovine GC [17] used the same cell culture system that we
employed in the present study to also observe such inverted correlation between CTGF ex-
pression and CYP19A1/E2 levels in bovine species. Nevertheless, no functional experiment
was performed by these authors. To the best of our knowledge, our study shows the first
evidence that disrupting the YAP–TEAD interaction, and consequently affecting CTGF ex-
pression, leads to basal CYP19A1 mRNA levels’ augmentation in GC. Such pharmacological
inhibition, however, does not alter only CTGF, but also affects the basal levels of the other
classic YAP-TEAD target genes ANKRD1 and CYR61. Studies showing the physiological
roles exerted by these two proteins in bovine ovary are, nevertheless, scarce. While the
expression of ANKRD1 in bovine GC has been associated with a period of decreasing
oocyte competence and ANKRD1 was pointed out as a gene that can lead to apoptosis
and atresia [28], CYR61 is known to be expressed in bovine granulosa-derived luteal cells
and it has been identified as a potential molecular mediator of angiogenesis in the CL [29].
Interestingly, our in vivo experiment showed that indeed not only CTGF but also CYR61
and ANKRD1 are significantly higher in the largest subordinate follicles at the day after
ovarian follicular deviation in bovine was established. Together, our in vivo findings and
our in vitro experiments, using pharmacological YAP-TEAD inhibitors and challenging GC
with FSH doses, suggest that not only CTGF but other YAP-TEAD-related genes might be
involved not only with the transcriptional machinery responsible for CYP19A1 regulation
in GC, but also with the GC differentiation process required for it. The precise effects and
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respective mechanisms of action of CTGF, CYR61, and ANKRD1 in bovine GC, nevertheless,
remain to be further investigated.

Even though our results employing distinct bovine models complement each other’s
findings, a puzzling question also remains to be better addressed: does the expression
of these YAP-TEAD target genes decrease in GC from the selected dominant follicle, or
is the expression of those genes augmented in GC from subordinate follicles during the
divergence process? Based on the expression pattern for these genes in dominant vs.
subordinate follicles collected at each of the days tested herein (collection time points
correspondent to the days before, during, and after ovarian follicular follicle deviation in
bovine, respectively), it is most likely that the mRNA levels for these YAP-TEAD targets
started increasing in subordinate follicles during the divergence to then be significantly
augmented after ovarian follicular deviation was established. This possibility is supported
by the fact that fibroblast growth factor 2 (FGF2), a FGF related to bovine follicle atresia,
augments CTGF mRNA abundance in a dose- and time-dependent manner in bovine GC
cultured in vitro [17]. Curiously, FGF2 is known for inhibiting steroidogenesis in bovine GC
by suppressing CYP19A1 expression [30,31]. On the other hand, taking into consideration
the facts that FSH increases YAP phosphorylation in bovine GC (data shown herein) and
that the future dominant follicle is known for being more responsive to FSH as its circulating
levels increase [32,33], it is plausible to suggest that YAP-dependent transcriptional activity
is inhibited or, at least, transiently controlled in the selected dominant follicle until it
establishes its estrogenic dominance over other follicles from the same cohort. To better
understand such puzzle, nevertheless, it is important to take into consideration which
main functions are normally attributed to Hippo effectors along the follicle development
dynamics in mammals, particularly related to early stages of follicle development.

In murine models, it was demonstrated that induced ovarian fragmentation promotes
follicle growth, which is related to decreased phospho-YAP levels, increased nuclear lo-
calization of YAP, and consequently, enhanced expression of CTGF [34]. Briefly, ovaries
from juvenile mice (containing secondary and smaller follicles) were cut in 3–4 fragments
and then allo-transplanted under kidney capsules of adult hosts. Histological analyses
and follicle counting of grafts indicated an augmentation in the percentage of late sec-
ondary and antral/preovulatory follicles accompanied by decreases in primordial follicles.
In addition, these authors also demonstrated that such fragmentation-induced follicle
growth was partially blocked by CTGF antibodies or by verteporfin, and that CTGF and
CYR61 recombinant proteins promoted the development of primary follicles to the late
secondary/antral stage in ovarian explants. In both circumstances, however, the authors
attributed a key role to the fact that CCN growth factors (CTGF and CYR61) can pro-
mote GC proliferation. Indeed, another study in mice demonstrated that stimulation of
YAP-dependent transcriptional activity promotes mouse GC proliferation, however such
induction consequently suppresses GC differentiation and steroidogenesis [15]. Curiously,
a recent study in mice showed that YAP-induced transcriptional activity in large antral
follicles is essential for LH-induced ovulatory cascade [35]. Taken together, these findings
in murine models strongly indicate that the expression and activation of the Hippo effector
YAP in murine GC may vary along the follicle development/growth to exert timely, distinct,
required physiological functions. Based on that, we then hypothesized that in rodents, YAP
target genes contribute to the initial follicle growth (involving high GC proliferation rates)
until the follicles become gonadotropin-dependent, and therefore, require transitory YAP
nuclear export for the final maturation/differentiation of the follicle until the return of this
Hippo effector to the nucleus, where its transcriptional activity is critical for ovulation.
Interestingly, it seems that the same hypothesis proposed for rodents can also be proposed
for monovulatory species, particularly for the model employed herein, bovine.

In a recent study by our research group, we demonstrated by in vitro and in vivo
approaches that YAP transcriptional activity in preovulatory bovine GC is critical for the
LH-induced ovulation in this species [36]. These findings indicate that, in large bovine
dominant preovulatory follicles (≥12 mm), YAP must remain unphosphorylated and
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transcriptionally active in the nucleus to allow LH-induced pre-ovulatory signaling. The
present study, nevertheless, shows strong evidence that during the follicle divergence
and establishment of dominance, FSH increases YAP phosphorylation to allow the future
dominant follicle to increase or accelerate its GC estrogenic capacity. Once the dominance
is established, it is most likely that the YAP phosphorylation status returns to basal levels
in the periovulatory period. To confirm this latter hypothesis, an ongoing investigation of
our group is assessing YAP-TEAD target genes’ expression patterns at later time points
along the follicle wave in vivo and, most importantly, we are also evaluating the effects
of insulin-like growth factor 1 (IGF1) on YAP activity in bovine GC in vitro. One of the
reasons by which the selected dominant follicle continues its growth is directly related to
the IGF system. IGF1 increases the sensitivity of small follicles (around 5 mm in cattle)
to gonadotropins and simulates their transition from the gonadotropin-responsive to the
gonadotropin-dependent stages [37]. This growth factor not only induces E2 secretion in
GC, but also synergizes with FSH to promote final differentiation of GC until the luteinizing
hormone (LH) surge, which is required for ovulation of the mature dominant follicle [38].

