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Editorial on the Research Topic
Fetal testicular hormones

Hormones produced by the fetal testis are responsible for shaping the male
phenotype, as shown by Alfred Jost during the last century (1, 2). Testosterone,
produced by fetal Leydig cells, maintains Wolffian ducts and masculinizes the external
genitalia; anti-Miillerian hormone (AMH) secreted by Sertoli cells intiates the regression
of the Miillerian ducts while another Leydig-cell peptide, Insulin-like peptide 3 (INSL3),
induces testicular descent to the scrotum. Receptors for each of these hormones have
been identified in target organs. The tools required to study these genes and pathways
have been created, providing a solid foundation on which to build new knowledge in
this area.

This Research Topic addresses contemporary questions concerning the synthesis and
function of fetal testicular hormones. Amato et al. provide an in-depth analysis on the
knowledge of the conserved androgen signaling mechanisms as well as the cell- and
organ-specific mechanisms illustrated by the androgen-dependent differentiation
processes occurring in the Wolffian duct, leading to the formation of the epididymis,
vas deferens and seminal vesicle, and in the primordia of the external genitalia. Ipulan-
Colet summarizes the role of androgens in driving sexually dimorphic development of
the genital tubercle, and uses this framework to scrutinize the different mechanisms
potentially involved in the androgen-dependent sexual dimorphism observed in muscle
differentiation. The structure, dynamics of expression and regulation of the more recently
discovered Leydig cell hormone INSL3 is reviewed by Ivell et al. The authors deal with the
mechanisms through which INSL3 and its G-protein coupled receptor, RXFP2, promote
testicular descent during fetal life. They also discuss the novel relevance of INSL3 as a
biomarker of Leydig cell function in utero to its potential to act as a monitor of exposure
to environmental endocrine disruptors that may lead to cryptorchidism.
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AMH is a dimeric glycoprotein of the transforming growth
factor beta (TGFP) superfamily (3). Members of this family are
typically synthesized as large precursors that, after cleavage,
produce a small C-terminal active domain and a larger N-
terminal domain. In the case of AMH, the N-terminal domain
enhances the C-terminal domain activity on the specific type II
AMH receptor. Howard et al. review the most recent discoveries
on the regulation of the processing of both AMH and its type II
receptor. Cate meticulously dissects the signal transduction
mechanisms engaged in the AMH-dependent regression of
Miillerian ducts in the male fetus, addressing the canonical
AMH signaling pathway that involves the specific type II
receptor and shared type I receptors leading to the
phosphorylation, nuclear translocation and DNA binding of
specific Smad proteins. Few effectors are known to mediate
AMH action in Miillerian ducts. Based on transcriptome
analyses performed in mesenchymal tissue of Miillerian ducts
after the start of AMH expression in mouse male fetuses, Mullen
et al. identified DIx5 and DIx6 as potential AMH target genes.
Here, they provide experimental evidence that AMH signaling is
essential for a sex dimorphic expression of DIx5 and DIx6 in
Miillerian duct mesenchyme, and that disruption of their
expression results in persistence of Miillerian derivatives in
male mice. Although AMH action takes place very early in
fetal development, Sertoli cells continue to produce high
amounts of AMH until puberty. Edelsztein et al. review the
recent findings related to the molecular mechanisms involved in
the strong androgen-mediated downregulation and the weaker
estrogen-induced upregulation of testicular AMH expression
during puberty. They underscore the importance of
understanding these complex regulatory mechanisms for the
interpretation of serum AMH as a biomarker in physiological
and pathological conditions in boys and adolescents.

A fine-tuned orchestration of regulatory mechanisms is
needed for the testis to differentiate and secrete its fetal
hormones in an adequate spatiotemporal manner. Viger et al.
review the importance of GATA factors for the differentiation of
the testis from the gonadal ridge as well as their relevance in the
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control of fetal Sertoli and Leydig cell gene expression in normal
conditions and in human pathology. O’Donnell et al. address the
key role of Sertoli cells and activin A for fetal testicular
steroidogenesis, arguing that Sertoli cells synthesize
testosterone from androstenedione in the fetal mouse testis,
and probably also in the human. Lucas-Herald and Mitchell
review the role of two Sertoli cell peptides, AMH and inhibin B,
during normal male sexual development in the human fetus and
their relevance in congenital disorders of sex development.

Given the rise in differences in sexual development and
infertility in humans, this timely collection of articles sheds new
light of the role of fetal testicular hormones in sexual
development and the potential sources of disruption which
may be contributing to reduced reproductive health.
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Expression and Role of INSL3 in the
Fetal Testis

Richard Ivell"*, Linn Salto Mamsen?, Claus Yding Andersen? and Ravinder Anand-Ivell’

7 School of Bioscience, University of Nottingham, Sutton Bonington, United Kingdom, 2 Laboratory of Reproductive Biology,
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Insulin-like peptide 3 (INSL3) is a small peptide hormone of the insulin-relaxin family which
is produced and secreted by the fetal Leydig cells in the testes only. It appears to be
undetectable in female fetuses. In the human fetus INSL3 synthesis begins immediately
following gonadal sex determination at weeks 7 to 8 post coitum and the peptide can be
detected in amniotic fluid 1 to 2 weeks later. INSL3 acts through a unique G-protein-
coupled receptor, called RelaXin-like Family Peptide receptor 2 (RXFP2), which is
expressed by the mesenchymal cells of the gubernacular ligament linking the testes to
the inguinal wall. The role of INSL3 in the male fetus is to cause a thickening of the
gubernaculum which then retains the testes in the inguinal region, while the remainder of
the abdominal organs grow away in an antero-dorsal direction. This represents the first
phase of testis descent and is followed later in pregnancy by the second inguino-scrotal
phase whereby the testes pass into the scrotum through the inguinal canal. INSL3 acts as
a significant biomarker for Leydig cell differentiation in the fetus and may be reduced by
maternal exposure to endocrine disrupting chemicals, such as xenoestrogens or
phthalates, leading to cryptorchidism. INSL3 may have other roles within the fetus, but
as a Leydig cell biomarker its reduction acts also as a surrogate for anti-androgen action.

Keywords: leydig cell, testis descent, cryptorchidism, endocrine disruption, RXFP2

INTRODUCTION

Insulin-like peptide 3 (INSL3) was first identified as a Leydig cell-specific gene transcript encoding a
putative secretory product from adult testes of boars and mice independently (1, 2) and later
confirmed for other species, including human (3, 4). As its name suggests, INSL3 is a small peptide
of approximately 6000 Dalton with the insulin-typical A-B heterodimeric structure (Figure 1), held
together by three internal cysteine bonds. Its expression by the adult testes was subsequently
confirmed using immunohistochemistry and immunoassay (6-10). However, it was the
development of genetically altered mice lacking INSL3 expression (11, 12), which first suggested
a major role for the peptide in the fetus in relation to testicular descent. Furthermore, it was the
discovery of an identical phenotype of bilateral cryptorchidism in a natural mutant mouse (Great)
which identified the receptor (RXFP2; RelaXin-like Family Peptide receptor 2) for INSL3 (13-15).
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INSL3 in the Fetal Testis

AB-heterodimer

or as yellow molecular structures (B, C) [reproduced from (5)].

A
C-domain
C-domain

B

Pro-INSL3

FIGURE 1 | Scheme to illustrate the synthesis and processing of INSL3 from its preliminary precursor form (A, prepro-INSL3) via a possibly secreted pro-form
(A, C, pro-INSL3), to give rise to the final A-B heterodimer (B). SP, signal peptide. The sulfhydryl bridges formed by cysteine residues are shown as dashed lines (A)

Subsequent research confirmed not only the production of
INSL3 by the fetal Leydig cells in rodents and the expression
of RXFP2 on mesenchymal cells of the gubernacular ligament
linking the fetal testes to the inguinal wall (16, 17), but also the
unique action of INSL3 to achieve gubernacular thickening (7,
16, 18). Moreover, INSL3 and RXFP2 represent a unique cognate
ligand-receptor pair: no other ligand at physiological
concentration can activate RXFP2, and no other receptor was
able to respond to INSL3 at physiological concentration (14). In
retrospect, INSL3 appears to be the molecular identity of the
previously mooted hormone ‘descendin’ which had been
partially characterized biochemically as a factor responsible for
testicular descent in fetal pigs (19).

INSL3 has now been characterized at the genome, transcript
and/or the protein level from the testes of most extant mammal
species, including humans. The exceptions are those mammals,
such as the Afrotherian tenrec or the manatee, which appear to
be primarily testicond, i.e. do not exhibit the descent of testes
into a scrotum (20). INSL3 belongs to a small group of peptide
hormones which have been referred to as ‘neohormones’ (21).
These are hormones which, while often having ancestry in early
vertebrates, have specifically evolved further in mammals to
manage the specialist requirements of viviparity and internal
fertilization, which required adaptations in both male and female
physiology. Neohormones include several members of the
relaxin-like family, including INSL3, as well as peptides like
oxytocin, and proteins involved in the maternal recognition of
pregnancy, such as hCG. Testicular descent became essential to

provide a mechanism by which sperm could be stored in the
scrotal epididymis at a temperature several degrees below
abdominal core temperature. Upon ejaculation into the female
tract there is a jump in temperature and environment sufficient
to trigger capacitation, hyperactivation, and ultimately apoptosis
unless internal fertilization occurs within the oviduct (20).

INSL3 may have roles beyond fetal life, in both adult males
and females. These may be relicts of ancestral functions prior to
the emergence of mammals and the acquisition of new roles and
include support of gametogenesis (8, 22, 23) and bone
metabolism (24), and possibly also improvement of kidney
function (25). In female mammals INSL3 is expressed by the
equivalent cells in the ovary to Leydig cells, the theca interna cells
of growing antral follicles. Here, INSL3 is essential for the
paracrine regulation of the steroid precursor androstenedione
(26). These roles will not be discussed here, where the focus will
be primarily on the role of INSL3 in the first phase of testis
descent and cryptorchidism in the male fetus.

THE STRUCTURE OF INSL3 AND
ITS RECEPTOR

INSL3 is encoded by a single small gene, in the human located on
the short arm of chromosome 19 (19p13.11). There is a single
intron separating the protein-coding domain. At its 5’ end the
INSL3 gene is very close to the 3’ end of the JAK3 gene and in
some species (e.g. the mouse) it even lies within a terminal intron
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of that gene (27). Such information suggests that all relevant
regulatory sequences are likely to be restricted to only a few
kilobases of genomic DNA close to the INSL3 gene. Like the
genes for the structurally related peptide hormones insulin and
relaxin, the INSL3 gene encodes a precursor polypeptide
comprising a signal peptide to aid secretion, followed
successively by an A-domain, a connecting C-domain, and
finally a B-domain (Figure 1A). In the adult, the precursor A-
C-B form is mostly processed to yield in the circulation an A-B
heterodimer (Figure 1B), as for insulin and relaxin, although the
precursor A-C-B form can also be secreted (Figure 1C).
Importantly, both forms of INSL3 are equally bioactive at the
receptor, and probably are equally detected by the immunoassays
currently in use (10). For INSL3 in the fetus, we have as yet no
information regarding INSL3 precursor processing and secretion
for any species.

The gene for the INSL3 receptor, RXFP2, is located on the
long arm of chromosome 13 (13q13.1) in the human and
comprises in its full-length form 18 exons, of which the first 14
encode a long extracellular region of the G-protein-coupled
receptor (GPCR), whereas the remaining 4 encode the 7-
transmembrane and intracellular regions (15). Importantly, the
long extracellular region includes 10 leucine-rich repeat (LRR)
elements, as well as an N-terminal low density lipoprotein type a
(LDLa) domain. The LRR elements are each encoded by a short
75 bp exon and are involved in the primary recognition of the
INSL3 hormone via its B-peptide region. The LDLa domain is
essential for receptor signaling and it is believed that binding of
INSL3 to the receptor causes the LDLa domain to move and
interact with sequences in the transmembrane region essential
for signal transduction. At the same time, further parts of the
INSL3 molecule, particularly in the A-peptide domain, now also
appear to interact with extracellular loops of the transmembrane
region of the receptor to confirm the actively signaling
conformation (28).

Both INSL3 and its receptor RXFP2 are highly homologous
between mammalian species, supporting their essential role in
testicular descent and reproduction. Both genes, however, at least
in the adult, are subject to alternative splicing (9, 29-31). The
splice products, which have been identified represent mostly
non-functional transcripts; for example, in the rat a rare
alternative INSL3 transcript encodes an extended B-peptide
only (29, 32). For RXFP2, several variant transcripts have been
described; most represent forms lacking one or more of the LRR-
encoding exons (31) and which consequently cannot generate a
functional receptor. However, since in vitro evidence suggests the
possibility of hetero- and homo-dimerization of this GPCR (33),
it is possible that such splice variants may still be able to
modulate normal receptor function.

It is important to add that, as for INSL3, we have no
information at all for any species on the structure and
expression of RXFP2 transcripts in the fetus. Moreover, the
mRNA evidence from the fetus, mostly derived by RT-PCR,
has consistently made use of only single PCR primer pairs; the
application of a multiplexed PCR matrix as has been used to
detect receptor splice variants in adult cells and tissues is absent.

THE DYNAMICS OF INSL3 EXPRESSION
IN THE FETAL TESTIS

At least in the adult testis, INSL3 is a constitutive product
uniquely of relatively mature, well-differentiated Leydig cells
(32). Assuming the same is true for fetal Leydig cells, then
INSL3 should be produced as soon as the fetal Leydig cells
have acquired their characteristic, presumably steroidogenic
phenotype. This occurs shortly after gonadal sex determination
and the expression of the SRY and SOX9 genes by the fetal Sertoli
cells. In humans, this would be around weeks 7-8 post coitum
(pc; equivalent to gestational age (time since last menses) less 2
weeks). It is important to recall that at this time the fetal testes,
adrenal glands, kidney and associated tissues are located very
close together on each side of the body, such that mutual
hormonal influences are largely of a paracrine nature within
one side (34). The contralateral organs are further away. For such
paracrine systems, only very low concentrations of a hormone
are sufficient to activate G-protein-coupled receptors such as
RXFP2, well below the 10% effective concentration (EC'®) for the
receptor (<10"'°M) and, being locally produced, there may not
yet be sufficient hormone to be detected in the fetal bloodstream,
or in amniotic fluid. Thus, we can assume that the fetal INSL3/
RXFP2 system will be activated before INSL3 becomes
measurable in fetal blood or in amniotic fluid. Figure 2
indicates INSL3 mRNA determined by RNA microarray
analysis in samples of human fetal gonads collected during the
first trimester (35) and indicates an up-regulation in testes only,
and not in ovaries, at weeks 7-8 pc. The upregulation of INSL3
follows precisely (i.e. actually on the same day during fetal
development) the concomitant upregulation of the genes
necessary for androgen production in the testes (34). If
constitutively expressed, we can assume that INSL3 peptide
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FIGURE 2 | Expression of INSL3 mRNA measured by microarray analysis of
gonadal tissue derived from individual male (blue triangles) or female (red
circles) human fetuses at the ages indicated (35).
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will be produced almost immediately following gene
transcription. This probably increases after that, since other
studies report highest fetal testis INSL3 mRNA at around
gestation weeks 17-18 (36), though it is expressed earlier.

There is limited data available for the human in regard to the
INSL3 concentration in fetal blood. Harrison and colleagues
reported 0.44-2.04 ng/ml from umbilical cord venous blood in
gestation weeks 15-20 (37). Lower concentrations of INSL3 are
recorded in cord blood at term of pregnancy [control subjects:
France, 0.27 + 0.18 ng/ml (38); Japan, 0.28 (0.25-0.32 IQR) ng/ml
(39); Denmark, 0.13 (<0.05-0.34 range) ng/ml (40); Finland, 0.14
(0.06-0.39 range) ng/ml (40)], with the small differences probably
attributable to the different assays being used to measure INSL3.