In summary, we provided novel evidence that YAP-TEAD-related transcriptional
activity plays an important role in the molecular mechanisms that drive the GC differen-
tiation into a more estrogenic profile during follicular divergence and the establishment
of follicular dominance. By regulating YAP activity in bovine granulosa cells, FSH alters
the expression of CTGF and other classic YAP-TEAD target genes and contributes to the
augmented estrogenic capacity of the selected dominant follicle.

4. Material and Methods

4.1. In Vitro Studies

The reagents used for in vitro cultures were obtained from Thermo Fisher Scientific,
except where otherwise stated. The granulosa cell (GC) culture employed herein is a
completely serum-free, long-term GC culture system, also described as a GC differentiation
culture system [18,31]. In such conditions, GC are responsive to FSH and maintain an estro-
genic phenotype with a minimum of luteinization along the culture [39,40]. Briefly, bovine
ovaries were collected in local abattoirs from random adult cows and were transported to
the laboratory in PBS containing penicillin (100 IU/mL) and streptomycin (100 μg/mL).
Follicles between 2 and 5 mm in diameter were dissected from the ovarian stroma and
sectioned in Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12 (DMEM/F12).
GC were then collected by rinsing the follicle walls with DMEM/F12, washed twice by
centrifugation at 980× g for 20 min each, and filtered through a Cell Dissociation Sieve—
Tissue Grinder Kit/150 Mesh (Sigma-Aldrich, Oakville, ON, Canada). Finally, GC were
suspended in basal culture media composed by DMEM/F12 supplemented with sodium
bicarbonate (10 mM), sodium selenite (4 ng/mL), BSA (1 mg/mL), penicillin (100 IU/mL),
streptomycin (100 μg/mL), human transferrin (5 ng/mL), non-essential amino acid mix
(10 mM), androstenedione (A4; 10−7 M at start of culture, and 10−6 Mat each medium
change), and insulin (10 ng/mL). The number of cells was counted with a hemocytometer
and the viable cells were assessed by the dye exclusion method using 0.4% Trypan Blue.
For cultures, GC were seeded into 24-well tissue culture plates (Sarstedt Inc., St-Leonard,
QC, Canada) at a density of 1 × 106 viable cells per well in 1 mL of medium. Cultures were
maintained at 37 ◦C in 5% CO2 in air for 6 days with 70% (700 μL) medium being replaced
every 2 days and treatments added from day 2 on (on days 2 and 4 of culture). Although
insulin (10 ng/mL) was added since day 0 and at each medium change (day 2 and day 4),
depending on the experiment, cells were also treated for the last 4 days of culture with hu-
man FSH (1 or 10 ng/mL) or with distinct concentrations of the pharmacological inhibitors
Verteporfin (VP; Sigma-Aldrich) or Peptide 17 (P17; Selleck Chemicals, Houston, TX, USA).
Medium samples were collected on day 6 and stored at −20 ◦C until the steroid assay, and
cells were collected on day 6 in Trizol or M-PER® mammalian protein extraction reagent
and stored at −80 ◦C until RNA or protein extraction, respectively. All series of cultures
were performed on at least three different pools of cells collected on different occasions.
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4.1.1. Steroid Assay

Estradiol (E2) was measured from culture media samples collected on day 6 of cul-
ture. The concentration was determined by a chemiluminescence kit (ADVIA Centaur,
Siemens, Munich, Germany) in a specialized clinical analysis laboratory following the
manufacturer’s recommendations.

4.1.2. Western Blotting

Total protein from GC was extracted using M-PER® mammalian protein extraction
reagent according to the manufacturer’s instructions and protein levels were quantified
using the Pierce™ BCA Protein Assay Kit. Halt™ Protease and Phosphatase Inhibitor
Cocktails were added to the samples’ final solutions to avoid protein degradation. Sam-
ples (20–40 μg) were resolved on 12% sodium dodecyl sulfate-polyacrylamide gels and
transferred to Hybond-P PVDF membrane (GE Amersham, Mississauga, ON, Canada).
Membranes were then probed at 4 ◦C overnight in 5% BSA in TTBS with different pri-
mary antibodies (details and dilutions for each antibody are indicated in Table 1). After
washing three times with TTBS, membranes were incubated for 1 h at room temperature
with anti-rabbit HRP-conjugated IgG diluted in 5% non-fat dry milk in TTBS. Protein
bands were visualized by chemiluminescence (ECL; Millipore, Billerica, MA, USA) and
quantified using a ChemiDoc MP detection system (Bio-Rad, Hercules, CA, USA) and
Image Lab™ software.

Table 1. List of antibodies used for IHC and WB.

Name of Antibody Manufacturer (Cat. No.) Type Dilution WB Dilution IHC

ß-actin (C4) Santa Cruz (sc-47778 HRP) CkM 1:10,000
YAP (D8H1X) Cell signaling (14074) RbM 1:1000 1:250

Phospho-YAP (Ser127) (D9W2I) Cell signaling (13008) RbM 1:1000 1:250
Anti-Rabbit IgG–HRP Conjugate Promega (W401B) Rb 1:1000

CkM: Chicken monoclonal; RbM: rabbit monoclonal; Rb: rabbit.

4.2. Ex Vivo Study

The ex vivo study used reagents obtained from Thermo Fisher Scientific (Saint-Laurent,
QC, Canada), except where otherwise stated.

4.2.1. Tissue Sampling

Bovine ovaries were collected on different days from random adult cows at a local
abattoir and were transported to the laboratory in PBS at 35 ◦C containing penicillin
(100 IU/mL), streptomycin (100 μg/mL), and fungizone (1 μg/mL). At least five ovaries
from different animals that each contained small (<5 mm) and medium (5–10 mm) follicles
concomitantly (compatible with those found in emergence to follicle dominance) were
selected for further analysis.

4.2.2. Immunohistochemistry

For immunohistochemistry (IHC) evaluation, bovine ovaries were selected as de-
scribed above. Entire ovaries were then fixed in 10% formaldehyde solution for 24 h, rinsed,
and dehydrated in alcohol until they were embedded in paraffin. Serial sections were
prepared (at a thickness of 3 μm), followed by deparaffinization, rehydration, sodium
citrate heat-mediated antigen retrieval, peroxidase block, and protein blocking (10% goat
for 30 min), and then slides were probed with primary antibody against total and phospho-
rylated forms of YAP (Table 1) overnight at 4 ◦C. Protein detection was then performed
with the Vectastain Elite ABC HRP Kit (VECTPK6101, Vector Laboratories, Burlingame, CA,
USA) and stained with the DAB substrate kit (VECTSK4100, Vector Laboratories). Slides
were then counterstained with hematoxylin and dehydrated with graded alcohols prior
to mounting. Negative controls were included in the IHC analysis and consisted of slides
for which the primary antibodies (for both total and phosphorylated YAP) were omitted.
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The results confirmed the specificity of our second antibody (not shown). Photomicro-
graphs were taken using a Carl Zeiss Axio Imager M1 microscope (Carl Zeiss, Toronto, ON,
Canada) at ×1000 magnification and using the Zen 2012 blue edition software (Carl Zeiss).

4.3. In Vivo Study

The reagents used for the in vivo experiment were obtained from Sigma-Aldrich Co.,
except where otherwise stated. All experimental procedures using cattle were reviewed and
approved by the Federal University of Santa Maria Animal Care and Use Committee (ACUC
No. 23081.009594/2007-41). To obtain GC from the largest (F1) and the second largest
(F2) follicles (also referred to herein as dominant and subordinate follicles, respectively),
ovaries were collected from the first follicular growth wave of the estrous cycle. For this,
thirty-six weaned beef cows (predominantly Hereford and Aberdeen Angus) were injected
with two doses of PGF2α analogue (Cloprostenol, 125 μg; Schering-Plough Animal Health,
Kenilworth, NJ, USA) intramuscularly (i.m.), 12 h apart. They were then observed in
estrus within 3–5 days after PGF2α. Ovaries were then examined once a day by transrectal
ultrasonography, using an 8 MHz linear-array transducer (Aquila Vet scanner, Pie Medicals,
Maastricht, The Netherlands), and all follicles larger than 5 mm were drafted using three to
five virtual slices of the ovary, allowing a three-dimensional localization of follicles and
monitoring individual ovarian follicles’ location during the follicular wave [3]. The day of
the follicular emergence was designated as day 0 (D0) of the wave and it was retrospectively
identified as the last day on which the dominant follicle was 4 or 5 mm in diameter [8].
The cows were then randomly assigned to be ovariectomized by colpotomy at days 2 (D2),
3 (D3), or 4 (D4) of the follicular wave (four cows per group for each day) to recover the
largest (F1: herein also referred to as dominant follicle) and the second largest (F2: herein
also referred to as subordinate follicle) follicles from each cow. After ovariectomy, GC
were recovered from F1 and F2 follicles and stored at –80 ◦C until RNA extraction for
RT-qPCR analysis.

4.4. RNA Extraction, Reverse Transcription, and Quantitative PCR (qPCR) for In Vitro and
In Vivo Studies

Total RNA from in vitro culture samples was extracted using the PureLink™ RNA
Mini Kit according to the manufacturer’s instructions. Total RNA from the in vivo samples
was extracted using the silica column-based protocol (Qiagen, Mississauga, ON, Canada)
according to the manufacturer’s instructions. For reverse transcription reaction (RT), total
RNA (0.2 μg from both in vitro and in vivo samples) was first treated with 1U DNase
(Promega, Madison, WI, USA) at 37 ◦C for 5 min to digest any contaminating DNA. The
RNA was then reverse-transcribed in the presence of 1 mM of oligo (dT) primer and 4U
Omniscript Rtase (Qiagen), 0.25 mM of dideoxy-nucleotide triphosphate (dNTP) mix, and
19.33U RNase Inhibitor (GE Healthcare, Chicago, IL, USA) in a volume of 20 μL at 37 ◦C
for 1 h. The reaction was terminated by incubation at 93 ◦C for 3 min. Real-time PCR
was conducted in an ABI Prism 7300 instrument in a 25 μL reaction volume containing
12.5 μL of 2 × Power SYBR Green PCR Master Mix (Applied Biosystems, Waltham, MA,
USA), 9.5 μL of water, and 1 μL of each sample cDNA and bovine-specific primers (Table 2).
Cycling conditions were 3 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 30 s at
60 ◦C, and 30 s at 72 ◦C. In each run, melting curve analysis was used to verify that a
single product was amplified. Each reaction was performed in duplicate, and the average
threshold cycle (Ct) value was used to calculate relative mRNA abundance of target genes
relative to the housekeeping genes H2AFZ (for in vitro samples) and GAPDH (for in vivo
samples) and with the 2−ΔΔCt method and correction for amplification efficiency [41].
Primers not published previously were designed based on sequences from GenBank, using
the Primer-BLAST platform, and their respective amplicons were sequenced to confirm
their specificity.
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Table 2. Sequences of primers used in the expression analysis of target genes.

Gene Sequence 5′→3′ Accession Number

ANKRD1
F: ATCAGTGCGCGGGATAAGTT

NM_001034378.2R: GGGAGTATCTCCTTCCCGGT

CTGF
F: AGCTGAGCGAGTTGTGTACC

[42]R: TCCGAAAATGTAGGGGGCAC

CYP19A1
F: CTGAAGCAACAGGAGTCCTAAATGTACA

[43]R: AATGAGGGGCCCAATTCCCAGA

CYR61
F: GGCTCCCCGTTTTGGAATG

NM_001034340.2R: TCATTGGTAACGCGTGTGGA

GAPDH
F: GATTGTCAGCAATGCCTCCT

[36]R: CGTTCTCTGCCTTGACTGTG

H2AFZ
F: GAGGAGCTGAACAAGCTGTTG

[43]R: TTGTGGTGGCTCTCAGTCTTC
Forward (F) and reverse (R) primers used in RT-qPCR.