INSL3 can also be detected in human amniotic fluid that has
been routinely collected at amniocentesis for prenatal genetic
diagnosis (41, 42). It is measurable only for male fetuses (41) and
in the earliest sample available already at gestation week 11,
though reaches a maximum at gestation weeks 12-16 (Figure 3).
It appears to decline to undetectable levels by about week 20.
Whilst this might reflect a reduced Leydig cell production at that
time, it is also probable that skin keratinization at about gestation
week 20 leads to a limitation of peptides and proteins being
exuded from fetal blood via the fetal skin. After this time, the
constitution of amniotic fluid more likely reflects the products of
the fetal lungs and kidneys, as well as of the amniotic
membranes themselves.

INSL3 has also been measured in fetal fluids from rats (43),
pigs (44), and cows (45), where the timing of INSL3 expression
largely mirrors the dynamics of testicular descent which, for
example, occurs shortly after parturition in rodents, unlike in
humans or cows, where it occurs earlier during the second
trimester (45). These studies were also able to show that INSL3
from the testes of male fetuses was able to cross the placental
barrier either to the maternal circulation [cows (45)] or to
neighboring female fetuses [pigs (44)]. The mechanism of such
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FIGURE 3 | INSL3 concentration measured by specific time-resolved fluorescent
immunoassay from human amniotic fluid samples collected at routine amniocentesis
at the times indicated. The pregnancies were identified postnatally as nomnal (control),
cryptorchid, or hypospadias [reproduced from (42)].

transfer is unknown, but in analogy to insulin would suggest
some kind of mediating molecular transport system.

THE ROLE OF INSL3 IN TESTICULAR
DESCENT

Inactivation of the genes encoding INSL3 or its receptor, RXFP2,
in mice leads to the same essential phenotype, namely bilateral
cryptorchidism with a failure of the first transabdominal phase of
testicular descent (11, 12, 46). Similar bilateral cryptorchidism
was also achieved in the male offspring of pregnant rats treated
with a specific RXFP2 competitive antagonist (47). Genetic
evidence in humans is more problematic. Since both genes are
autosomally recessive, mutations in single alleles rarely lead to
cryptorchidism. Several population studies, however, have
indicated an association between heterozygous mutation in
either INSL3 or RXFP2 and the incidence of cryptorchidism
(usually unilateral) (48, 49). Because cryptorchidism, unless
corrected, inevitably leads to male infertility such deleterious
mutations are historically at a low frequency.

Testicular descent is a highly dynamic process. Prior to gonadal
sex determination, the indeterminate gonad lies adjacent to the
fetal kidney and adrenal complex (mesonephros) apposing the
dorsal wall of the coelomic cavity. It is attached dorsally to the
body wall by the cranial suspensory ligament (CSL) and ventrally
to the body wall in the inguinal region by the gubernacular
ligament. Initially, both ligaments are relatively short and
undeveloped. In the following days, the fetus grows with the
kidney moving in an antero-dorsal direction relative to the
inguinal region. In the male fetus, testosterone produced by the
differentiating Leydig cells causes the CSL to involute, becoming
longer and thinner. In contrast, INSL3 produced by the same cells
causes the mesenchymal core of the gubernacular ligament to
shorten and expand laterally to form the gubernacular bulb, which
now retains the fetal testis in the inguinal region as the kidney and
adrenal grow away in an antero-dorsal direction (18, 50). Thus,
this first phase of testicular descent does not involve any actual
ventral movement of the fetal gonads, but merely a retention of the
gonad in the inguinal region. Subsequently, in the second phase of
descent, the gubernacular bulb everts through an inguinal
weakening of the body wall, creating an inguinal canal and
causing the fetal testes to relocate into the scrotum (18). This
second phase may also require some INSL3 in addition to
androgens (16). In the female fetus, the CSL fails to involute,
retaining the ovary near the kidney; there is also no INSL3
produced and hence no gubernacular thickening and no gonadal
‘descent’. In the male #fm (testicular feminization) mouse, there are
no functioning androgen receptors, and hence the CSL remains
thick and fails to involute, but the INSL3 still induces gubernacular
development, with the result that in this mouse the fetal testis is
held by the two ligaments within the abdomen in an intermediate
location as if on a ‘taut bowstring’. In the INSL3 knockout mouse,
the opposite occurs, with neither ligament developed and the fetal
testes appearing to be loosely swimming within the peritoneal
cavity (11). In female fetal mice, which have been genetically
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engineered to produce INSL3, it appears that besides causing a
slight dislocation of the ovaries, INSL3 also induces abdominal
hernia (51), suggesting that the INSL3/RXFP2 system may
additionally be involved in aspects of the second inguino-scrotal
phase of testis descent in the males. It is to be noted though that
RXFP2 expression in female mice is likely to be much reduced
because of less androgen production (see below).

Whether the INSL3/RXFP2 hormonal system is involved in
later stages of testicular descent is unclear since disruption of the
first phase inevitably leads to a disruption of the relative
dynamics of testicular descent as a whole, including of
subsequent phases. This is a very active stage of fetal
development. Anatomical examination of unilateral and
bilateral cryptorchidism often indicates that other tissues or
ligaments have become interposed possibly because of altered
relative timing of their growth trajectories. Certainly, it is
understood that androgens as well as neural input from the
CGRP-expressing genito-femoral nerve are principally involved
in the second inguinal-scrotal phase of testis descent, at least in
rodents (18), though in vitro studies suggest that both INSL3 as
well as AMH may also have a role (52). Cryptorchidism
(unilateral or bilateral) is very common in the male population
and hints at more than the involvement of one or two simplistic
regulatory disorders; it has recently been suggested that it is
indeed a neuro-humoral multifactorial syndrome involving a
dynamic network of a range of diverse factors (53). However, it
should be noted that altogether much less is known about the
situation in humans compared to experimental animals. Because
the early left and right organ complexes are discrete from one
another and each appears to be regulated separately by local
paracrine factors during testicular descent, this might explain the
preponderance of unilateral cryptorchidism, whereby only one
such complex is dynamically disrupted.

Whether INSL3 is also involved in other fetal processes other
than testis descent is not known, nor whether RXFP2 is also
expressed in other fetal tissues than the gubernaculum. An
exception here is provided by horn buds in male ruminants,
where RXFP2 is expressed within the horn bud and mutations in
the RXFP2 gene are associated with polledness in sheep and
cattle (54). More research is needed here; it seems likely that the
INSL3/RXFP2 system may well be involved in areas of fetal
physiology with significant sex-specific aspects. This might prove
relevant, for example, in cases of twinning with male and female
fetuses sharing the same uterine environment (see above),
although studies of such effects to date are still ambiguous (55).

THE REGULATION OF INSL3 AND RXFP2

As mentioned earlier, the upstream promoter region of the INSL3
gene in most species evaluated appears to be relatively short,
encompassing maximally 1000bp. Specifically, it includes three
discrete responsive elements for the transcription factor
steroidogenic factor 1 (SF1) (32, 56), and in vitro, transfected
promoter-reporter constructs achieve maximal activity simply by
co-transfecting the unmodified transcription factor (27, 32). All

three SF1-responsive elements (SFREs) appear to be functional
(32, 56). This could be enough to explain the up-regulation of
INSL3 in fetal Leydig cells in vivo which appears to occur
immediately following the expression of SF1 (35) in the same
cells, and in these as well as in adult Leydig cells appears to occur
constitutively. For example, there is full INSL3 expression in the
fetal Leydig cell population of the hpg (hypogonadal) mouse in
which the HPG axis is disrupted because of an absence of GnRH
and hence LH (6). However, whether all three SFREs are normally
occupied by SF1 is unclear, as is also whether or not other related
transcription factors may also compete for binding to the gene
promoter. An SFRE can also bind and respond to the closely
related transcription factor Nur77, which at least in adult Leydig
cells appears to be principally involved in INSL3 up-regulation
(57). It is also recognized that the inhibitory transcription factor
COUP-TF may also bind to an SFRE and compete with SFI to
control the up- or down-regulation of a gene (58); and it is now
established that COUP-TF may play an important role in the
differentiation and development of the fetal testis (59) as well as in
regulating the INSL3 gene (60). However, it has also been shown
that several nuclear steroid receptors may also influence gene
expression using SFREs, probably in a non-classical manner which
does not involve direct interaction with the responsive element in
the DNA itself (61). Both rodent and bovine INSL3 promoter-
reporter constructs can be stimulated in vitro by activated estrogen
and androgen receptors (56, 62), though whether via classical or
non-classical mechanisms is not clear. If this is relevant and
important also for fetal INSL3 expression is not known. It
should also not be forgotten that INSL3 expression is extremely
cell-type specific. In the fetus, there is expression only in a subset
of fetal Leydig cells (63), and not in any other testicular cell
although, for example, fetal Sertoli cells also express SF1. Nor is
there any expression in steroidogenic adrenal cells even though
these share a similar mesonephric mesenchymal origin as fetal
Leydig cells. There are evidently specific elements within the
INSL3 gene which determine high cell-type specificity.

Very little is known about the regulation of RXFP2 expression.
Indirect evidence from mice in which the LH receptor gene has
been disrupted implies that RXFP2 expression requires activated
androgen receptors to induce the appropriate level of the RXFP2
receptor (64). What is also evident is that in the male fetus (at least
in rodents) its expression is also specifically restricted to certain
cell types only (17), such as those of the mesenchymal core of
the gubernaculum.

INSL3 AS A MONITOR OF
ENVIRONMENTAL ENDOCRINE
DISRUPTION

INSL3 represents a major secretory product uniquely from the male
fetus and not from either a female fetus or the mother, at a time in
the human during the transition from first to second trimester,
when most organ systems are developing and differentiating most
rapidly. It thus offers to be an excellent biochemical biomarker for
such early organogenesis, particularly as this is a period in
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pregnancy which is otherwise difficult to monitor (43). Numerous
studies in pregnant rats have shown that maternal exposure to a
variety of environmental endocrine disrupting chemicals (EDCs)
leads to a reduction in INSL3 mRNA or protein expression by the
fetal Leydig cells (Figure 4) with disruption of the male
reproductive phenotype, including cryptorchidism, hypospadias,
and reduced anogenital distance (65-67). These chemicals include
phthalate esters (Figure 4), used as plasticizers or previously in
cosmetics, as well as xenoestrogens, such as diethylstilbestrol or
bisphenol A (67, 68). The chief mode of action of these substances
appears to be to disrupt fetal Leydig cell differentiation leading to a
reduction in testosterone production and/or INSL3. Importantly,
even after only a brief maternal exposure, these substances also
appear to affect Leydig stem cells which reside within the testes even
into adulthood, and hence may also influence puberty and adult
Leydig cell function (67, 69).

For the human, studies have compared second trimester
INSL3 concentration in amniotic fluid with the levels of
phthalates and PFOS. Investigations in a large Danish biobank
showed at the population level that INSL3, and hence Leydig cell
function, was significantly reduced in proportion to the EDC
load (42, 70, 71). Similarly, other studies of INSL3 in cord blood
at term of pregnancy also indicated a significant negative
relationship between phthalate or bisphenol A exposure and
INSL3 concentration (39, 72). Similar studies have also indicated
that INSL3 concentration in term cord blood is significantly
different between control male infants and those exhibiting
cryptorchidism (38), implying that at least at a population level
these three factors (EDC load, INSL3, cryptorchidism) are
mechanistically linked, presumably via the common element of
fetal Leydig cell function. It is to be noted though that INSL3 in
second trimester amniotic fluid does not appear to differ
significantly between normal male infants and those born with
cryptorchidism or hypospadias (Figure 3) (42).

Explanted human fetal testis fragments have also been assessed
either using in vitro culture (73) or following xenotransplantation
to immune-compromised mice (74). Again, EDC exposure
suggests a disruption of fetal Leydig cell differentiation and/or

functionality. The most commonly used EDC in these
experiments is represented by the phthalate esters which are
widespread especially in the environment through their
inclusion in numerous plastics, coatings, and cosmetics. More
recently, however, the focus has shifted to show that also common
analgesics, such as acetoaminophen (paracetamol) or ibuprofen,
which are widely taken to alleviate pain during pregnancy, appear
to have a similar impact on the development of fetal Leydig cells
and the expression of INSL3 (74, 75).

What is important in these investigations and is being
reinforced through several studies in rats (67, 76-78), is that
the impact of these EDCs is less an acute one acting, for example,
via modulation of steroid receptors, but rather an effect which is
altering the differentiation dynamics of Leydig cell precursors.
Both in the fetus and during puberty, and possibly also in later
life, Leydig cells are developing via the two processes of
proliferation and differentiation held in fine balance with one
another. Perturbation of either of these processes will lead to an
altered final Leydig cell functional capacity, and hence to an
altered capacity to produce testosterone and other hormones
essential to maintain health in later life. INSL3 is an accurate
measure of this Leydig cell functional capacity (5) and can
monitor the impacts of EDCs and other exogenous factors,
besides having endocrine functions in its own right, for
example, to improve bone quality (79).

CONCLUSION

INSL3 is a major secreted hormone produced by the Leydig cells of
the fetal testis, shortly after its differentiation from the
undetermined gonad. This occurs immediately following gonadal
sex determination and the expression of the transcription factor
SF1. Its main function in the male fetus is to induce thickening of
the gubernacular ligament anchoring the testes in the inguinal
region, thereby promoting the first transabdominal phase of
testicular descent. As a major male fetal hormone in the first and
second trimesters of human pregnancy, it likely also has other roles
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FIGURE 4 | Immunohistochemical staining for INSL3 (brown color) in the fetal testes on gestational day E17.5 of male rats which had been maternally exposed to
dibutyl phthalate (B; DBP) or vehicle (A) during the important window for male development (E12-E16). Control section using pre-immune serum is indicated in the

Frontiers in Endocrinology | www.frontiersin.org

1"

April 2022 | Volume 13 | Article 868313


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Ivell et al.

INSL3 in the Fetal Testis

about which we still have little information. Importantly, it can also
act as a biomarker for fetal physiology in this relatively obscure
phase of pregnancy, responding to maternal exposures such as to
EDCs or to analgesic pharmaceuticals.
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Activin A and Sertoli Cells: Key to
Fetal Testis Steroidogenesis

Liza O’Donnell’, Penny A. F. Whiley and Kate L. Loveland "?*

7 Centre for Reproductive Health, Hudson Institute of Medical Research, Clayton, VIC, Australia, 2 Monash University,
Clayton, VIC, Australia

The long-standing knowledge that Sertoli cells determine fetal testosterone production
levels is not widespread, despite being first reported over a decade ago in studies of mice.
Hence any ongoing use of testosterone as a marker of Leydig cell function in fetal testes is
inappropriate. By interrogating new scRNAseq data from human fetal testes, we
demonstrate this situation is also likely to be true in humans. This has implications for
understanding how disruptions to either or both Leydig and Sertoli cells during the in utero
masculinization programming window may contribute to the increasing incidence of
hypospadias, cryptorchidism, testicular germ cell tumours and adult infertility. We
recently discovered that activin A levels directly govern androgen production in mouse
Sertoli cells, because the enzymes that drive the conversion of the precursor androgen
androstenedione to generate testosterone are produced exclusively in Sertoli cells in
response to activin A. This minireview addresses the implications of this growing
understanding of how in utero exposures affect fetal masculinization for future research
on reproductive health, including during programming windows that may ultimately be
relevant for organ development in males and females.

Keywords: androgens, activin A, Sertoli cell, Leydig cell, fetal steroidogenesis

DOGMA RELATING TO FETAL TESTIS BIOLOGY: MOVING AND
STATIONARY TARGETS

More than 30 years ago, the events that lead to gonad masculinization were shown to be triggered by
the expression of SRY in pre-Sertoli cells of the fetal testis, in studies of humans (1) and mice (2).
Since that time, we have learned just how complicated that process is, including the contribution of
signals relating to SOX9 feedback (3), growth factors (4, 5) and retinoic acid (6). These cues direct
primordial germ cells to differentiate into the earliest sperm precursors and instruct the somatic cells
to multiply, differentiate, and form the testis cords that underpin adult spermatogenesis (7). Our
established understanding was that many gonadal cell types were initially bipotential, but
subsequently became set in their fate in fetal life. One type became either Sertoli cells in males or
granulosa cells in females, providing direct support and instructions to germ cells. However,
complementary break-through studies identified that somatic cell fate was actually pliable in both
mice and humans. For example, in several studies published over a decade ago, the transcription
factor Dmrt1 (Doublesex And Mab-3 Related Transcription Factor 1) was shown to be essential to
stabilize the masculinized phenotype of Sertoli and Leydig cells (8), while FoxI2 serves a similar role
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in sustaining the ovarian phenotype in granulosa and thecal cell
lineages (9). The reality of sex-reversal in somatic cell fate was
thereby revealed.

Understanding how somatic cells instruct male or female
differentiation has also been important for learning about human
conditions which can be linked with sub- or infertility, due to
impaired germline differentiation or reduced germ cell survival.
The conceptualization of “Testicular Dysgenesis’ as a spectrum of
phenotypes, including hypospadias, cryptorchidism, testicular
germ cell tumours and infertility, has provided a basis for
mechanistic studies of each of these conditions, as each could
result from impaired somatic-germline communication in the
fetal testis (10). The Testicular Dysgenesis Hypothesis has stood
the test of time; the continuously increasing rates of these
conditions worldwide highlights the vulnerability of the
developing male reproductive tract to lifestyle and
environmental exposures (11), in concert with a lesser, but
relevant genetic determinant of disease risk. Mechanistically,
this hypothesis has focussed on explaining the impact of
disruptions to cell-cell communication in the testis in utero,
particularly with regard to androgen production and
signalling (12).

Crucial to understanding the origins of testicular dysgenesis
outcomes has been delineation of a masculinization programming
window (termed MPW), the period of development when the male
fetus is sensitive to exposures that impact on reproductive health.
During this window, multiple factors can influence the development
of the male gonad and secondary sexual characteristics (Figure 1).
Virilization of the fetal male is dependent on gonadal function but it
is also vulnerable to alteration by maternal- and/or placental-
derived factors (Figure 1). Best understood in rodent models,
endocrine disruptor chemical exposures in the interval following
sex determination and prior to birth have repeatedly been shown to
increase the incidence of conditions including reduced anogenital
distance, hypospadias, cryptorchidism and reduced germ cell
numbers (13-15). These outcomes have been explored in data
collected from boys and men, and from cultures of human fetal
testes (16-18), with a growing understanding that not only exposure
to endocrine disruptor chemicals, which can also include common
pharmaceuticals, may negatively impact fetal and postnatal
development. These agents can alter steroid composition and
levels and may thereby influence local events in the testis. For
example, ibuprofen alters human fetal Leydig cell function and
testosterone production between weeks 7-17 of gestation, indicating
that human male fetal steroidogenesis is vulnerable to alterations by
a commonly used pharmacological compound (16). Nodal and
activin signalling can also influence particular aspects of human fetal
steroidogenesis in both the first and second trimesters (19), and as
discussed below, these members of the TGFJ signalling pathway are
amongst the key candidates for driving lifelong changes in male
reproductive health.

Activin A is a member of the TGFf signalling superfamily
that is emerging as an important regulator of male fetal
development. Activin A was originally identified as a factor
that was produced and acted locally to control release of
follicle stimulating hormone from the pituitary gland (20, 21).

It is synthesized as a disulfide-linked homodimer of two inhibin
beta A subunits, encoded by the Inhba gene, and its structure and
signalling pathway are characteristic of the more than 30 other
members of the TGFp superfamily of signalling molecules, many
of which are simultaneously present in the fetal testis (5). It is
now known to be produced throughout the body and serve
functions in growth and development of many organs, while
activin A overproduction is associated with severe pathologies
such as cancer cachexia (22). Physiological regulation of activin
signalling is complex, occurring through extracellular,
transmembrane and intracellular means which are typically
context-dependent. See (21, 23-27) for recent reviews on
this topic.

Activin A performs multiple functions in testis development
that include governance of Sertoli cell proliferation. This role was
first revealed in the adult inhibin o knockout mouse strain with
elevated activin A; males succumb to Sertoli cell tumours due to
the absence of the potent activin inhibitor, inhibin, which forms
as a heterodimer of one inhibin o subunit with an inhibin B A
subunit (28). In addition to driving Sertoli cell proliferation in
utero, activin A production by fetal Leydig cells also promotes
the timely entry of fetal germ cells into a quiescent state following
sex determination (29-31). Quiescence occurs in an important
developmental interval, coincident with important aspects of
normal male germ cell differentiation that include epigenetic
reprograming and loss of pluripotency, each of which can be
linked with reducing the risk of tumour formation (32). We have
recently discovered that activin A is an important factor
regulating androgen biosynthesis in the fetal testis (33); the
mechanisms and significance of these findings will be
discussed below.

LEARNING ABOUT ANDROGEN
BIOSYNTHESIS IN THE FETAL TESTIS

A Gold Mine of Data From Single Cell
Transcriptome Analyses

The application of single cell RNA sequencing to study the
mammalian fetal testis has revealed developmental relationships
between somatic cells which highlight their common origins.
Work in mouse (34) and human (35) have detailed the
emergence of distinct Leydig and Sertoli cell populations from a
single progenitor, extending findings from earlier lineage mapping
studies (36). Important distinctions between fetal and adult Leydig
cells have been progressively mapped, revealing that synthesis of
the androgen precursor, androstenedione, is different in fetal
Leydig cells compared to adults. Whereas luteinizing hormone
(LH) stimulates steroid biosynthesis in adult Leydig cells, fetal cells
can be stimulated by corticotrophin-releasing hormone (CRH)
and adrenocorticotrophic hormone (ACTH), and their
responsiveness to LH is probably not attained prior to E17 in
mice (37, 38). Single cell RNASeq datasets have also shed new light
on where, and which, steroids and androgens are produced in the
fetal testis, as discussed below.
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FIGURE 1 | Fetal steroid production. (A) Maternal and placental factors, exogenous steroids, activins and environmental exposures each have the potential to alter
fetal steroid production. Schematic of placenta, male fetus and testes in utero. Cross-section identifies key fetal testis cell types in the cord (germ and Sertoli cells)
and in the surrounding interstitium (fetal Leydig, peritubular and immune cells). Activin is produced by fetal Leydig cells and signals via specific cell surface receptors
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excess A4 is associated with higher levels of 11-keto androgens.
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Sertoli Cells Are the Site of Testosterone
Production in Fetal Mouse Testes

In the rodent testis, testosterone production occurs via the A4
steroidogenic pathway (Figure 1B, orange line) and concludes
with conversion of androstenedione (A4) to testosterone (T) by
the enzymes HSD17B3 (39) and HSD17B1 (40). The fetal and
adult Leydig cell populations develop sequentially and are
functionally distinct (41), so while T is produced in Leydig
cells in adult mouse testes (42), fetal Leydig cells lack Hsd17b1
and Hsd17b3 and cannot convert A4 to T (39, 40). Instead,
exclusive expression of Hsd17bl and Hsd17b3 in fetal mouse
Sertoli cells (43, 44) identifies Sertoli cells as the site of T
synthesis in the fetal testis (33).

Since appropriate levels of steroids and steroidogenic enzymes
during embryonic (E) development lay the foundation for the
correct development of male sexual characteristics, factors that
influence this process may illuminate important areas for
research aimed at understanding the foundations of male
reproductive disorders. Activin A (encoded by Inhba) is
produced by fetal Leydig cells and is essential for normal
embryonic mouse testis development. Inhba transcript levels in
male testes increase directly after sex determination (E12.5) and
the activin A dimer acts directly on receptors in Sertoli cells
influencing their proliferation (30, 31, 45). Recently, our lab
identified that activin A also positively regulates expression of
Hsd17b1 and Hsd17b3 required to convert A4 to T; both are
strongly reduced (E13.5 - E15.5) in the absence of activin A
(Inhba KO) compared with wildtype controls (33). Analysis of
intratesticular steroids demonstrated that a sustained decrease in
Hsd17b1 and Hsd17b3 transcripts reduced conversion of A4 to T
within E17.5 Inhba KO fetal testes; A4 levels were significantly
increased and T tended to decrease. Additionally, the T/A4 ratio
revealed a highly significant dose-dependent decrease in
androgen production that correlated with reducing Inhba gene
dosage (33). These data demonstrate that activin A fulfils a
central role in determining local steroid levels and androgen
production during fetal testis development. Lastly, Whiley et al.
measured increased levels of the 11-oxygenated androgens, 11-
KA4 (11-keto androstenedione, also named adrenosterone) and
11-KT (11-ketotestosterone) in Inhba KO testes (33). Since 11-
KT can activate the androgen receptor (46), this finding could
have important clinical significance.

Steroidogenesis in the Human Male Fetus:
What We Know and What Are It’s
Vulnerabilities?

Production of the androgen T by the human fetal testis is
essential for masculinization. Its release from the testis drives
virilization of the Wolffian ducts to form the seminal vesicles and
ejaculatory ducts, whereas the 50-reduction of T to the more
potent androgen dihydrotestosterone (DHT) is necessary for
virilization of the male external genitalia (47). The first trimester
human testes can produce low levels of T via the A4 pathway
prior to a switch to the A5 pathway at the beginning of the
second trimester (48). Thereafter, the human fetal testis produces
high levels of T during the second trimester via the classical A5
steroidogenic pathway (Figure 1B, blue lines) (48, 49). This
switch coincides with the maturation of fetal Leydig cells as they
acquire their capacity to produce androgen precursors (48). The
precursor androstenedione (A4)) is converted to T mainly by the
17B-hydroxysteroid dehydrogenase activity of HSD17B3 (50)
(Figure 1) and while HSD17B1 can perform this conversion, it
is less efficient compared to the mouse enzyme (51). In the
human fetal testis, HSD17B3 levels are comparable in first and
second trimesters (48). However, the peak in T synthesis in the
second trimester appears due to fetal Leydig cells becoming fully
differentiated and acquiring the ability to synthesize androgen
precursors (48).

Leydig cells are the major steroidogenic cells of the human
fetal testis, expressing a wide range of steroid biosynthetic
enzymes, and their differentiation coincides with elevated
testicular T levels (49). Thus, these cells are often assumed to
be responsible for androgen biosynthesis. However, as described
in the section “Sertoli Cells Are the Site of Testosterone
Production in Fetal Mouse Testes”, although the precursor
steroids and A4 are produced by fetal Leydig cells in rodents,
the conversion of A4 to T takes place in the Sertoli cells
(Figure 1). Whether this also occurs in humans is not
established (48). To address this possibility, we interrogated
published single cell RNASeq datasets to determine in which
cell types key steroidogenic enzymes are synthesized in mouse
and human testes (35, 44). The expression patterns for HSD17B3
and HSD17BI in human testicular cells provide strong evidence
that, as in mice, human Sertoli cells are likely to be the primary
site of androgen (T) synthesis in the second trimester fetal testis

TABLE 1 | mRNA expression patterns of key steroidogenic enzymes in fetal mouse and human testis cells®.

Gene symbol (mouse, human)

Cyp1ial, CYP11A1 Leydig cells
Hsd3b1, HSD3B1 Leydig cells
Cyp17al, CYP17A1 Leydig cells
Hsd17b3, HSD17B3 Sertoli cells
Hsd17b1, HSD17B1 Sertoli cells
Cyp11b1, CYP11B1 Leydig cells

Hsd11b2, HSD11B2

Akric6, AKR1C3 Not present

Mouse fetal testis cell expression®

Stroma, peritubular myoid

Human fetal testis cell expression®

Leydig cells > Sertoli cells
Not available

Leydig cells

Sertoli cells

Leydig and Sertoli cells
Not detected

Leydig cells

Not detected

APredominant site of expression as determined by UMAP plots from the relevant dataset (see Supplementary Figure 1)

bData from E18.5 mouse testis cells according to Tan et al. (44)

®Data from human testis cells at 12, 15 and 16 weeks post-fertilization (14, 17 and 18 weeks gestation) according to Guo et al. (35)
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(Table 1; Supplementary Figure 1). Interestingly, human
scRNASeq data suggest that only a small subset of human fetal
Leydig cells produce androgen precursors between weeks 14-18 of
gestation [Supplementary Figure 1 (35)]. This speculation is
aligned with evidence that human fetal interstitial and Leydig-like
cells are a heterogenous population (49).

Recent studies have revealed that alternative androgen
production by the so-called “backdoor pathway” is also important
for virilization of the human male fetus (52, 53). This pathway
begins with progesterone, probably originating largely from the
maternal side of the placenta (Figure 1A), followed by sequential
biosynthetic steps in the adrenal glands and liver, that ultimately
produce androsterone (53). This androgen is present in the human
fetal male circulation at levels similar to testosterone (53). Thus,
masculinization of the human male fetus depends on androgens
produced via the classic and backdoor pathways, both within and
outside of the testis. It involves a complex interplay of steroidogenic
enzymes expressed in multiple tissues to produce testosterone, DHT
and androsterone that act within different organs to control human
fetal urogenital tract development (49, 52, 53).

Finally, as noted above, certain 11-keto steroids have the
capacity to contribute to androgen action in the human fetal
testis and other androgen-responsive tissues. Originally
identified as androgens in fish, the 11-keto androgens 11-keto
testosterone (11-KT) and 11-keto DHT (11-KDHT) are potent
agonists of the human androgen receptor (46, 54, 55). They are
likely to be synthesized in human peripheral tissues from the
abundant adrenal steroid 11b-hydroxyandrostenedione
(110HA4) (Figure 1B) (46, 54). CYP11Bl1 is a key enzyme in
11-keto steroid biosynthesis (Figure 1B) and is expressed in
mouse and human testis (Table 1; Supplementary Figure 1).
This enzyme can be stimulated by hCG in immature mouse
Leydig cells leading to an increase in testicular levels of 11-KT
(55). In mice, 11-KT is shows similar androgen activity to T,
suggesting it is an important bioactive androgen (55). The
enzyme responsible for the biosynthesis of 11-keto
androstenedione (11-KA4), HSD11B2 (Figure 1B), is
expressed in both mouse and human testis cells (Table 1;
Supplementary Figure 1) whereas the enzyme that converts
11-KA4 to 11-KT (AKRIC6 in mice and AKR1C3 in humans
(Figure 1B), is not expressed in the testis (Table 1,
Supplementary Figure 1). These data suggest that fetal mouse
and human testes express the enzymes that produce 11-KA4 and
that this precursor can be converted to the androgen 11-KT in
peripheral tissues. We have detected both 11-KA4 and 11-KT in
fetal mouse testes, indicating that 11-KT could act as bioactive
androgen during fetal testis development (33). Importantly, we
showed the levels of these keto steroids are responsive to activin
A deficiency; reduced conversion of A4 to T led to increased
levels of A4 that were accompanied by increased testicular levels
of 11-KA4 and 11-KT (33). Thus, in activin A-deficient mice, the
reduced capacity to produce the androgen T, as a consequence of
reduced Hsd17bl and Hsd17b3 expression in Sertoli cells, is
accompanied by an increased capacity to produce the androgen
11-KT (33). Further studies are needed to understand the
contribution of 11-KT to androgen action in the human fetal
testis and in the masculinization of the male fetus.

CONCLUSIONS: WHY DOES
THIS MATTER?

The complexity of human fetal steroidogenesis means that there
are multiple cell types and thus sites vulnerable to disruption that
could alter androgen levels and activities in different fetal tissues.
In the mouse testis, activin A regulation of the T biosynthetic
enzymes Hsd17b1 and Hsd17b3 in Sertoli cells is now known to
alter the ratio of A4 to T and the production of keto-steroids with
androgenic bioactivity (Figure 1B), and this is likely to be
important to some extent in humans (Table 1). Changes to
activin A bioactivity at the start of gonad development, as in the
condition of pre-eclampsia, would be ultimately expected to
influence adult fertility and development of other organs; this
may also affect the developing ovary. The fact that fetal T is
produced by the Sertoli cells and thus T levels are not an accurate
measure of fetal Leydig cell function needs to be more widely
appreciated. Recent data showing that androgens in the human
male fetus testis can originate via different biosynthetic pathways
adds complexity to the mechanisms via which external and
intrinsic factors could modulate androgen action during male
fetal development. This knowledge will help to identify a
roadmap of developmental vulnerability to environmental
exposures, focussed appropriately on the key affected cell types.
This should ultimately be used to develop strategies that can
protect reproductive health.
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Defining how genes get turned on and off in a correct spatiotemporal manner is integral to
our understanding of the development, differentiation, and function of different cell types in
both health and disease. Testis development and subsequent male sex differentiation of
the XY fetus are well-orchestrated processes that require an intricate network of cell-cell
communication and hormonal signals that must be properly interpreted at the genomic
level. Transcription factors are at the forefront for translating these signals into a
coordinated genomic response. The GATA family of transcriptional regulators were first
described as essential regulators of hematopoietic cell differentiation and heart
morphogenesis but are now known to impact the development and function of a
multitude of tissues and cell types. The mammalian testis is no exception where GATA
factors play essential roles in directing the expression of genes crucial not only for testis
differentiation but also testis function in the developing male fetus and later in adulthood.
This minireview provides an overview of the current state of knowledge of GATA factors in
the male gonad with a particular emphasis on their mechanisms of action in the control of
testis development, gene expression in the fetal testis, testicular disease, and XY sex
differentiation in humans.