4.5. Statistical Analysis

The statistical analyses for all experiments were performed using JMP Software (SAS
Institute Inc., Cary, NC, USA). Data that were not normally distributed (Shapiro–Wilk
test) were transformed to natural logarithms. For mRNA abundance or target protein
levels, ANOVA was used to test for the main effect (treatment) and culture replicate
was included as a random effect. Multiple comparisons were tested using the Tukey–
Kramer honestly significant difference (HSD) test to compare all treatment groups within
the same experiment. All data were presented as means ± SEM and variables were
considered statistically significant at p < 0.05, represented with different letters. For the
in vivo experiment, the day-match differences in continuous data between the dominant
(F1) and the subordinate (F2) were assessed by a paired Student’s t test using the cow as the
subject. The in vivo data were presented as means ± SEM and variables were considered
statistically significant at p < 0.05, represented with an asterisk symbol (*).
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Abstract: HR4, a member of the nuclear receptor family, has been extensively studied in insect molting
and development, but reports on crustaceans are still lacking. In the current study, the MnHR4 gene
was identified in Macrobrachium nipponense. To further improve the molting molecular mechanism
of M. nipponense, this study investigated whether MnHR4 functions during the molting process of
M. nipponense. The domain, phylogenetic relationship and 3D structure of MnHR4 were analyzed
by bioinformatics. Quantitative real-time PCR (qRT-PCR) analysis showed that MnHR4 was highly
expressed in the ovary. In different embryo stages, the highest mRNA expression was observed in
the cleavage stage (CS). At different individual stages, the mRNA expression of MnHR4 reached its
peak on the fifteenth day after hatching (L15). The in vivo injection of 20-hydroxyecdysone (20E)
can effectively promote the expression of the MnHR4 gene, and the silencing of the MnHR4 gene
increased the content of 20E in M. nipponense. The regulatory role of MnHR4 in 20E synthesis and
20E signaling was further investigated by RNAi. Finally, the function of the MnHR4 gene in the
molting process of M. nipponense was studied by counting the molting frequency. After knocking
down MnHR4, the molting frequency of M. nipponense decreased significantly. It was proved that
MnHR4 plays a pivotal role in the molting process of M. nipponense.

Keywords: MnHR4; 20-hydroxyecdysone (20E); Macrobrachium nipponense; molt; RNA interference

1. Introduction

Endocrine signals play a central role in animal growth and maturation. Although
vertebrate growth and development are primarily controlled by thyroid hormones and sex
steroids, insect development is controlled by several key hormones and neuropeptides,
of which the steroid hormone ecdysteroid is the main regulator [1]. 20-Hydroxyecdysone
(20E) is a steroid hormone that was originally discovered in plants and arthropods [2]. The
accumulation of research over the past two decades has shown that cholesterol is catalyzed
into 20E by the Halloween family of genes (i.e., Spook, Phantom, Disembodied, Shadow
and Shade) [3–5]. 20E converts hormonal signals into transcriptional responses through
members of the nuclear receptor family, and when 20E binds to the EcR/USP complex, the
transcriptional cascade leads to the onset of ecdysis and metamorphosis [6,7]. Drosophila,
as a classic model organism, has become a model for elucidating the regulatory role of 20E.
The 20E pulse directs each molt and metamorphosis of the Drosophila melanogaster’s life
cycle [8]. Many downstream nuclear receptor transcription factors activated by 20E have
been identified in insects [9].

Nuclear receptors contain two common structural elements—a DNA-binding domain
(DBD) and a ligand-binding domain (LBD)—which are involved in the regulation of myriad
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biological processes [10]. In the holometabolous insect D. melanogaster, some genes, such as
nuclear receptor E75 (E75), nuclear receptor E78 (E78), hormone receptor 3 (HR3), hormone
receptor 4 (HR4), ecdysis-triggering hormone receptor (ETHR) and Fushi tarazu factor-1
(Ftz-f1), are transcriptionally regulated by 20E and play a central role in transducing the
molting signals [11,12]. The expressions of HR3 and E75B increased with the increase in
the 20E titer during D. melanogaster pupation, and βFtz-f1 was activated after the decrease
in 20E [13]. In the hemimetabolous insect Blattella germanica, the regulatory relationship
between nuclear receptor genes E75, HR3, HR4 and Ftz-f1 changed with the fluctuation
in the 20E titer [14]. In insects, the function of nuclear receptors activated by 20E has
been reported in detail. For example, an E75A mutation causes developmental arrest and
molting defects in Drosophila and the E75C-mutant Drosophila die in adulthood, whereas
E75B-mutant individuals survive and reproduce normally [15]. The knockdown of BgE75
results in B. germanica prothoracic gland degeneration and ecdysteroid deficiency [14].
HR3 is involved in the regulation of chitin synthesis and degradation during Locusta
migratoria molting [16]. Silencing of BgFtz-f1 prevents normal molting and development
of B. germanica [17], and Ftz-f1 is involved in the regulation of Leptinotarsa decemlineata’s
pupation by regulating 20E and JH titers [18]. HR4 plays an important role in Tribolium
castaneum molting and ovulation [19] and plays a central role in coordinating growth and
the maturation of D. melanogaster [20]. In addition, the HR4 gene has been identified in
some crustacean transcriptomes. In Litopenaeus vannamei and Daphnia, HR4 was identified
as an ecdysone signaling response gene [21,22]. In Callinectes sapidus, increased ecdysteroid
concentration induced HR4 expression [23]. Altogether, nuclear receptor genes have been
extensively studied in insect molting and development, but reports on crustaceans are
still lacking.