Keywords: transcription, GATA, hormone, testis, fetal, gene expression

INTRODUCTION

The Vertebrate Family of GATA Transcription Factors

The GATA family of transcriptional regulators comprises six factors (GATALI to 6) in vertebrates.
GATA factors regulate gene transcription by binding to a consensus nucleotide sequence—A/
TGATAA/G—called the GATA motif that is scattered throughout the genome. The six GATA
proteins are typically classified based on their amino acid sequence and tissue distribution patterns.
GATA1/2/3 are hallmarks of hematopoietic cell lineages, and consequently are essential for the
differentiation of multiple blood cell types (erythrocytes, leukocytes, megakaryocytes) [reviewed in
(1, 2)]. By contrast, the GATA4/5/6 proteins (known as the cardiac family of GATA factors)
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populate tissues of mesodermal and endodermal origin such as
the heart, organs of the digestive tract, and gonads [reviewed in
(1-5)]. Initial insights into the cardiac subfamily of GATA
factors came from global gene inactivation studies in mice.
Loss of GATA4 precipitates early embryo lethality because of
defects in ventral morphogenesis of the embryo and its
subsequent inability to form a functional linear heart tube (6,
7). Lack of Gata6 expression arrests embryo development at an
even earlier stage due to defects in extraembryonic development
(8). Unlike GATA4 and GATAS, global loss of GATAS5 function
is not embryonic lethal; rather Gata5” mice exhibit prominent
genitourinary tract abnormalities in females but not males (9).
Identification of GATA gene mutations associated with clinical
disease has helped to highlight the essential nature of GATA
function in humans. For the GATA4 gene alone, more than 100
mutations have been linked to a large spectrum of cardiac
abnormalities [reviewed in (2, 10)].

All GATA proteins share a highly conserved zinc finger
DNA-binding domain. The specificity of GATA action is
conferred in part through interactions with specific partners
[reviewed in (2-4)]. The most notable are the Friend of GATA
(FOQG) proteins [reviewed in (11)]. GATA factors also interact
and functionally cooperate with a multitude of other
transcription factors that not only amplify GATA activity but
also limit their scope of action to select target genes. This is true
for the testis where many potential GATA-interacting partners
have been identified (12-18). GATA activity can also be
positively or negatively modulated by direct post-translational
modifications such as sumoylation, acetylation, and
phosphorylation. Post-translational modifications alter GATA4
transcriptional activity by changing either its nuclear
localization, DNA-binding, stability, and/or cofactor
recruitment [reviewed in (10, 19)].

GATA FACTORS IN THE TESTIS

Developmental and Cell Type-Specific
Expression Patterns

Three GATA factors (GATA1/4/6) are found in the testis and
their expression profiles differ based on testicular cell type and
timing of expression. Gatal was the first reported to be
abundantly transcribed in the testis (20). It is also the only
GATA factor limited to a single testicular cell type: the postnatal
Sertoli cell (21). GATAL is absent from the fetal testis and as such
is not involved in early testis development (22). The onset of
Gatal expression in mouse Sertoli cells coincides with the first
wave of spermatogenesis; thereafter GATA1 levels remain
constant and independent of hormones but become
progressively spermatogenic stage-dependent (21, 22). GATA1
is therefore an excellent marker of mature Sertoli cells; however,
its functions appear to be dispensable for Sertoli cells, at least in
mice (23). GATA4 is one of the earliest markers of gonadal
development (22, 24). Expression begins in the coelomic
epithelial layer of the presumptive genital ridges of both the
mouse and chick (24-26). After testis differentiation, GATA4

levels are upregulated in Sertoli, myoid, and Leydig cells [(22, 26,
27) and reviewed in (28)]. High GAT A4 levels persist throughout
fetal development and into adulthood (22, 27). Like Gata4, the
Gata6 gene is transcribed in Sertoli cells of both fetal and adult
testes (29, 30). However, unlike Gata4, Sertoli cell Gata6
transcripts only become upregulated during the later fetal
stages (29, 30). While Gata6 expression has been documented
in at least one Leydig cell line (29), data showing that the gene is
also expressed in Leydig cells in vivo is less robust. A review
article published in 2014 citing unpublished observations
nonetheless reported that GATAG6 is present in both late fetal
and postnatal Leydig cells in the mouse (5).

Roles in Early Mammalian Gonad
Development and Male Sex Determination
Of the three GATA factors expressed in testis, only GATA4 is
involved in early gonad development—in the absence of GATA4,
coelomic thickening that permits the subsequent growth of the
genital ridge is arrested (24). In the same study, the authors also
demonstrated that GATA4 acts early being upstream of LHX9 and
SF1, two other critical regulators of genital ridge development (31,
32). GATA4 function in gonadal development does not end at the
genital ridge stage as revealed by elegant gene inactivation studies in
mice, which showed that GATA4 continues to play multiple
essential roles with the timing of Gata4 deletion being critical to
the phenotypic outcome [reviewed in detail in (5)]. Gata4 deletion
prior to sex determination completely blocks testis differentiation
and results in XY sex reversal (33). By contrast, Gata4 deletion after
male sex determination allows testis differentiation to proceed
unfettered (33). In this same model, testis cord development is
nonetheless disrupted due to diminished Dmrtl expression
(described more below), and males are undervirilized and
eventually become infertile (33). GATA4 action is also required in
the postnatal testis where it controls male fertility and
steroidogenesis (34-39). Its role in male fertility appears to be
linked to regulation of blood-testis barrier integrity and Sertoli cell
genes critical for this function (35, 40).

GATAA4 initiates testis differentiation by regulating at least
two genes: Sex determining region Y chromosome (Sry) and Sry-
related homeobox gene 9 (Sox9); both genes are markedly
downregulated in newly differentiated testes that lack a fully
functional GATA4 protein (41-43). However, as for many of the
proposed GATA target genes in the testis, it remains to be seen
whether they are indeed direct targets. For the Sty gene, evidence
suggests that this might be the case. A detailed analysis of Sry 5’
flanking sequences from 17 mammalian species identified a
single broadly conserved 106 bp region termed the Sry
proximal conserved interval (SPCI). The SPCI contains a
conserved binding motif for WT1, a known activator of both
mouse and human SRY transcription (44-46). WT1 has also
been reported to directly cooperate with GATA4 on the mouse,
pig, and human SRY promoters (15). The requirement for
GATA4 in Sry and Sox9 transcription has raised the important
question as to whether it also participates in the specification of
the Sertoli cell lineage at the time of sex determination. Mice
lacking a functional GATA4 protein that can no longer interact
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with FOG2 do not express any Sertoli cell markers (41),
indicating that the GATA4-FOG2 complex (and by extension
GATA4 itself) is required for the differentiation of pre-Sertoli
cells. Additional insights have come from studies that have
reprogrammed fibroblasts into embryonic Sertoli cells. Initial
studies showed that GATA4 along with other transcription
factors (SF1, WT1, DMRT1, SOX9, DMRT1) are sufficient to
induce the formation of embryonic Sertoli-like cells (47-49). A
later study refined the mechanism of GATA4 induction of the
Sertoli cell fate by showing that it acts upstream of SF1, LHX9,
and the anti-Miillerian hormone (AMH) (50).

GATA FACTORS IN FETAL TESTIS GENE
EXPRESSION AND FUNCTION

GATA Control of Fetal Sertoli Cell Gene
Expression

Following sex determination, the newly formed testis (by producing
key fetal hormones) assumes several important functions in
masculinizing the developing male embryo. GATA factors
continue to play an important role in regulating genes that
participate in this fundamental developmental process. Sertoli
cells begin to produce AMH, a glycoprotein hormone belonging
to the transforming growth factor beta (TGF[) superfamily. AMH
is most recognized for its role in blocking the Miillerian ducts from
developing into female reproductive structures in typical XY males
(51). The AMH promoter from multiple species contain at least one
consensus GATA motif that is activated by GATA4 (22, 52-55). In
cell lines, the mechanism of GATA4 action on AMH transcription
has been proposed to involve synergistic interactions with other
transcription factors including SF1 and WTT1 (12, 15, 56). A more
recent in vivo study that inactivated the GATA regulatory motif in
the Amh promoter in the mouse has validated not only the Amh
gene as a direct target for GATA4 but also the requirement of a
GATAA4/SF1 interaction for Amh expression in fetal Sertoli cells
(57). Endogenous Amh expression is also controlled by direct
binding of SF1 and SOX9 to the Amh promoter (58). Unlike
SOX9, however, which is required to initiate the production of
Ambh transcripts in newly differentiated Sertoli cells, GATA4
appears to function like SF1 as an amplifier of Amh transcription
(57, 58).

While mutagenesis of the Amh promoter has highlighted the
requirement of GATA binding for Amh transcription, simultaneous
deletion of Gata4 and Gata6 in Sertoli and Leydig cells in the fetal
testis has favored the opposite view (38). GATA1 was first proposed
to disrupt GATA4 action at the Amh promoter thereby decreasing
Ambh expression (59). A separate study reported that AMH levels
remained high beyond its normal period of decline in postnatal
mouse testis lacking both GATA4 and GATAG6 (38). GATAI was
also absent in this model (38). These observations led to the
suggestion that GATA factors negatively regulate Amh gene
transcription, at least in postnatal Sertoli cells (38). However, male
gonads lacking GATA4 and GATAG6 also have compromised
steroidogenic gene expression during the fetal period, and a
reported reduction of serum testosterone beyond puberty (38).

Testosterone, acting through the androgen receptor, is known to
attenuate AMH production in Sertoli cells (60, 61). This might
account for the differences in Amh expression seen in a GATA4/6-
deficient mouse testis model where androgen production is notably
reduced (38), in comparison to a mouse model where the GATA
binding motif in the Amh promoter is mutated and androgen levels
are not affected (57).

The Dmrt1 gene has been proposed to be another GATA4 target
in the fetal testis (33). DMRT1 is an evolutionarily conserved
transcription factor that regulates testis development in all
vertebrates (62). Testes from Dmrtl”” mice, and animals where
Gata4 was conditionally inactivated in testes after sex
determination, share a similar testicular cord defect beginning at
the mid-fetal stage (33). This suggested that DimrtI gene expression
in Sertoli cells is directly regulated by GATA4. In support of this, the
cis-regulatory elements for the Dmrtl gene have been mapped in
primary Sertoli cells cultures and shown to contain multiple active
GATA binding motifs (63). However, GATA4 is not required to
maintain somatic Dmrt] expression after fetal development as adult
Sertoli cells lacking GATA4 continue to express Dmrtl (33).
Moreover, while both GATA4 and FOG2 are required for the
differentiation of pre-Sertoli cells, Dmrt1 expression in fetal Sertoli
cells continues to require GATA4 but not FOG2 (33).

Several other Sertoli cell-expressed genes have been proposed
to be regulated by GATA factors. These include inhibin o (Inha),
inhibin B B (Inhbb), reproductive homeobox 5 (Rhox5), and
follicle stimulating hormone receptor (Fshr) (14, 29, 64-69). The
GATA-dependence of these additional putative GATA targets
have been limited to promoter activation assays and studies
where GATA levels have been manipulated in immortalized cell
lines. Whether these genes are in fact genuine GATA targets in
vivo and what contribution GATA factors have to these genes in
terms of fetal Sertoli cell expression remain unanswered.

GATA Control of Fetal Leydig Cell
Differentiation and Gene Expression

Leydig cells regulate male sex differentiation during fetal
development, and fertility in adults, through the production of
two hormones: insulin-like 3 (INSL3) and testosterone. INSL3
initiates the first of two phases of testicular descent during
embryogenesis (70, 71). Testosterone is a steroid hormone made
from the multistep enzymatic conversion of cholesterol.
Testosterone regulates the second phase of testis descent and
promotes the masculinization of the Wolffian ducts into organs of
the male reproductive tract. In mammals, there are two distinct
populations of Leydig cells: fetal Leydig cells (FLCs) present during
fetal life and shortly after birth, and adult Leydig cells (ALCs)
present in the postnatal testis. FLCs are proposed to derive from
progenitor cells originating within the adreno-gonadal primordium
and other sources within the mesonephros, neural crest cells,
coelomic epithelium [reviewed in (72)]. Many transcription
factors have been implicated in FLC differentiation and function
[reviewed in (73, 74)]. GATA4 appears to play an integral role
in both of these processes. First, XY Gata4”~ embryonic stem
(ES) cells fail contribute to FLCs in chimeric mouse embryos (75).
Second, teratomas derived from XY Gata4'™, but not XY Gata4 '~
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ES cells, express steroidogenic markers when grown in
gonadectomized nude mice (75). Together, these two
experimental models provided the first evidence that GATA4 is
likely required for the cell autonomous differentiation of FLCs. XY
fetuses lacking GATA4 in testes at the time of male sex
determination are undervirilized with partially descended testes
but whose steroidogenic function is apparently intact (33). A
major reduction in the number of cells expressing P450 side
chain cleavage enzyme (CYPI1Al) and 3B-hydroxysteroid
dehydrogenase (3BHSD) only occurs in the testicular interstitium
of mice lacking both GATA4 and GATAG6 (38), suggesting that FLC
differentiation and/or their steroidogenic function requires both
factors. These mice also have reduced Insl3 expression; no other in
vitro or in vivo data exists, however, that would suggest the Insi3
gene to be a direct transcriptional target for GATA factors. In this
same model, steroidogenic expression observed in postnatal testes
was notably increased but was accompanied by a significant
decrease in circulating testosterone (38). The authors of this study
further showed that the effects on postnatal testicular
steroidogenesis and androgen production were not driven from
FLCs or ALCs but rather from an expansion of adrenocortical-like
cells residing in the testicular interstittum—thus making the direct
contribution of GATA4/6 to Leydig cell gene expression and
function in this model difficult to assess.

Independent groups have postulated that GATA4 functions as a
master regulator of Leydig cell steroidogenesis based on data
generated in steroidogenic cell lines (34, 36, 76). Blockade of
Gata4 expression in Leydig cell lines leads to a suppression of the
steroidogenic program and a decrease in hormone production (34,
76). Loss of both GATA4 and GATAG in primary Leydig cells (77),
or disruption of their transcriptional activities in mice (36), has also
been shown to suppress steroidogenesis by reducing the expression
of several genes involved in androgen biosynthesis, including
steroidogenic acute regulatory protein (Star), Cypllal, 3B-
hydroxysteroid dehydrogenase 1 (Hsd3bl), 17a-hydroxylase
(Cyp17al), and 17B-hydroxysteroid dehydrogenase 3 (Hsd17b3)—
many of these genes have conserved GATA motifs in their cis-
regulatory regions [reviewed in (4, 18)]. Since some of these genes
are also reduced in fetal testes lacking GATA factors but only when
the Gata4 and Gata6 genes are simultaneously deleted, both factors
likely compensate for one another in regulating FLC gene
expression. Transcription of several other Leydig cell-expressed
genes have been proposed to be targeted by either GATA4 and/or
GATAG6 [reviewed in (4, 18)]. The GATA-dependence of these
additional targets has been mostly limited to characterization of
their cis-regulatory regions. Therefore, their validation as genuine in
vivo and/or direct targets of GATA factors remains to
be determined.

REGULATION OF GATA FACTORS IN THE
FETAL TESTIS

The regulation of GATA gene expression and GATA transcriptional
activity in the fetal testis remains poorly understood. The
transcriptional regulation of the Gata4 gene was first reported in

2006 (78). In that initial study, activity of the first 124 bp upstream
of the mouse Gata4 transcriptional start site in Leydig and Sertoli
cell lines was shown to be dependent on conserved GC-rich and E-
box elements (78). Similar findings highlighting the importance of
GC-rich and E-box elements were later reported in context of 5 kb
of the rat Gata4 promoter (25). The same 5 kb of rat Gata4
promoter was also shown to be sufficient to drive GFP expression
in the male gonad of transgenic mice from the onset of testis
differentiation to adulthood (25). Subsequent analysis showed high
transgene expression in both Sertoli and Leydig cells, and at all times
(both fetal and mature testis) (79). Targeted mutagenesis of the
Gata4 E-box element in the mouse confirmed the importance of
this motif for endogenous Gata4 expression in both fetal and adult
testis (80). Like other GATA genes, the rodent and human GATA4
genes are expressed as multiple transcripts that differ in their 5’
untranslated exons, which are driven by alternative promoters (81).
Thus, in addition to the typical Gata4 transcript driven by the E-box
dependent proximal Gata4 promoter, the fetal testis also expresses a
second Gata4 transcript driven by an alternative promoter sequence
located nearly 30 kb upstream of the proximal promoter (81, 82).
The distal Gata4 promoter appears to be autoregulated by GATA4
itself in a regulatory mechanism proposed to ensure sufficient Gata4
expression in the testis at critical times such as during testis
differentiation (82). Characterization of the cis-regulatory regions
required for Gata6 expression in the testis have not been reported.

Despite their profound roles in testis physiology, the
hormonal regulation of GATA factors in the testis have
received comparably little attention. Nonetheless, treatment of
Sertoli and Leydig cell lines with gonadotropins causes a modest
increase in Gata4 expression (29, 83). Gonadotropins and
androgens, however, do not appear to be required for basal
Gata4 or Gata6 expression in the testis as their expression is
retained in different models that perturb these hormones (29). In
contrast to the paucity of information on hormones that regulate
GATA factors in the testis, much more is known about the
signaling pathways activated following hormone stimulation and
their impacts on the transcriptional activity of GATA factors,
especially GATA4. Two GATA4 phosphorylation sites have been
well described: serine 105 (S105) targeted by mitogen-activated
protein kinases (MAPK) and serine 261 (S261) targeted by
protein kinase A (PKA) (84-87). In the testis, GATA4
phosphorylation by PKA is particularly informative since it
helps to better understand the acute gonadotropic regulation of
multiple testis-expressed genes that lack classic cAMP response
elements (CREs), but contain GATA regulatory motifs, in their
respective promoters. For both S105 and S261, in vitro studies
have shown that GATA4 phosphorylation stimulates GATA4
transcriptional activity on multiple testis target genes (87, 88).
GATA4 S105 phosphorylation by MAPK has also been proposed
to be essential for GATA4 action in the upregulation of Sry
expression during testis differentiation (89, 90). A study
published in 2019, addressed the in vivo role of GATA4
phosphorylation through the detailed characterization of two
mouse models (GATA4 S105A and GATA4 S261A) that carry
mutations that specifically block GATA4 phosphorylation at
either site. One of these mutations (S105A) was associated
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FIGURE 1 | Overview of the action of GATA factors in XY gonad development and fetal testis gene expression.

with a male hormonal defect characterized by a deficiency in
testosterone production in adult but not fetal males (36).
Interestingly, male sex determination was unaffected in
GATA4 S105A mutants (36), which questions the requirement
for GATA4 phosphorylation (at least on S105) in the testis
differentiation process.

GATA FACTORS IN HUMAN TESTIS AND
TESTICULAR PATHOLOGIES

Several studies have investigated the expression and potential role of
GATA factors in normal human testis development and function, as
well as the pathogenesis of testicular tumors [(91-94) and reviewed
in (95)]. Much like rodents and other mammalian species, GATA4
and GATAG6 appear to be the predominant GATA factors of the
human fetal testis. In Sertoli cells, GATA4 is present during both
fetal and postnatal development (91). GATA4 is also expressed in
fetal and postpubertal Leydig cells which correlates with its
proposed role in steroidogenesis (91). Interestingly, GATA4
expression is significantly higher in both Sertoli and Leydig cell
tumors (91), suggesting that GATA4 might influence cell
proliferation during tumorigenesis in human testicular somatic
cells. Unlike rodents, GATA4 is a marker of a subset of early fetal
gonocytes (91), as well as multiple testicular germ cell neoplasia that
include both precursor carcinoma in situ (CIS) testis cells and
definite testicular germ cell tumors (seminomas, yolk sac tumors,
teratomas) (93). Testicular seminomas and yolk sac tumors also
express GATA6 (93). The presence of GATA4 and/or GATAG6 in
these cells has suggested a role for these factors in early human germ
cell differentiation. GATAG is also expressed in normal human testis,
at least during fetal development. GATASG in fetal human testis is
most abundant in Sertoli and Leydig cells (92), where it may have
overlapping roles with GATA4 if one transposes the comparable
rodent data to humans (38).

Several mutations in either the GATA4 or FOG2/ZFPM2 genes
have been identified in human cases of differences of sexual
development (DSD) (96-100). While most of the reported
GATA4 and FOG2/ZFPM?2 variants appear to have a benign
impact on XY DSDs (98), at least three FOG2/ZFPM2 (p.S402R;
p-R260Q; p.R260Q/M544I) (97), and two GATA4 missense variants
(p-G221R; p.W228C) (96, 98), are considered to be pathogenic with
reduced transcriptional activities on the human AMH promoter, a

known GATA4 target. The fact that most of the reported variants
are heterozygous in nature suggests that correct functional dosage of
these transcription factors is critical for typical XY sex differentiation
in humans. In support of this, haploinsufficiency of either Gata4 or
ZFPm2/Fog2 is also known to induce gonadal sex-reversal on
specific genetic backgrounds in mice (43).

CONCLUSION

GATA factors are incontrovertibly essential regulators of
developmental and functional processes in multiple organs
systems. The mammalian testis is no exception where at least
three GATA factors (1/4/6) play essential, and sometimes
overlapping roles, in controlling the initiation of male gonad
development, testis differentiation at the time of sex
differentiation, and gene expression and function in both the
fetal and mature testis (an illustrative overview in presented in
Figure 1). Over the years, much of our knowledge of the
mechanisms of GATA action in the testis have come from
genetic manipulation of the different Gata genes in mice and
the analysis of the cis-regulatory regions of many of its proposed
target genes in cell lines. From this point forward, the challenge
will be to fine-tune this knowledge base by ascertaining not only
what testis genes are regulated by GATA factors but more so, by
identifying the genes that are directly targeted by these factors.
The recent development and applicability of new technologies
has made this a reality as we are now capable of probing the role
of individual cis-regulatory elements in suspected genes by
genome editing. Therefore, understanding GATA function in
the testis is far from complete, but rather has just begun.
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Underlying Mechanisms and
Clinical Implications

Nadia Y. Edelsztein'?, Clara Valeri', Maria M. Lovaisa', Helena F. Schteingart’
and Rodolfo A. Rey ""?*

7 Centro de Investigaciones Endocrinoldgicas “Dr. César Bergada” (CEDIE), CONICET — FEI — Division de Endocrinologia,
Hospital de Nifios Ricardo Gutiérrez, Buenos Aires, Argentina, 2 Departamento de Biologia Celular, Histologia, Embriologia y
Genética, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina

Anti-Mdllerian hormone (AMH) is a distinctive biomarker of the immature Sertoli cell. AMH
expression, triggered by specific transcription factors upon fetal Sertoli cells differentiation
independently of gonadotropins or sex steroids, drives Mllerian duct regression in the
male, preventing the development of the uterus and Fallopian tubes. AMH continues to be
highly expressed by Sertoli until the onset of puberty, when it is downregulated to low
adult levels. FSH increases testicular AMH output by promoting immature Sertoli cell
proliferation and individual cell expression. AMH secretion also showcases a differential
regulation exerted by intratesticular levels of androgens and estrogens. In the fetus and
the newborn, Sertoli cells do not express the androgen receptor, and the high androgen
concentrations do not affect AMH expression. Conversely, estrogens can stimulate AMH
production because estrogen receptors are present in Sertoli cells and aromatase is
stimulated by FSH. During childhood, sex steroids levels are very low and do not play a
physiological role on AMH production. However, hyperestrogenic states upregulate AMH
expression. During puberty, testosterone inhibition of AMH expression overrides
stimulation by estrogens and FSH. The direct effects of sex steroids on AMH
transcription are mediated by androgen receptor and estrogen receptor o action on
AMH promoter sequences. A modest estrogen action is also mediated by the membrane
G-coupled estrogen receptor GPER. The understanding of these complex regulatory
mechanisms helps in the interpretation of serum AMH levels found in physiological or
pathological conditions, which underscores the importance of serum AMH as a biomarker
of intratesticular steroid concentrations.

Keywords: androgen insensitivity, androgen response element, estradiol, estrogen response element,
dihydrotestosterone, ketoconazole, testotoxicosis, triptorelin
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1 INTRODUCTION

Anti-Miillerian hormone (AMH) is a glycoprotein hormone (1)
that belongs to the transforming growth factor beta (TGFp)
superfamily (2). It is produced essentially by Sertoli cells of the
testis and granulosa cells of the ovary: after castration, AMH is
no longer detected in serum (3, 4). AMH is synthesized as a
homodimeric precursor consisting of two identical polypeptide
chains, with a large N-terminal pro-region of 110-kDa and a
small C-terminal mature domain of 25-kDa. AMH is subjected
to post-translational proteolytic processing (5); the resulting N-
terminal and C-terminal dimers remain associated in a non-
covalent complex that is biologically active (6, 7). The pro-region
is displaced from the non-covalent complex upon binding to an
AMH receptor homodimer (8). AMH transduces its signal
through a specific type II receptor, AMHR2, that is expressed
at the cell surface in target organs (9) and interacts with the non-
specific type I receptors ACVRI (initially called ALK2),
BMPRIA (ALK3) or BMPRIB (ALK6) (reviewed in (10). The
most widely recognized action of AMH takes place during male
fetal development, where it provokes the regression of the

Miillerian ducts -the anlagen of the Fallopian tubes, the uterus
and the upper part of the vagina (reviewed in (11).

The human AMH gene is located on chromosome 19p13.3 (12)
and consists of 5 exons spanning 2.8 kb (2). The 3’ end of the 5™ exon
encodes the biologically active C-terminal domain of the protein. In
the testis, the major transcription initiation site is located 10 bp
upstream of the ATG codon (13). Most of the best characterized
binding sites for transactivating factors with a relevant role in fetal life
lie within the proximal 500 bp (Figure 1) (reviewed in (15), but other
response elements for factors involved in AMH regulation in
postnatal life are present in the distal promoter (16). Indeed, distal
promoter sequences are necessary for the maintenance of AMH
expression in the testis during postnatal life (17). While no canonical
androgen response elements (AREs) have been described (18), a
consensus sequence for estrogen receptor binding (ERE) is present at
-1782 bp in the human AMH promoter (13, 19).

1.1 The Ontogeny of AMH Expression in
the Testis

AMH is one of the earliest cell-specific proteins produced by
Sertoli cells when the testis differentiates from the gonadal ridge

Human AMH promoter

|ERa [ERa

GATA4
GGGGTCCCC mummme GGGAGGGG— GGTCACAGGGACC—%L AGATAG s CAAGGACA = TTGACACATC e AGATAG = CCCTTTGAGAmmm CAAGGTCA= AGATAG
-228
SF1

-2218
NFxB

-1946
AP2

-1782
ERE

-418
GATA

Onset of AMH expression in the early fetal testis
GONADOTROPIN —INDEPENDENT

» AMH : one of the 2 testicular
hormones involved in
male sexual differentiation

Miillerian duct regression

WT4 GATA4

GATA4[ SOX9 SF1 GATA4 AMH
213 -178 -151 -102 -85 ? +1
APT GATA  SRY/SOX9 SF1 GATA W1

Later in fetal and postnatal life
FSH—- DEPENDENT

» AMH : marker of FSH action
on immature Sertoli cells
~ Due to: - Sertoli cell proliferation
- AMH transactivation:
SOX9 : increased expression
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& nuclear translocation
AP2: nuclear translocation

NFkB : nuclear translocation

Increased Testicular AMH output

FIGURE 1 | Onset and upregulation of AMH expression. Transcription factors SOX9, SF1, GATA4 and WT1 bind to specific response elements in the proximal
AMH promoter and trigger AMH expression in early fetal life, independently of gonadotropin or steroid action, resulting in Mullerian duct regression. From the second
trimester of gestation, FSH increases testicular AMH production by 2 different mechanisms: it promotes cell proliferation and upregulates AMH transcription via the
transduction pathway involving the heterotrimeric (o/B/y) G protein, adenylyl cyclase (AC), cyclic AMP and protein kinase A (PKA) resulting in increased expression
and nuclear translocation of transcription factors SOX9, SF1, AP2 and NFkB. Modified with permission from Grinspon and Rey (14), © 2010 S. Karger AG.
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in the XY embryo (20). AMH starts to be expressed at 12.5 days
post-coitum in the mouse (21) and from the 8™ week onwards in
the human (22). Although its role in sex differentiation of the
internal ducts takes place in the first phases of fetal development
(see below), AMH continues to be produced by Sertoli cells at
very high levels during the whole fetal life and, postnatally, until
the onset of puberty (Figure 2). During pubertal development,
Sertoli cells progressively express less AMH (25), and the
directional secretion switches from the basal to the adluminal

compartment (26). Consequently, AMH concentration in serum
is high during childhood but decreases during puberty, when it
increases in seminal plasma [reviewed in ref (27)]. The decrease
in AMH expression coincides with the establishment of the
blood-testis barrier and the onset of germ cell meiosis
(Figure 3) (28-30), which are androgen-dependent processes.
During adulthood, serum AMH is approximately ten- to
twentyfold lower as compared to the prepubertal period in
males (24), but still twofold higher than in females (31).
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FIGURE 2 | Relationship between AMH production, androgen receptor (AR) expression and androgen levels in the human testis. During the postnatal period of

activation of the hypothalamic-pituitary-testicular axis (0-6 months, first column, A=C), testosterone (T) levels are high (bottom graph, serum hormone levels); however,
Sertoli cells do not show maturational changes because they do not express the AR (upper graph, second line, immunohistochemistry). Therefore, AMH expression is
high (upper graph, third line, AMH immunohistochemistry) and germ cells do not enter meiosis (upper graph, first line, HE: hematoxylin-eosin staining). During the
“quiescent” period of the gonadal axis (childhood, second column, D-F), androgen synthesis is negligible, which explains why Sertoli cells remain immature even though
they have started to express the AR. In puberty and adulthood (third column, G-l), T increases, inducing Sertoli cell maturation, reflected in the decline of AMH expression
and the onset of adult spermatogenesis. Bottom graph shows % AR+: percentage of Sertoli cells expressing the AR. AMH (pmol/l) and T (ng/dl): schematic
representation of AMH and T serum levels from birth to adulthood in males.
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non-genomic pathway. CREB, cAMP response element binding protein; EGFR, Epidermal growth factor receptor; ERK, Extracellular signal-regulated kinase; MEK,

Mitogen-activated protein kinase; Src, Steroid receptor coactivator. Reproduced with permission from Edelsztein and Rey (18)

© 2019 The Authors.

1.2 Physiological Role of AMH in

Male Development

In mammals, the earliest stages of intrauterine development are
characterized by the existence of a sexual undifferentiated period
where no differences can be observed, except at the chromosomal
level, between XX and XY embryos. The gonadal ridges and the
precursors of the external genitalia are identical in both sexes,
and there are two sets of internal ducts: Wolffian ducts that give
rise to the male internal genitalia, and the Miillerian ducts that
differentiate into the female internal genitalia. The pioneering
work by Alfred Jost (32) demonstrated the existence of a
Mullerian inhibiting activity, specific to the fetal testis,
explaining why the female internal organs do not develop in

the male fetus. In the absence of AMH action, e.g. in individuals
with mutations of the genes coding for AMH or its specific
receptor AMHR?2, the Fallopian tubes and the uterus are present
[reviewed in ref (15)]. The absence of AMH action is also
evidenced in 46,XY disorders of sex development (DSD) due
to complete gonadal dysgenesis [reviewed in ref (33)].
Interestingly, the window of action of AMH on Miillerian
ducts is limited to the earliest stages of intrauterine life (34);
this explains why the development of internal genitalia is not
disrupted by ovarian AMH production that starts when
Miillerian ducts are already insensitive to its action (35). The
fact that AMH continues to be secreted by the testis after the
critical window of Miillerian duct regression and that it is
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produced by the ovaries at clearly detectable levels suggest that
AMH may have other physiological roles. Nonetheless,
individuals with AMH or AMHR2 null mutations resulting in
complete loss of AMH expression or action do not show other
evident phenotypes [reviewed in ref (11)].