Macrobrachium nipponense (Crustacea, Decapoda) is an important freshwater economic
prawn in China [24]. Molting is a pivotal event in the growth of crustaceans [25]. M. nippo-
nense grows by molting, but the mechanism of molting is still poorly understood. Therefore,
it is of great scientific significance to study the molting mechanism of M. nipponense for
breeding and increasing production. We previously demonstrated the functions of Spook
and Ftz-f1 genes in the molting and ovarian development of M. nipponense [5,26]. Tran-
scriptome analysis of the different molting stages of M. nipponense revealed that MnHR4
is an important differential gene. To further improve the molting molecular mechanism
of M. nipponense, this study investigated whether MnHR4 functions during the molting
process of M. nipponense. In the current study, the MnHR4 gene was identified in M. nippo-
nense. The domain, phylogenetic relationship and 3D structure of MnHR4 were analyzed
by bioinformatics. The expression patterns of the MnHR4 gene in different tissues and
developmental stages of M. nipponense were detected by qRT-PCR. The expression of the
MnHR4 gene was detected by qRT-PCR after a 20E injection in vivo. After knockdown of
the MnHR4 gene by the RNA interference, the content of 20E in M. nipponense was detected
by an ELISA. The regulatory role of MnHR4 in 20E synthesis and 20E signaling was further
investigated by RNAi. Finally, the function of the MnHR4 gene in the molting process of
M. nipponense was studied by counting the molting frequency.

2. Results

2.1. Sequence Analysis and Phylogeny of MnHR4

The rapid amplification of the cDNA ends (RACE) (TaKaRa, Kyoto, Japan) of the
HR4 fragment yielded a cDNA sequence with a putative open reading frame of 2901 bp,
encoding a total of 966 amino acids, named MnHR4 (Figure 1). A phylogenetic tree of the
HR4 amino acids of different species was constructed, indicating that insecta and crustacea
form two independent clades, which is consistent with the traditional taxonomy of species.
M. nipponense is the most closely related to Penaeus chinensis, followed by Armadillidium
vulgare (Figure 2). A comparison of the HR4 amino acid sequences between M. nipponense
and other crustaceans using DNAMAN 6.0 showed that MnHR4 contained a conserved
C4 zinc finger (ZnF_C4) domain. Zinc finger domains are relatively small protein motifs
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containing different binding-specific finger-like protrusions, usually in clusters. The HR4
amino acid identity of M. nipponense and P. chinensis was 49.64%, followed by A. vulgare at
30.18% (Figure 3). The amino acid sequence of MnHR4 was analyzed using the iterative
threading assembly refinement (I-TASSER) server. Figure 4A shows a three-dimensional
(3D) atom model of M. nipponense’s MnHR4 generated by I-TASSER. The predicted binding
ligands are the pale-green spheres, and the binding residues are the blue ball and stick
(Figure 4B).

Figure 1. (A) Nucleotide and deduced amino acid sequences of MnHR4 in M. nipponense. The
numbers on the left and right refer to the coordinates of the nucleotide and amino acid sequences,
respectively. Blue and green underscores represent the ZnF_C4 and HOLI domains, respectively.
The termination signals are indicated with an asterisk (*). (B) Domain architecture organization of
MnHR4 as predicted by SMART (http://smart.embl-heidelberg.de/ (accessed on 20 April 2022)). The
conserved domains (i.e., ZnF_C4 and HOLI) of MnHR4 are shown by the different shapes and colors.
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Figure 2. Phylogenetic tree of the amino acid sequences of HR4 from various species. The numbers
shown at the branches indicate the bootstrap values (%). The red rectangles indicate the position of
M. nipponense in the phylogenetic tree. The species and GenBank accession numbers for constructing
the phylogenetic tree are listed below: Anopheles gambiae (XP_318161.4), D. melanogaster (AAX73355.1),
Bombyx mori (AAD38900.1), Manduca sexta (AAL50350.1), Bemisia tabaci (QJD20721.1), B. germanica
(AEF79806.1), Cimex lectularius (XP_014251567.1), Tenebrio molitor (CAA06670.1), Tribolium castaneum
(XP_974320.3), P. chinensis (XP_047499450.1), M. nipponense and A. vulgare (RXG72075.1).

Figure 3. Sequence alignment of the HR4 amino acids between M. nipponense and other crustaceans.
The blue and green underscores represent the ZnF_C4 and HOLI domains, respectively.
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Figure 4. The 3D structures of MnHR4 predicted by I-TASSER: (A) predicted function of MnHR4 3D
structures using COFACTOR and COACH, where the pale-green sphere represents the predicted
binding ligand; (B) molecules and ions that bind to anchoring proteins are called ligands.

2.2. Expression of the MnHR4 Gene in Different Tissues and Different Developmental Stages

The expression levels of MnHR4 mRNA in different tissues and different developmen-
tal stages of M. nipponense were investigated by qRT-PCR. The highest mRNA expression of
MnHR4 was observed in the ovary, followed by the eyestalk, with the lowest expression in
the hepatopancreas. The expression levels of MnHR4 mRNA in the ovary and eyestalk were
significantly higher than those in other tissues, and the expression level in the ovary was
4.47-fold higher than that in the eyestalk (p < 0.05) (Figure 5A). The expression of MnHR4
mRNA showed no significant difference in different ovary stages (p > 0.05) (Figure 5B). In
different embryo stages, the highest mRNA expression was observed in the cleavage stage
(CS), followed by the blastula stage (BS), and the lowest was observed in the zoea stage
(ZS). The expression level in the CS was 4.53-fold that in the BS and 23.22-fold that in the
ZS (p < 0.05) (Figure 5C). In different individual stages, the mRNA expression of MnHR4
gradually decreased from the first day after hatching (L1) to L10 and reached a peak at L15.
MnHR4 mRNA expression was lowest on the first day post-larvae (PL1) and showed a
significant difference (p < 0.05) (Figure 5D).