1.3 AMH as a Biomarker in Physiological
and Pathological States

Independently of its physiological role(s), AMH is a proven
biomarker of the immature Sertoli cell population in normal and
pathological conditions [reviewed in ref (36-39)]. Serum AMH
reflects the mass of immature Sertoli cells, i.e. of functional
testicular tissue, from fetal life to adulthood. In the fetus (22),
newborn and child (40), detectable AMH in serum indicates the
existence of testes, which is particularly useful for the differential
diagnosis between bilateral cryptorchidism and anorchidism in
boys with nonpalpable gonads. In patients with DSD, serum
AMH levels are commensurate with the amount of testicular
tissue, except for those with a Persistent Miillerian duct
syndrome due to AMH mutations (41). Undetectable AMH is
indicative of no testicular development in 46,XY girls with
complete gonadal dysgenesis. Circulating levels are below the
normal male range in patients with 46,XY DSD due to partial
gonadal dysgenesis —where both Sertoli and Leydig cell
development is impaired- but normal or high in 46,XY DSD
due to isolated steroidogenic defects —where only Leydig cell
function is affected- or to androgen insensitivity or 50.-reductase
deficiency -where both Leydig and Sertoli cell development is
preserved (33). In patients with 46,XX DSD, serum AMH above
the female range indicates the existence of functional testicular
tissue suggesting the diagnosis of ovotesticular or testicular DSD,
in contrast with other forms of XX virilization, such as aromatase
deficiency, congenital adrenal hyperplasia of androgen-secreting
tumors, which present with serum AMH in the female range
(42). In normally virilized boys, low serum AMH is seen in
patients with primary (24, 43, 44) or central hypogonadism (45).
Conversely, high AMH is suggestive of Sertoli cell tumors (46),
excessive signaling downstream the FSH receptor pathway like in
McCune-Albright syndrome (47), or hyperestrogenism (19).
During pubertal development, the decline in serum AMH
levels is an early sign of Sertoli cell maturation (48), while an
excessive decrease to undetectable levels is typical of Klinefelter
syndrome (49). Conversely, the persistence of elevated AMH
levels despite an increase in testosterone production is indicative
of androgen insensitivity (50).

2 STEROID-INDEPENDENT REGULATION
OF TESTICULAR AMH EXPRESSION

2.1 AMH Expression During Early

Fetal Development

The onset of AMH expression in the fetal testis is independent of
gonadotrophin or steroid regulation (Figure 1). SOXO9,
upregulated by SRY, triggers AMH expression by binding to a
specific element on the proximal AMH promoter (51).

Subsequently SF1 (51-53), GATA4 (54) and WT1 (55)
cooperate to further upregulate AMH transcription whereas
DAXI represses the transcriptional cooperation between SF1
and GATA4 (56).

As mentioned, although its action takes place in the early
stages of fetal sex differentiation, AMH continues to be produced
by Sertoli cells throughout life (Figure 2). The proximal AMH
promoter plays a major role in the initiation of fetal expression,
when AMH induces the regression of Miillerian ducts, but it
proves insufficient to maintain AMH expression thereafter, when
sequences farthest from the transcription start site are
required (17).

2.2 AMH Regulation by FSH in Late Fetal
and Postnatal Life

From the second half of gestation, FSH increases testicular AMH
output through two different mechanisms (Figure 1): it induces
Sertoli cell proliferation and upregulates AMH expression at the
individual cell level (16, 30). The continuous effect of high FSH
levels on Sertoli cells for almost one year (the last 6 months of
fetal life plus the 3-6 months of postnatal life induces a
progressive increase in serum AMH (57), which peaks at 5-6
months of age (58). This explains why serum AMH levels are
low, in coincidence with small testicular size, in boys with
congenital central (hypogonadotrophic) hypogonadism (45, 59)
and increase after FSH treatment (60, 61). The underlying
molecular mechanisms include the classical cyclic AMP-
dependent pathway triggered by the FSH receptor coupled to
the Gos protein (16), which activates SOX9 (62) and SF1 (62)
acting on the proximal AMH promoter, but also NFkB and AP2,
which bind to response elements lying approximately 2 kb
upstream of the AMH start site (62). These molecular
mechanisms explain the elevated AMH production observed in
boys with McCune-Albright syndrome carrying a gain-of-
function somatic mutation in the GNASI gene encoding the
Gass protein (47, 63).

2.3 Lack of Androgen-Mediated

Regulation of Testicular AMH Expression
in Fetal and Early Postnatal Life

The fetal period and the stage of postnatal activation of the
hypothalamic-pituitary-testicular axis occurring during the first
3 to 6 months after birth, usually referred to as “mini-puberty”,
are characterized by the coexistence of high testosterone levels
and AMH expression in the testes (Figure 2). The continuous
exposure to high androgen levels for approximately one year
neither affects AMH expression nor induces histologic
maturational changes in Sertoli cells or spermatogenic onset.
Immunohistochemical studies have clarified why: Sertoli cells do
not express the AR and, therefore, they are physiologically
insensitive to androgens until the end of the first year of life in
humans (Figure 2). Subsequently during infancy and childhood,
AR expression increases progressively in Sertoli cells until full
expression is observed by the age of approximately 8 years (64-
66). An equivalent ontogeny can be observed in rodents (30, 67).
Interestingly, boys with high intratesticular androgen
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concentration due to precocious puberty show normal serum
AMH during the first year of life but declining levels thereafter,
when the AR starts to be expressed in Sertoli cells (68).

3 REGULATION OF TESTICULAR AMH
PRODUCTION BY ANDROGENS

3.1 Downregulation of Testicular AMH
Expression at Puberty

Testosterone is a well-known inducer of Sertoli cell maturation
during puberty (69). During childhood, the pituitary-gonadal
axis is mostly quiescent: LH levels are very low or undetectable
and typical Leydig cells are absent in the testis interstitial tissue.
Therefore, although Sertoli cells already express the androgen
receptor (AR), they are not exposed to androgens (Figure 2).
When the axis reactivates at the beginning of pubertal
development, LH induces the differentiation of Leydig cells
that start producing testosterone. Androgen concentration
increases rapidly within the testis, even though this is not
reflected in the circulating levels until more advanced pubertal
stages. Intratesticular testosterone triggers a number of
morphologic and functional changes in Sertoli cells [reviewed
in ref (18)]. One distinctive change is the decrease in AMH
production that occurs as one of the first clinical signs of pubertal
development in boys (48), as well as in numerous other
mammals (3, 25, 70, 71), in coincidence with the onset of germ
cell meiosis (50). Results obtained in experimental mouse models
support these observations (30). In the naturally occurring Tfin
mice, carrying a functionally impaired AR (30), and in mice with
an artificially mutated Ar gene (72), AMH expression does not
wain at the expected age of puberty.

3.1.1 Molecular Mechanisms

Androgen signaling in target cells typically occurs through the AR
engaging either the classical (or genomic) or the non-classical (or
non-genomic) pathways (Figure 3) (73). The classical pathway
involves the intracellular AR acting as a transcription factor. In the
inactive state, the AR is bound to cytoplasmic heat-shock proteins.
When testosterone or the more potent and non-aromatizable
androgen dihydrotestosterone (DHT) binds to the AR, a
conformational change leads to the release of the AR from the
heat-shock proteins, AR phosphorylation, homodimer formation,
nuclear translocation and interaction with androgen response
elements (ARE), specific DNA sequences in the regulatory regions
of target genes (18). Typical ARE are palindromic: in humans, the
consensus sequence is 5-AGAACAnnnTGTTCT-3’ (74). The
androgen-bound AR can also regulate target gene expression in
the absence of ARE, by interacting with trans-activating factors that
bind to their specific binding sequences (75). Androgen signaling
through the genomic pathway requires 30-45 minutes to induce
transcriptional regulation (76).

Non-classical pathways induce cellular changes more rapidly,
within seconds to minutes (Figure 3). Androgen action leads the
AR to localize near the plasma membrane, where it induces Src.
This tyrosine kinase phosphorylates the epidermal growth factor

receptor, which triggers the MAP kinase cascade ultimately
resulting in the phosphorylation of specific transcription
factors (73). Alternatively, the Zn>* transporter ZIP9 has been
proposed as a membrane AR that induces the phosphorylation of
Erk1/2 and the transcription factors CREB and ATF1 (77).
Traditionally, maturation changes induced by androgens
were believed to result from upregulation of target genes.
However, high-throughput techniques have revealed similar
amounts of up-regulated and down-regulated genes in
response to androgen action in the maturing testis (78).
However, the pathways underlying androgen-mediated
downregulation have been barely explored. Using the mouse
prepubertal Sertoli cell line SMAT1 (79), we have recently
clarified the molecular mechanisms involved in AMH
downregulation during puberty (80). The decrease in AMH
production is a direct effect of androgens on Sertoli cells, not
involving negative feedback on pituitary gonadotrophins or
down-regulation of activating transcription factors. Indeed,
FSH and testosterone have opposing effects on AMH
expression at puberty, with the inhibitory effect of androgens
largely exceeding the stimulatory effect of FSH. In SMATT1 cells,
both testosterone and the nonaromatizable androgen DHT
decrease the activity of a 3-kb human AMH promoter in the
presence, but not in the absence, of the AR (Figures 4A, B), and
this inhibition is prevented by the antiandrogen bicalutamide.
Using human AMH promoters of different lengths in luciferase
assays, we demonstrated that androgen-mediated
downregulation involved the promoter sequences lying within
the proximal 430 bp (Figure 4A). No canonical ARE can be
found in the AMH promoter, and intact SF1 response elements
are required for the negative regulation by androgens to occur
(Figure 4B). This inhibitory effect on AMH expression could be
mediated by a direct interaction between the ligand-bound AR
and the SF1 elements, i.e. blockage by competition, or
alternatively due to a protein-protein interaction between the
ligand-bound AR and promoter-bound SFI, i.e. blockage by
interaction. In any case, the AR prevents SF1 from
upregulating AMH promoter activity (Figures 4C, D).

3.1.2 Clinical Implications

Clinical studies have shown that AMH decline is not merely
associated with chronological age but rather with the maturation
status of the testes. Indeed, a decrease in serum AMH is an early
sign of an increase in intratesticular testosterone concentration
reflecting the activation of LH pulses occurring with pubertal
onset. The decrease in serum AMH occurs already in Tanner 2
stage of puberty in boys, that is earlier than the increase in serum
testosterone, taking place in Tanner 3 stage (24, 48, 81, 82).
Furthermore, AMH is low for age in boys aged 2 to 8 years with
precocious puberty, independently of gonadotrophin levels, and
recovers prepubertal levels when testosterone production is
effectively curtailed by treatment (Figures 5A, B) (48, 68).
Serum AMH can be used as a marker of effective treatment. In
fact, for Sertoli cells to resume their prepubertal status and
increase AMH production, intratesticular androgen levels
should remain continuously low for at least 6 months. If
adherence to treatment is erratic and intratesticular
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FIGURE 4 | Molecular mechanisms involved in androgen-induced downregulation of AMH expression in Sertoli cells. A and B: luciferase assays in SMAT1 Sertoli
cells transfected with a luciferase plasmid under control of the human AMH promoter (pGL2B-hAMH) of different lengths and co-transfected with an expression
plasmid of the androgen receptor (pSG5-AR) or pSG5 devoid of the AR. Cells were exposed to testosterone or DHT 107 M, or vehicle, and results were expressed
as relative luciferase units (RLU) comparing cells exposed to androgens and those exposed to vehicle (* p<0.05, ** p<0.01, ** p<0.001). A 100% level indicates the
basal AMH promoter activity. Testosterone and DHT induce an inhibition of AMH promoter activity when the AR is present but not in its absence, when 433 to 3076
bp of the promoter are present but not when the proximal 1916-bp sequences are lacking (A). The inhibition induced by androgen persists even if the binding sites
for AP1 or GATA4 are mutated, but not when SF1 sites are mutated (B). (C, D) schematic of androgen regulation of AMH expression. In fetal and postnatal periods
before the onset of puberty, the lack of androgen action allows the AMH promoter activity induced by SOX9, SF1 and GATA4, resulting in high AMH production.
During puberty and adulthood, the steroid-bound AR represses AMH promoter activity by competition or by interaction with SF1. Modified with permission from
Edelsztein et al. (80) © 2018 The Authors and Edelsztein and Rey (18) © 2019 The Authors.

testosterone concentration shows intermittent variations, serum enzyme aromatase encoded CYPI9AI. Aromatase expression is
AMH never increases to prepubertal levels (Figure 5C) (48). present in the postnatal testis (64) and is stimulated by FSH
On the other hand, testicular AMH production remains high in ~ action on Sertoli cells (87). Estrogen signaling involves 3 different
adolescents and adults with androgen insensitivity due to mutations ~ receptors. The canonical nuclear estrogen receptors o (ERct) and 3
in the AR gene (50, 83-85). The increase in AMH expression has  (ERP) act through their binding capacity on DNA sequences known
been ascribed to SOX9 upregulation in Sertoli cells (86). as estrogen response elements (ERE). ERo. and ERPB show a 97%
identity in their DNA-binding domains, while their ligand-binding

domains have an identity of 60%. Both ERs bind to estrogens with a

4 REGULATION OF TESTICULAR AMH similar affinity (88). The membrane ER, named GPR30, GPERI1 or

PRODUCTION BY ESTROGENS simply GPER, is a seven-transmembrane domain, G protein-

coupled receptor, predominantly present in the endoplasmic
Like for androgens, the testis is both a source and a target organ of ~ reticulum, that mediates rapid cellular responses involving second
estrogens, synthesized from androgens by the cytochrome P450  messengers, ion channels and kinase activities (89).
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FIGURE 5 | Serum AMH as a biomarker of intratesticular androgen
concentration in boys with central precocious puberty (A) or with gonadotropin-
independent precocious puberty (B, C). Serum AMH is low at diagnosis,
indicating the inhibitory effect of high androgen concentration reflected in high
serum testosterone levels in all cases. When testosterone production is
effectively curtailed by the adequate treatment, such as a GnRH analogue in the
patient with central precocious puberty (A) or ketoconazole in the patient with
gonadotropin-independent precocious puberty (B), Sertoli cells recover their
immature status and increase AMH production until treatment is discontinued.
Conversely, when adherence to treatment is erratic (C), intratesticular and
serum testosterone concentration does not remain at prepubertal levels and
Sertoli cells do not revert their pubertal status, which is reflected in low serum
AMH. Modified with permission from Rey et al. (48) © 1993 The Endocrine
Society.

The 3 ERs are expressed in the testis, but there are differences in
the timing and cellular types according to species (90). Sertoli cells of
the prepubertal and pubertal human testis express ERo (19) and ER3
(19, 64). In rodents, ERot expression predominates in the prepubertal
testis while ERP is more abundant in the adult (91). GPER has been
identified in Sertoli cells from the onset of puberty (92).

4.1 Upregulation of Testicular AMH
Expression in Postnatal Life

At the onset of puberty, testicular AMH expression increases
concomitantly with FSH and estradiol (E2) levels in normal boys

(93). This simultaneous elevation in the 3 hormones is also
observed in patients with androgen insensitivity, in whom the
inhibitory effect of androgens on AMH is disrupted. Patients
with androgen insensitivity show increased aromatization of
androgens to estrogens, resulting in the development of
breasts. As already discussed, AMH upregulation can be
explained by a direct action of FSH on Sertoli cell proliferation
and on AMH transcription. However, AMH is also elevated in
boys with Peutz-Jeghers syndrome (46), in whom Sertoli cell
proliferations produce high estrogen levels leading to suppressed
FSH (46). Interestingly, the human AMH promoter contains a
half ERE (Figure 1) (13), and E2 regulates AMH expression in
the ovary (94).