Figure 5. Expression of MnHR4 mRNA in different tissues and different developmental stages of
M. nipponense. Samples (at different developmental stages) were collected at the experimental site
in Dapu, according to previous criteria [27,28]. The expression of MnHR4 mRNA was normalized
to the EIF transcript level. (A) Different tissues: O, ovary; E, eyestalk; G, gill; H, heart; M, muscle;
He, hepatopancreas. (B) Different ovary stages: O1, undeveloped stage; O2, developing stage; O3,
nearly ripe stage; O4, ripe stage; O5, spent stage. (C) Different embryo stages: CS, cleavage stage;
BS, blastula stage; GS, gastrula stage; NS, nauplius stage; ZS, zoea stage. (D) Different development
stages: L1, the first day after hatching; PL1, the first day post-larvae, etc. Statistical analyses were
performed by one-way ANOVA. Data are shown as the mean ± SEM (n = 6). Bars with different
letters indicate significant differences (p < 0.05).
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2.3. Interaction between 20E and MnHR4

Referring to previous studies, 20E (5 μg/g) was injected into M. nipponense [26]. The
effect of 20E on the expression of MnHR4 was detected using qRT-PCR (Figure 6A). The
results show that there was no significant difference in the expression level of the MnHR4
gene between the experimental group and the control group at 0 h (no injection) and 3 h
after injection (p > 0.05). The expression level of the MnHR4 gene in the experimental group
was significantly higher than that in the control group at 6 and 12 h after injection, and
it reached a peak at 12 h in the experimental group (p < 0.05). There was no significant
difference in the expression of MnHR4 between the two groups at the 24th hour after
injection (p > 0.05). After knockdown of MnHR4, the content of 20E in M. nipponense
was measured by an ELISA (Figure 6B). The results showed that there was no significant
difference in the content of 20E in M. nipponense on the first day (p > 0.05). The content of
20E in the experimental group of M. nipponense was significantly higher than that in the
control group on the 5th day. Compared with the control group, the content of 20E in the
experimental group increased by 37.79% (p < 0.05).

Figure 6. (A) Expression of MnHR4 mRNA in the ovary under the influence of 20E. The expression
of MnHR4 mRNA was normalized to the EIF transcript level. (B) The content of 20E in M. nipponense
after knockdown of MnHR4. Control, injection of solvent; 20E, injection of 20E. Data are expressed
as the mean ± SEM (n = 6). Significant differences between the experimental group and the control
group were determined using Student’s t-test (* p < 0.05).

2.4. Effects of RNAi MnHR4 on the Expression of Mn-Spook, Phantom, HR3, E75b, ETHR
and Mnftz-f1

The regulatory role of MnHR4 in 20E synthesis and 20E signaling was further investi-
gated by RNAi. After knockdown of MnHR4, the expression levels of genes catalyzing 20E
synthesis (i.e., Mn-Spook and Phantom) and downstream genes conducting 20E signaling
(i.e., HR3, E75b, ETHR and MnFtz-f1) were detected by qRT-PCR (Figure 7). Compared
to the control, the expression of MnHR4 mRNA in the experimental group decreased by
17.45%, 69.25%, 73.88% and 69.97% at 24, 48, 96 and 120 h after dsMnHR4 administration,
respectively (p < 0.05) (Figure 7A). After the knockdown of MnHR4, the expression levels
of Mn-Spook and Phantom in the experimental group significantly increased. At the 120th
hour after the knockdown of MnHR4, the expression levels of Mn-Spook and Phantom
in the experimental group were 24.4-fold and 2.1-fold higher than those in the control
group, respectively (Figure 7B,C). The results show that the expression levels of HR3 and
E75b in the experimental group also significantly increased at the 24th and 48th hours
after MnHR4 gene silencing. At the 120th hour after silencing, the expression of HR3 in
the experimental group was 20.55-fold that of the control group, and the expression of
E75b in the experimental group was 2.49-fold that of the control group (Figure 7D,E). On
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the contrary, the expressions of ETHR and MnFtz-f1 in the experimental group decreased
to different degrees compared with the control group after MnHR4 gene silencing. The
expression of ETHR in the experimental group decreased by 31.13% and 38.91% at the 96th
and 120th hour of MnHR4 gene silencing, respectively (Figure 7F). Compared with the
control group, the expression of MnFtz-f1 in the experimental group decreased by 79.36%
at the 120th hour (Figure 7G).

Figure 7. Knockdown of MnHR4 on the expression of other 20E-related genes in the ovary of M.
nipponense. The expression of MnHR4 mRNA was normalized to the EIF transcript level: (A) MnHR4;
(B) Mn-Spook; (C) Phantom; (D) HR3; (E) E75b; (F) ETHR; (G) Mn-Ftz-f1. Data are expressed as the
mean ± SEM (n = 6). Significant differences between the experimental group and the control group
were determined using Student’s t-test (* p < 0.05).

2.5. Effect of MnHR4 Knockdown on the Molting Frequency of M. nipponense

Figure 8 shows the molting frequency of M. nipponense in the control and experimental
groups after MnHR4 knockdown. M. nipponense starts molting on the second day and
completes one round of molting on the 12th day. The results show that there was no
significant difference in the frequency of molting between the experimental and control
groups during the first round of molting (p > 0.05). From the 21st day, the control group of
M. nipponense began the second round of concentrated molting, which was significantly
higher than the experimental group of M. nipponense’s molting frequency (p < 0.05).
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Figure 8. Molting frequency of M. nipponense in the experimental and control groups after knocking
down MnHR4. Molting frequency = (Nm/Ns)/D, where Nm is the total number of molts; Ns is the
number of prawns in the aquarium; D is the number of experimental days. Data are expressed as the
mean ± SEM. Significant differences between the experimental group and the control group were
determined using Student’s t-test (* p < 0.05).

3. Discussion

Nuclear receptor genes function in many biological processes such as embryonic de-
velopment, sex determination, insect metamorphosis and molting [29–31]. Using RNAi, we
previously demonstrated that MnFtz-f1 played a pivotal role in the molting and ovulation
process of M. nipponense [26]. Previous studies have demonstrated that HR4 plays an
important role in both holometabolous and hemimetabolous insects [11,14], but its function
in M. nipponense is still unclear.

In the present study, we identified the nuclear receptor gene MnHR4 from the tran-
scriptome of M. nipponense at different molting stages. The predicted MnHR4 coding region
encodes a total of 966 amino acids, including two conserved domains: the c4 zinc finger in
nuclear hormone receptors (ZnF_C4) and ligand-binding domain of hormone receptors
(HOLI). Zinc finger domains are relatively small protein motifs with a stable structure and
are involved in a wide range of physiological functions including controlling embryonic
development and cell differentiation [32,33]. HOLI is located in the LBD region of the
nuclear receptor gene, which acts as a molecular switch to turn on transcriptional activity
by binding to ligands [34]. In the phylogenetic tree, there is a clear boundary between
crustaceans and insects, indicating that HR4 is more conserved among its class.

MnHR4 was expressed in multiple tissues of M. nipponense, with higher expression
levels in the ovary, indicating that MnHR4 has different functions in M. nipponense. In
insects, HR4 expression was also detected in multiple tissues [35]. The extremely high
expression of HR4 in the ovaries is similar to other studies on Drosophila. Recent studies
on Drosophila have shown that HR4 is strongly expressed in the ovaries and is required for
Drosophila to oogenesis [36]. There was no significant difference in the MnHR4 in different
ovarian development stages of M. nipponense. Therefore, we speculate that MnHR4 may be
required to function in the whole ovarian development cycle. The expression of MnHR4
in the cleavage stage was significantly higher than that in other stages of embryonic
development, suggesting it has a function during cell division. This result is similar to
the expression trend of nuclear receptor gene MnFtz-f1 in M. nipponense [26]. Additionally,
MnHR4 expression levels were the highest at L15 during the larval developmental stages,
suggesting that MnHR4 may function during the metamorphosis of M. nipponense [37].

To explore the relationship between 20E and MnHR4, the expression level of MnHR4
was detected after 20E injection in M. nipponense, and the content of 20E in M. nipponense
was measured after MnHR4 knockdown. The expression of MnHR4 significantly increased
after 20E injection in vivo, which proves that 20E can induce the expression of MnHR4
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in M. nipponense. King-jones et al. demonstrated that feeding 20E for 3–4 h induced the
peak expression of HR4 in Drosophila [20]. Similarly, the injection of 20E upregulated HR4’s
expression in B. germanica and L. decemlineata [38,39]. We further investigated the effect of
the knockdown of MnHR4 on the 20E content. The results show that the knockdown of
MnHR4 increased the 20E titer in M. nipponense. In L. decemlineata, 20E titers also increased
after HR4 knockdown, which is consistent with our conclusions [39]. Conversely, 20E titers
decreased after silencing HR4 in L. migratoria [35], whereas 20E titers were not affected by
silencing HR4 in B. germanica [38]. In conclusion, HR4 may have different regulatory effects
on 20E in different species, and its molecular mechanism needs to be further investigated.

RNAi is an effective method to explore the regulatory relationship between genes. We
further investigated the molecular mechanism of MnHR4 in 20E synthesis and signaling by
RNAi (Figure 9). Spook and Phantom are Halloween family member genes that function in
the 20E biosynthetic pathway [5,40]. To investigate the molecular mechanism of MnHR4
on 20E synthesis in M. nipponense, the expressions of Spook and Phantom were detected
after knockdown of MnHR4. The expressions of Spook and Phantom significantly increased
after knockdown of MnHR4, indicating that MnHR4 has an inhibitory effect on Spook and
Phantom. Similar studies have shown that HR4 inhibits ecdysone synthesis by regulating
cytochrome P450 genes [41]. HR4 is a repressor of early ecdysone-induced regulatory
genes [20]. There are many nuclear receptor genes in the 20E signaling pathway, whose
main function is to transmit upstream signals [42]. To further investigate the role of MnHR4
in 20E signaling, the expression of other genes (i.e., HR3, E75b, ETHR and MnFtz-f1) was
examined after knockdown of MnHR4. The results show that the expressions of HR3
and E75b significantly increased after silencing MnHR4, indicating that MnHR4 had an
inhibitory effect on HR3 and E75b. In L. decemlineata, the expressions of HR3 and E75 were
also affected by HR4, and the knockdown of HR4 significantly upregulated the expressions
of HR3 and E75 [39]. In addition, the expressions of ETHR and MnFtz-f1 were decreased
after knockdown of MnHR4, indicating that MnHR4 had a promoting effect on them.
Previous studies have demonstrated that ETHR functions during the molting process
of M. nipponense [43], but the regulatory relationship between HR4 and ETHR is rarely
reported. Our results demonstrate that MnHR4 positively regulates ETHR, which provides
a reference for future research. Ftz-f1 plays a central role in coordinating different molting
processes [44]. Consistent with our conclusion, the abundant results demonstrate that HR4
can induce the expression of Ftz-f1 [20,38,41]. In conclusion, MnHR4 plays a regulatory
role in 20E synthesis and signaling. We further investigated whether the molting of the
M. nipponense occurred after the knockdown of MnHR4. It was proved that MnHR4 plays
a pivotal role in the molting process of M. nipponense. The molting function of HR4 has
been demonstrated in some insects. In B. Germanica, interference with HR4 resulted in
molting failure and eventual death [38]. HR4 is required for pupal molting and adult
oogenesis of Tribolium castaneum [19]. The knockdown of MnHR4 increased 20E titers,
which significantly inhibited the molting of M. nipponense. Our previous study showed
that knockdown of MnFtz-f1 reduced 20E titers, similarly, leading to the failure of M.
nipponense’s molting [26]. In B. mori, increasing or decreasing 20E titers could affect the
normal physiological phenomena of the larvae or even lead to death [45]. Precise regulation
of 20E titers is also important for the molting process in D. melanogaster [1]. This suggests
that an appropriate 20E titer is important for regulating successful molting in insects
or crustaceans.

In summary, the MnHR4 gene was identified in M. nipponense. The MnHR4 gene was
comprehensively analyzed using bioinformatics, qRT-PCR, RNAi, ELISA, etc. Our results
strongly demonstrate that MnHR4 functions in the molting process of M. nipponense by
regulating 20E synthesis and 20E signaling. This study further enriched the molecular
regulatory mechanism of molting in M. nipponense and could be useful for future gene-
editing breeding.
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Figure 9. Model for MnHR4 function, developed using Figdraw (www.figdraw.com). The Y-organ is
a pair of secretory glands of crustaceans, the site of the synthesis of cholesterol into ecdysone.

4. Materials and Methods

4.1. Experimental Prawns and Conditions

Experimental prawns (2.15 ± 0.63 g) were obtained from the Dapu experimental base,
Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences. Briefly, the
experimental prawns were transferred from Dapu to the laboratory’s constant-temperature
water-circulation system and allowed to acclimatize for a week. Tissues (i.e., ovaries, mus-
cles, gills, hepatopancreas, eyestalks and hearts) were harvested, frozen in liquid nitrogen
and stored at −80 °C for RNA extraction. Samples were also collected at different stages
of embryo, individual and ovarian development according to previous criteria [27,28]. All
sampling was performed in triplicate (n = 6). The prawns in this study were handled ac-
cording to the guidelines of the Institutional Animal Care and Use Ethics Committee of the
Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences (Wuxi, China).