We have recently tested the hypothesis that E2 upregulates
AMH expression in the prepubertal and pubertal testis, using
experimental mouse models. Treatment of 4-day-old mice with
ICI 182780, an antagonist of ERo.and ER, resulted in significant
decrease in serum AMH (Figure 6A), indicating that abolishing
ER signaling results in a decreased testicular AMH production.
Nuclear ERs (91) and GPER (95) are involved in Sertoli cell
proliferation, which could in part explain the increase in AMH
output by the testes exposed to high estrogen levels.

4.1.1 Molecular Mechanisms

The existence of an ERE on the AMH promoter prompted us to
test whether estrogens could have a direct effect on AMH
expression at the individual Sertoli cell level. Luciferase assays
clearly indicated that the activity of a 3-kb human AMH
promoter was increased after exposure to E2 of SMAT1 Sertoli
cells transfected with any of the 3 ERs. However, to elicit a
significant response ERP-transfected SMATI needed to be
incubated with E2 107 M (19), a concentration 100-fold higher
than that observed in the testes of adolescents (96), while ERot-
and GPER-transfected SMAT1 cells showed a maximal response
to E2 at the physiological concentration of 10° M (19). These
observations suggest that ERo. and GPER, but not ERp, are
involved in the upregulation of AMH expression by E2.
Further support was provided by experiments showing that
PPT, a potent and selective ERol agonist, increased AMH
promoter activity while MPP, a specific ERo. antagonist,
inhibited the AMH promoter activity (Figure 6B). The effect
induced by E2 via GPER was more modest. Its specificity was
confirmed when SMAT1 cells were exposed to the potent and
selective GPER agonist G1 or to the selective GPER antagonist
G-15 (Figure 6C).

The upregulation induced by E2 in SMATT1 cells on the 3-kb
AMH promoter was also observed when a 1926-bp promoter
with an intact ERE present at position -1782 was transfected, but
no estrogenic activity was detected when using AMH promoter
constructs consisting of the proximal 433 bp or of sequences
lying between -1926 and -2590 or between -1926 and -3078,
which are devoid of the half-ERE (Figure 6D) (19). Furthermore,
the response to E2 was abolished by a mutation introduced in the
half-ERE at -1782 by site-directed mutagenesis. A direct
interaction between ERol and the half-ERE was confirmed in
electro mobility shift assays. Complex formation with ERot was
observed when ERE wild-type probes, but not with mutant ERE
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FIGURE 6 | Molecular mechanisms involved in estrogen-induced upregulation of AMH expression in Sertoli cells. (A-D) Luciferase assays in SMAT1 Sertoli cells
transfected with a luciferase plasmid under control of the human AMH promoter (pGL2B-hAMH) of different lengths and co-transfected with an expression plasmid of
the estrogen receptor alfa (ERa) or the G protein-coupled estrogen receptor (GPER) or the control plasmids devoid of the estrogen receptor sequences. Cells were
exposed to estradiol (E2), the ERo/B antagonist ICI 182780, the ERa-specific agonist PPT or antagonist MPP, or the GPER-specific agonist G1 or antagonist G15.
Results were expressed as relative luciferase units (RLU) comparing cells exposed to estrogens, agonists and/or antagonists (* p<0.05, *** p<0.001). A 100% level
indicates the basal AMH promoter activity. E2 induce an upregulation of AMH promoter activity when the ERa or the GPER s present but not in their absence (A-
C), and when the estrogen response element (ERE) at -1782 of the promoter is conserved (D). (E) Proposed model for E2 regulation of AMH expression in Sertoli
cells. E2 upregulates AMH transcription via ERo binding to the ERE. GPER also upregulates AMH expression more modestly. The increased AMH expression results
in a higher testicular AMH production. Another potential mechanism is the increase in Sertoli cell proliferation induced by membrane-bound ERa signaling through
the PIBK/Akt pathway, and/or GPER via MAPK signaling. Reproduced with permission from Valeri et al. (19)© 2020 The Authors.

probes, were used. Altogether, these results indicate that E2 at ~ serum AMH is low despite elevated circulating E2 in estrogen
physiological concentrations increases the activity of the AMH  insensitivity caused by defective ERot function (97).
promoter through ERo binding to the half-ERE site present at
position -1782 (Figure 6E). The intracellular pathway involved
in the more modest AMH promoter upregulation induced 5 CONCLUDING REMARKS
through the GPER still needs to be elucidated.

AMH production by Sertoli cells reflects the differential
4.1.2 Clinical Implications regulation exerted by intratesticular levels of androgens and
The cellular and molecular mechanisms involving ERo and,  estrogens in the prepubertal testis, with specific variations
more modestly, GPER in E2 induction of the activity of the  according to the developmental stage. In the fetus and the
AMH promoter (19) and of Sertoli cell proliferation (91) provide newborn, the high intratesticular androgen concentrations do
biological plausibility to explain the increase in serum AMH  not regulate AMH expression because the AR is not yet
levels observed in patients with androgen insensitivity (50, 84) or ~ expressed in Sertoli cells, whereas intratesticular estradiol can
with Peutz-Jeghers syndrome (46). It could also explain why  moderately increase AMH production since ERs are present in
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FIGURE 7 | Interaction between androgens, estrogens and FSH on the regulation of AMH expression in Sertoli cells. During childhood, the hypothalamic-pituitary-
gonadal axis is quiescent, and the extremely low steroid levels do not exert any physiological regulation on AMH production that is mostly hormone-independent. At
puberty, the reactivation of the GnRH neuron and the gonadotropes result in higher LH and FSH levels. LH induces testosterone secretion by testicular Leydig cells. FSH
acts on its receptor in the Sertoli cell membrane, resulting in a direct upregulation of AMH expression, through the cyclic AMP-PKA pathway involving transcription factors
SOX9, SF1, AP2 and NF«kB, and in an indirect upregulation of AMH by inducing aromatase expression. Aromatase converts androgens into estrogens, which can
upregulate AMH directly by binding to the nuclear ERa or indirectly acting through the GPER expressed in the membrane of the endoplasmic reticulum. Nonetheless, the
inhibitory effect of androgens overrides the stimulatory effect of FSH and estrogens on AMH expression, resulting in a decreased AMH secretion. In hyperestrogenic states
with abrogated androgen action, such as the androgen insensitivity syndrome, the inhibitory effect of androgens does not exist, FSH and LH increase resulting in high
testosterone that is converted to estradiol. Consequently, AMH production is substantially boosted.

Sertoli cells and aromatase activity resulting in androgen  direct effects are mediated by the classical mechanism involving
conversion to estrogens is stimulated by FSH. During  nuclear AR and ER receptor activity on target gene promoters
childhood in humans, or the quiescent period of the  and, more modestly, by estrogen action through the membrane
hypothalamic-pituitary-gonadal axis described in most = GPER (Figure 7). The comprehension of these complex
mammals, the extremely low steroid levels do not exert any  regulatory mechanisms helps in the interpretation of serum
physiological regulation on AMH production (Figure 7). = AMH levels found in physiological or pathological conditions,
However, precocious androgen synthesis results in AMH  highlighting the capacity of serum AMH as a biomarker of
downregulation since the AR is expressed in Sertoli cells from  intratesticular steroid concentrations, which are not always
the second year of life. On the contrary, testis-borne  reflected in serum levels.

hyperestrogenic states provoke an increase in AMH expression

(Figure 7). Finally, during puberty the inhibitory effect of

intratesticular testosterone levels overcome the stimulatory

effects of estrogens and FSH (Figure 7). Apart from the AUTHOR CONTRIBUTIONS

indirect regulation of testicular function that they exert

through their feedback on gonadotropins, both androgens and ~ All authors listed have made a substantial, direct and intellectual
estrogens have a direct effect on AMH gene transcription. These ~ contribution to the work, and approved it for publication.
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Anti-Millerian Hormone Signal
Transduction involved in Mullerian
Duct Regression

Richard L. Cate”

Department of Chemistry, Boston University, Boston, MA, United States

Over seventy years ago it was proposed that the fetal testis produces a hormone distinct
from testosterone that is required for complete male sexual development. At the time the
hormone had not yet been identified but was invoked by Alfred Jost to explain why the
Mudllerian duct, which develops into the female reproductive tract, regresses in the male
fetus. That hormone, anti-Mullerian hormone (AMH), and its specific receptor, AMHR2,
have now been extensively characterized and belong to the transforming growth factor-f3
families of protein ligands and receptors involved in growth and differentiation. Much is
now known about the downstream events set in motion after AMH engages AMHR2 at
the surface of specific Mllerian duct cells and initiates a cascade of molecular interactions
that ultimately terminate in the nucleus as activated transcription factors. The signals
generated by the AMH signaling pathway are then integrated with signals coming from
other pathways and culminate in a complex gene regulatory program that redirects cellular
functions and fates and leads to Mullerian duct regression.

Keywords: anti-miillerian hormone, transforming growth factor-B, bone morphogenetic protein, Miillerian duct
regression, signal transduction

INTRODUCTION

Anti-Miillerian hormone (AMH), also called Miillerian inhibiting substance (MIS), is a member of
the transforming growth factor-f (TGF-f) family expressed in Sertoli cells of the fetal and postnatal
testis and granulosa cells of the postnatal ovary and has important roles in male and female
reproductive development (1). In the male vertebrate embryo, AMH is responsible for the
regression of the Miillerian duct (MD), the anlagen of the uterus, Fallopian tubes, and upper
part of the vagina (2). Testosterone is produced later in male sexual development and is responsible
for differentiation of the epididymis, vas deferens, and seminal vesicles from the Wolffian duct.
However, sexual development of the male is not complete unless AMH causes regression of the MD.
In the adult male, AMH has a role in Sertoli and Leydig cell differentiation and function (3, 4). In
females, AMH inhibits primordial follicle recruitment and the responsiveness of growing follicles to
follicle-stimulating hormone (5). In addition, AMH has been reported to have roles within the
nervous system (6, 7) and the hypothalamic-pituitary-gonadal axis (8, 9).

Over 33 TGF- ligands have been identified. AMH is closer in lineage and function to a group of
TGF-B family members, which includes the bone morphogenetic proteins (BMPs), growth
differentiation factors (GDFs), and activins. These proteins have important roles in embryonic
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patterning and morphogenesis, as well as more specialized  and its type II receptor AMHR2 are mutually specific, as
roles within organs, such as the control of gonadal function  indicated by the identical phenotypes of Amh and Amhr2 null
and the regulation of bone and muscle mass (10). Another mice (16). However, AMH does share the type I receptors, ALK2,
branch of the family, the TGF-fs, appeared later in evolution =~ ALK3, and ALKS6, and the Smads 1, 5, and 8 with the BMP

with the vertebrates and regulate more newly acquired processes ~ pathway (17).

including injury repair, cellular proliferation, adhesion, and Regression of the MD induced by AMH in the male fetus,
immunity (11). TGF-B ligands mediate their effects by  proceeds via a paracrine mechanism, since it is the surrounding
assembling a transmembrane receptor complex of type I and  mesenchymal cells that express AMHR2 (18, 19). Thus, AMH
type II components, both of which contain intracellular serine/  signaling either activates a paracrine factor leading to apoptosis
threonine kinase domains. The close juxtaposition of the two  of the epithelium, or alternatively, represses a survival signal
receptors results in the phosphorylation and activation of the  required for epithelial cell growth (20). Breakdown of the
type I receptor kinase by the constitutively active kinase domain ~ basement membrane (21-23), proteolysis (20), epithelial cell
of the type II receptor (12-14). Once activated, the type I = migration (24), and apoptosis and epithelial to mesenchymal
receptor phosphorylates a receptor-regulated Smad (R-Smad),  cell transformation (25), have been shown to play a role in
which interacts with the Co-mediator Smad4 to form a complex.  regression. This review will cover what is now known about the
This complex then moves to the nucleus where it associates with ~ canonical AMH signaling pathway (Figure 1) and place it in
other transcription factors and binds to a Smad-binding element ~ context with other signaling pathways that are required for

(SBE) in the promoter or enhancers of target genes (15). Five =~ MD regression.

type II receptors (TGFR2, ActR2, ActR2B, BMPR2, and

AMHR?2), seven type I receptors (ALK1-7), and five R-Smads

(1-3, 5, and 8) have been identified. There are two Smad

pathways: TGF-, activins and some GDFs stimulate the THE CANONICAL AMH SIGNALING
phosphorylation of Smad2 and Smad3, whereas BMPs and PATHWAY

some GDFs stimulate the phosphorylation of Smadl, 5, and 8.

Due to the limited number of type I and II receptors, each ~ AMH

receptor interacts with multiple ligands, and many ligands =~ The human AMH gene is composed of five exons, maps to
interact with multiple receptors. Uniquely for the family, AMH  chromosome 19 p13.3 (26), and encodes a protein of 560 amino

AMH complex
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Protease N-tatminal,
prodomain
C-terminal
growth factor
l (GF)
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— —
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AMHRZ / [
____________ Inactive type I FKBP12 Active type I
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Nucleuss -~ . Smad4
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Target genes

(Jocbo000000

FIGURE 1 | The canonical AMH signaling pathway. AMH assembles a receptor signaling complex composed of type | and type Il receptors. The kinase domain of
AMHR2 is constitutively active and phosphorylates and activates the kinase domain of the type | receptor (ALK2 or 3), which phosphorylates Smad1, 5, and 8. The
phosphorylated Smads form a heterotrimer with Smad4, which translocates to the nucleus, and binds to other transcription factors (TF). The Smad/TF complex
binds to promoter or enhancer regions of target genes to regulate transcription.
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acids containing a 24 amino acid signal sequence. The bovine
testicular (27) and human recombinant (28) proteins are
synthesized as homodimeric precursors, containing an N-
terminal prodomain and a smaller C-terminal mature domain.
The C-terminal domain, herein referred to as the growth factor
(GF), contains a cysteine knot motif that is characteristic of all
TGF-B family members, and has binding sites for AMHR2 and
the type I receptor (29) (Figure 2A) (29, 30). Cleavage of the
precursor at monobasic sites between the two domains is
required for binding to AMHR2, but after cleavage the
prodomain and C-terminal homodimers remain associated in a
noncovalent complex (28). The prodomain has been shown to
play an important role in the folding of the GF and the secretion
of the AMH precursor and noncovalent complex (31).

Only ~5% of AMH secreted from bovine testis and Chinese
hamster ovary cells is cleaved at the monobasic sites, but
complete processing can be achieved in vitro with plasmin
(28). The kex2/subtilisin-like endoprotease PCSK5 may be
responsible for cleavage in vivo (32). Variations in the level of
proteolytic cleavage of AMH have been observed in body fluids
during various developmental and metabolic conditions (33, 34).
A higher level of cleavage was observed in the follicular fluid
from females with polycystic ovary syndrome (PCOS), consistent
with an autocrine role for AMH in the pathophysiology of PCOS
in the follicle (35). However, while most of the cleaved AMH in
the follicular fluid was competent for binding AMHR?2, only a
small fraction of the cleaved AMH in serum was found to be
competent (35). These results indicate that AMH can be
subjected to further structural changes after cleavage that
prevent binding to AMHR2 and render it inactive.

AMH is expressed by Sertoli cells of the testes, starting eight
weeks after fertilization in humans (36), and persisting at high
levels until puberty, when they decrease to below detection in the
adult (37). In the female, AMH is expressed in granulosa cells of
the ovary, starting 23 weeks after fertilization with the
appearance of primary follicles (38); the highest expression
levels are in secondary and small antral follicles (39). AMH
can be detected in the blood until the onset of menopause, when
levels fall below detection, concomitant with the decrease in the
number of developing follicles (40).