4.2. Nucleotide Sequence and Bioinformatics Analysis of MnHR4

Total RNA was extracted using the RNAiso Plus kit (TaKaRa, Shiga, Japan), as de-
scribed previously [26]. DNase I (Sangon, Shanghai, China) was used to eliminate possible
DNA contamination, and 1.2% agarose gel and a NanoDrop ND2000 (NanoDrop Tech-
nologies, Wilmington, DE, USA) were used to detect RNA quality and concentration,
respectively, with an A260/A280 ratio of 1.9–2.0.

The MnHR4 cDNA fragments were screened from the transcriptome of M. nipponense
at different molting stages. The MnHR4 cDNA fragments were analyzed using the GenBank
BLASTX and BLASTN programs (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on
20 April 2022)). The open reading frame (ORF) of MnHR4 was predicted by using ORF
Finder (https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on 20 April 2022)). Molecular
Evolutionary Genetics Analysis (MEGA-X) software was used to construct a phylogenetic
tree, and the bootstrapping replications were 1000 [46,47]. DNAMAN 6.0 was used for
translating and aligning amino acid sequences. The spatial structure and function of
MnHR4 amino acids were predicted by I-TASSER (https://zhanglab.ccmb.med.umich.
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edu/I-TASSER/ (accessed on 22 April 2022)) [48]. The HR4 amino acid sequences of
other species investigated in this study were downloaded from the GenBank database
(http://www.ncbi.nlm.nih.gov/ (accessed on 20 April 2022)).

4.3. Quantitative Real-Time PCR (qRT-PCR) Analysis

Gene expression patterns were evaluated using qRT-PCR on a Bio-Rad iCycler iQ5
Real-Time PCR System (Bio-Rad, Carlsbad, CA, USA). The primers were designed using
NCBI’s Primer-Blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on
25 April 2022)) and synthesized by exsyn-bio Technology Co., Ltd. (Shanghai, China). The
reaction system and procedure of qRT-PCR have been described in previous studies [5].
The internal reference gene, eukaryotic translation initiation factor 5A (EIF), was used as
a control for data normalization [49], and the relative expression levels of the genes were
calculated with the 2−ΔΔCT method [50].

4.4. RNA Interference (RNAi)

The design and synthesis of MnHR4-interfering primers followed a method used in
previous studies [26]. The green fluorescent protein gene (GFP) was used as a control [51].
A total of 180 healthy female prawns in the pre-molting stage were randomly divided
into two groups (i.e., experimental group and control group) in triplicate (n = 30). The
experimental group and control group were injected with MnHR4 dsRNA and dsGFP,
respectively (8 μg/g of body weight). Prawn tissues were collected in triplicate at 24,
48, 96 and 120 h after injection for RNA extraction and an interference efficiency assess-
ment (n = 6). On the basis of the significant interference efficiency of the experimental
group and control group, 300 prawns in the pre-molting stage were divided into two
groups using the same method and injected with MnHR4 dsRNA and dsGFP, respectively
(n = 50). The number of molting prawns per day was counted, and the molting frequency
was calculated. The number of molts was counted for 30 days, and dsRNA was injected
every five days. Molting frequency = (Nm/Ns)/D, where Nm is the total number of
molts; Ns is the number of prawns in the aquarium; and D is the number of experimental
days [5,26].

4.5. ELISA

After knocking down the MnHR4 gene, the Shrimp EH ELISA Kit (lot number:
m1963525-J; Meibo, Shanghai, China) was used to detect the content of 20E in M. nip-
ponense, according to the manufacturer’s protocols. In brief, the tissue was first washed
with pre-cooled PBS to remove the residual blood. Next, the tissue was weighed and cut
into pieces, and it was added to the PBS at a ratio of 1:9. Then, it was put into a glass
homogenizer and fully ground on ice to lyse the tissue’s cells. The tissue homogenate was
centrifuged at 5000 rpm for 5–10 min, and the supernatant was removed until use. All
reagents and samples were prepared before the experiment: (1) The standard wells and
sample wells were set on the microtiter plate. Fifty microliters of different concentrations
of standards (i.e., 2000, 1000, 500, 250, 125 and 62.5 pg/mL) were added to the standard
wells, and 50 μL of the samples to be tested were added to the sample wells; blank wells
were not added. (2) Then, 100 μL of enzyme ligands was added to the standard and sample
wells, and the reaction wells were sealed with a closure plate membrane and incubated for
60 min at 37 °C in a water bath or incubator. (3) The microtiter plate was rinsed 4–5 times,
and then, 50 μL of substrate A and B was added to each well. They were mixed gently and
incubated at 37 ◦C for 15 min. (4) After adding 50 μL of stop solution to each well and
tapping the plate to ensure adequate mixing, the OD values of each well were measured
at a wavelength of 450 nm within 15 min. (5) Taking the OD value of the standard as the
abscissa and the concentration value of the standard as the ordinate, the standard curve
was drawn using Excel software, and the linear regression equation was obtained. The OD
value of the sample was substituted into the equation to calculate the concentration of the
sample.
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4.6. 20E Treatments

A total of 120 pre-molting M. nipponense were divided into the experimental group
and the control group, in triplicate (n = 20). M. nipponense in the experimental group was
injected with 20E (Sigma-Aldrich, St. Louis, MO, USA; 5 μg/g), and the control group
was injected with an equal volume of solvent (ethanol) [26]. Prawn tissues were collected
at 3, 6, 12, 24 and 48 h after injection of 20E and stored at −80 ◦C after liquid nitrogen
quick-freezing for mRNA extraction. The relative expression levels of the MnHR4 gene in
the experimental and control groups were evaluated by qRT-PCR.

4.7. Data Analysis

Statistical analyses were performed using SPSS 20.0 software (IBM, New York, NY,
USA). One-way ANOVA was used for comparisons between multiple sample means. The
differences between the two groups were compared using the independent sample t-test.
All data are presented as the mean ± SEM. The significance level for the data was set at
p < 0.05.
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