AMHR2

The human AMHR?2 gene is composed of 11 exons, maps to
chromosome 12ql13 (41), and encodes a 573 amino acid
membrane protein containing a signal sequence, an N-terminal
extracellular domain that binds AMH, a single transmembrane
domain, and an intracellular domain with serine/threonine
kinase activity. AMHR2 uses its transmembrane domain for
insertion and orientation in the membrane, because its signal
sequence is not functional (42). The extracellular domain
(Figure 2B) has the structure of a three-finger toxin found in
other TGF-B type II receptors (29), and four similar disulfide
bridges. The intracellular domain has the structure of a two-
domain kinase, as deduced from a molecular model (42). During
biosynthesis of AMHR2, aberrant cleavage of the extracellular
domain and the formation of promiscuous disulfide bonds can
occur, leading to intracellular retention (43). In the absence of
ligand, AMHR?2 undergoes a high level of non-covalent homo-
oligomerization at the plasma membrane (43), even higher than
the levels observed for TGFR2 and BMPR2 (44).
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FIGURE 2 | Structures of the AMH GF (A), AMHR2 ECD (B), and the AMH GF bound to AMHR2 ECDs (C). The binding sites of the type | receptor and AMHR2 on
the AMH GF are indicated and some of the residues on the AMHR2 ECD that contact the AMH GF are shown as sticks. All structures were generated from PDB

7L0J (29). GF, growth factor; ECD, extracellular domain.
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AMHR?2 is expressed in the MDs of both sexes by
mesenchymal cells surrounding the epithelium (18, 19)
according to a cranio-caudal gradient (25), and disappears in
the male after MD regression. AMHR?2 is also expressed in the
male and female gonads. In the testis, it is expressed from fetal
life to puberty, whereas in the ovary, AMHR?2 is expressed from
fetal life to adulthood by granulosa cells of preantral and antral
follicles (45). In humans, mutations in the genes coding for AMH
or AMHR?2 cause persistent Miillerian duct syndrome (PMDS),
in which normal 46,XY males retain a uterus and fallopian tubes
(46, 47). Many of these mutations lead to unstable and/or
truncated proteins. Recently, loss of function heterozygous
mutations in AMH and AMHR2 were identified in a small
subset of patients with congenital hypogonadotropic
hypogonadism (48). Mutations in AMH and AMHR2 produce
a spectrum of phenotypes in a variety of vertebrate species (49).

Binding of the noncovalent AMH complex
to AMHR2

An early question that arose prior to the identification of
AMHR?2, was whether the prodomain of AMH would prevent
binding of the AMH GF to its receptor. Whereas the noncovalent
complexes of some TGF-f ligands are latent and cannot bind
their receptors, the noncovalent complexes of other ligands are
biologically active, indicating that they can bind their receptors.
Crystal structures of noncovalent complexes of TGF-f ligands

Torsional force

TGF-B1 GF

(50-53) have provided insight into the way that prodomains
interact with their GFs, revealing that the latency lasso, 02-helix,
and P1-strand of the prodomain form proximal associations with
the type II receptor binding site on the GF, while the ot1- or 0.5-
helix forms a proximal association with the type I receptor
binding site (14). Still, it has not been determined whether
these associations block access to receptors. The GFs of latent
complexes are bound to their prodomains in a more confined
state and either torsional force (TGF-B1 (50);) or proteolysis
(GDEF-8 (53);) is required for the GF to be released from their
prodomains and allow receptor interactions. In contrast, non-
latent complexes can bind their receptors while the prodomain is
still bound to the GF. For example, the BMP-9 complex can bind
to the type I receptor ALK1 (54) even though the 05-helix of the
prodomain is associated with the type I receptor binding site in
the noncovalent complex (51). The differences in how the latent
TGF-B1 and non-latent BMP-9 complexes access their receptors
are illuminated in Figure 3. The regions in the AMH prodomain
that correspond to the B1-strand and 0.2-helix elements in TGF-
B1 and BMP-9 are not well conserved (51), so structural
verification will be required to determine whether the AMH
prodomain contains these elements and if so, whether they
interact with the type II receptor binding site on the AMH GF.

The AMH noncovalent complex is biologically active (28, 55)
and can bind to AMHR?2 (56). However, when the AMHR2 is on
a surface (as a fusion protein with IgG) or on the surface of cells,
the prodomain is displaced after binding to AMHR2 (56). The
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FIGURE 3 | Summary of how various TGF-B family ligands access their receptors. The latent TGF-B1 complex requires torsional force to liberate its GF and allow
access to receptors. The non-latent BMP-9 complex can bind to its type | receptor, ALK1, without inducing prodomain displacement, while the AMH complex can
bind to AMHRZ in solution without inducing prodomain displacement. Prodomains are shown in green, GFs in red, type | receptor ECDs in yellow, and type II
receptor ECDs in cyan. The PDB file names are shown beneath each structure. The a1-, 02-, and o5-helices and latency lasso (LL) in the prodomains are labeled;
these elements are located in close proximity to receptor binding sites on the GFs.
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prodomain of the BMP-7 complex has been shown to be
displaced by the type II receptor BMPR2 (57), while the
prodomain of the BMP-9 complex has been shown to be
displaced by the type I receptor ALK1 (54, 58). When ELISA
assays were used to measure the dependence of prodomain
displacement on AMH concentration, it was found that
prodomain displacement only occurred at low concentrations
of the AMH complex, indicating the AMH complex can bind to
surface captured AMHR?2 in two different states, with one being
susceptible to dissociation (59). Subsequently it was shown that
when the AMH complex is bivalently bound by two AMHR2
molecules, the dissociation constant for the AMH complex is
increased by 1000-fold, compared to the unbound state.
Monovalent binding to one AMHR2 molecule had a minimal
effect on the dissociation constant, indicating that the receptor
binding site in the AMH complex is fully accessible to AMHR2.
Furthermore, displacement did not occur when the AMHR2 was
in solution, indicating that displacement of the prodomain is
caused by a conformational change in the growth factor induced
by bivalent binding to AMHR2 on a surface (59). These results
are summarized in Figure 4. In Figure 3, the non-latent
complexes of BMP-9 and AMH are compared.

Interactions of the AMH GF with AMHR2

Due to the limited number of type II receptors, many TGF-f
receptors bind multiple ligands. In contrast, AMH and AMHR2
have a monogamous relationship (16, 41). The crystal structure of
AMH bound to AMHR2 has provided insights into the reasons for
this specificity (29) (Figure 2C). The binding sites for AMHR2 on
the GF are shown in Figure 2A; some of the residues in contact with
the GF on AMHR2 are shown in Figure 2B. For a detailed

description of the interactions between AMH and AMHR2,
readers are referred to the chapter in this edition by Thomas B.
Thompson and co-authors. Previous mutational studies have also
provided insight into how AMH interacts with AMHR2 (31, 42, 60).
Of note, the Q496H mutation in the pre-helix loop of the GF may
disrupt binding of the type I receptor (31).

Binding of Type | receptors to the AMH/
AMHR2 complex
After the AMH complex binds bivalently to AMHR2, the GF
undergoes a conformational change which leads to the
displacement of the prodomain as described above.
Presumably, it is at this stage that the low affinity type I
receptors are recruited. Several observations support this
notion. It has been proposed that binding of activin by two
ActR2 chains immobilize it in a type I receptor binding-
competent orientation (61, 62). BMP-7 requires a cooperative
interaction with ActR2 to bind ALK2, which does not rely on
receptor-receptor contacts (63). Furthermore, it has been shown
that the BMP-2 homodimer (64) and a BMP-2/6 heterodimer
(65) must have two functional type II binding sites to activate
their receptors and stimulate downstream signaling on cells.
Together, these observations suggest that the conformational
change induced in the AMH GF upon bivalent binding to
AMHR? is required for the recruitment of the type I receptor.
However, without further experimentation, it cannot be ruled
out that recruitment of the type I receptor also involves a
cooperative interaction with AMHR?2, perhaps mediated by
their cytoplasmic domains.

To date, there have been few reports in the literature of direct
binding of any type I receptor to the AMH/AMHR2 complex. In
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FIGURE 4 | A bivalent interaction of AMHR2 with the AMH noncovalent complex leads to a conformational change in the GF and displacement of the prodomain.
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one study, co-immunoprecipitation assays indicated that ALK-6
was the only type I receptor that could interact with AMHR2 in
cells in a ligand dependent manner (66), although subsequent
analyses suggested that ALK-6 acts as a negative regulator of
intracellular signaling (67). Evidence supporting ALK2 as a type I
receptor has come from experiments which measure
downstream signaling in cells facilitated by different type I
receptors. Assays using a luciferase reporter indicated that
ALK2, but not ALK3 could enhance the AMH signaling
response (68), while dominant negative variants of ALK2 could
attenuate the AMH induced activation of a reporter gene (68,
69). In a Sertoli cell line, AMH signaling was attenuated by a
dominant negative variant of ALK3 and by small interfering
RNAs (67). ALK2 could compensate for the absence of ALK3
and act in synergy with ALK3 at high concentrations of AMH. It
has been reported that in certain cases, ALK2 and ALK3 can bind
to the same BMP-2 or BMP-6 homodimer (70). A ligand
independent association of ALK2 with AMHR2 was observed
in COS cells transfected with the two receptors (71).

Targeted gene disruption experiments in mice have provided
the most compelling evidence for the involvement of ALK2 and
ALK3 in the regression of the MD mediated by AMH. Because

mice with mutations in Alk2 and Alk3 are not viable, conditional
knockouts were generated using the cre/loxP system. A Cre
recombinase expression cassette was targeted into the Amhr2
locus in order to drive expression of the Cre recombinase in the
mesenchymal cells of the MD (72). The Amhr2-cre mice were
then crossed with mice carrying conditional null alleles of Alk2
or Alk3 (i.e. LoxP sites were inserted on both sides of the genes
making them susceptible to removal by the Cre recombinase in
the cells where it is expressed). Conditional inactivation of Alk3
was found to block MD regression in ~55% of the males (73),
whereas conditional inactivation of Alk2 did not block MD
regression in any of the males. When both Alk2 and Alk3 were
conditionally inactivated, MD regression was blocked in 100% of
the males. These results indicated that Alk3 is the primary type I
receptor for AMH induced MD regression, but Alk2 in the
absence of Alk3 can transduce the AMH signal (73). Mice with
mutations in Alk6 are viable and males do not have retained
MDs, indicating that Alk6 is not essential for AMH induced
regression of the MD (69, 74).

The overall structures of the type I and II receptors are
depicted in the schematic diagram shown in Figure 5A. All
type I and II receptors share sequence and structural homology
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FIGURE 5 | Organization and structures of the type | and type Il receptors. (A) A schematic diagram showing the organization of the type | and Il receptors. The
type | receptor contains a GS motif that is phosphorylated by the type Il receptor on serine residues, leading to its activation. The amino acid sequence of the GS
loop containing the serine residues that are phosphorylated is shown above the GS motif. The numbering corresponds to amino acid residues in UniProtkKB
accession numbers Q04771 (human ALK2) and Q13705 (human ActR2B). ECD: extracellular domain; TM: transmembrane. (B, C) Structures of the ALK3 ECD in
solution (B) and bound to the BMP-2 ECD (C). The dashed red oval shows that the alpha helix in ALK3 involved in binding BMP-2 is not present in the unbound
state. (D, E) Structures of an inactive type | receptor kinase domain (ALK2) (D) and an active type Il receptor kinase domain (ActR2B) (E). The GS motif in ALK2 is
indicated by the red dashed oval; it interacts with FKBP12 as shown. The GS motif is composed of two alpha helices connected by a loop (yellow) which contain the
serine residues that are phosphorylated by the type Il receptor. ALK2 contains a salt bridge between residue R375 and residues D336 and D354. Both aspartate
residues are required in all kinases for Mg-ATP binding and catalysis. PDB files used to generate the structures are indicated.
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in both their ECD and kinase domains, indicating that they arose
from a common ancestor (14). Figure 3 shows how type I
receptors bind to the TGF-Bland BMP-9 GFs and reveals that
their binding modes are somewhat different. In the case of TGF-
B1, the type I and II receptor ECDs make contact (75), while in
the case of BMP-9, they do not (76). Following TGFR2 binding
to TGF-3 or TGF-BI, the type I receptor binds tightly to the
TGF-B/TGFR2 composite surface (75, 77). This may explain why
with the TGF-Ps, one pair of bound type I and II receptors can
signal independent of the other pair (78), while in the case of
BMPs, two type II receptors are required for signaling (64, 65).
Thus, the TGF-Bs use a cooperative model for assembling the
signaling complex, whereas several BMPs, activin, and AMH
appear to follow an allosteric model, in which bivalent binding to
the type II receptor results in a conformational change in the GF
and the exposure of the binding site for the type I receptor. In the
latter case, cooperative effects could also be involved in the
recruitment of the type I receptor.

The ALK3 ECD undergoes a conformational change after
binding to ligand. The structures of ALK3 ECD unbound (79)
and bound to BMP-2 (80) are shown in Figures 5B, C,
respectively, revealing that the o-helix in ALK3 is not present
in the unbound state. This o-helix makes important contacts
with the ligand, indicating that ALK3 uses an induced fit
mechanism to adapt to the binding interface in BMP-2. The
flexibility of ALK3 may explain how it can bind to so many
different ligands including AMH.

Activation of Type | receptors

The structures of the kinase domains of the type I receptor ALK2
(81) and the type II receptor ActR2B (82) are shown in
Figures 5D, E. The structures look similar, with both kinases
containing an N-lobe, consisting mostly of a five stranded -
sheet, and a C-lobe that is mostly o-helical. However, the ALK2
kinase is in an inactive conformation, whereas the ActR2B kinase
is in an active conformation. One major difference is the presence
of the GS motif in the type I receptor located just inside the
membrane (Figure 5A). The GS motif is indicated by the red
dashed circle on the ALK2 structure in Figure 5D and is
composed of two o-helices connected by a loop (colored in
yellow). This loop contains several serine residues which are
phosphorylated by the type II receptor kinase resulting in its
activation. One of the o-helices in the GS motif interacts with the
inhibitory protein FKBP12, which has been shown to bind to and
stabilize the inactive conformations of several type I receptors
(83, 84). In this inactive conformation of ALK2, certain elements
critical for catalytic activity are not optimally positioned (81).
The GS loop is protected from phosphorylation by residue R258
which buries the GS loop in the kinase N-lobe between the o.C
helix and 4 strand; the correct positioning of the aC helix is
critical for kinase activation. In addition, the inactive
conformation is stabilized by the formation of salt bridges
between residue R375 in the activation segment and residues
D336 (in the catalytic HRD motif) and D354 (in the DFG motif).
Both aspartate residues are required in all kinases for Mg-ATP

binding and catalysis. These salt bridges are not formed in the
active type II kinase domain of ActR2 (Figure 5E).

Bringing the inactive type I receptor close to the active type II
receptor through interactions of their ECDs with ligand, allows
phosphorylation of the serine residues in the GS loop.
Phosphorylation of the GS loop in ALKS5 results in much
higher specificity of the type I receptor kinase for the C-
terminal serine residues of Smad2 (see below) and prevents
binding to FKBP12 (85). Exactly how the type II kinase
phosphorylates the serine residues in the GS loop is not
known, since there are no structural studies to date that
provide insight into the organization of the intracellular
domains in an active receptor complex containing two type I
and two type II receptors. Recently, it has been reported that
ALK2 and BMPR2 form a heterodimeric complex via their C-
terminal lobes that is essential for ligand induced receptor
signaling (86).

Phosphorylation of Smads

All Smads share a similar structural organization with an amino-
terminal Mad-homology 1 (MH1) domain, a central proline-rich
linker, and a carboxy-terminal MH2 domain (Figure 6A) (15).
The two groups of R-Smads, Smad2 and 3 and Smadl, 5, and 8,
share 84-90% identity within the groups (Smad2 and 3 compared
or Smadl, 5, and 8 compared), and 56-60% identity between
groups (Smad2 and 3 compared to Smadl, 5, and 8). The MH1
domain contains a -hairpin structure that mediates the binding
of Smads to DNA, while the MH2 domain mediates the
association with Smad4 and subsequently with other
transcription factors after nuclear translocation. Smad
activation is dependent on the type I receptors that
phosphorylate a common Ser-X- Ser motif present at the
carboxyl terminus of the MH2 of R-Smads (13). The TGF-B
and activin-specific receptors phosphorylate Smad2 and 3,
whereas the BMP-specific receptors phosphorylate Smadl, 5,
and 8. AMH has been shown to induce phosphorylation of
Smadl, 5, and 8 in all of its target organs (66, 68, 69), as well as
induce an interaction with Smad4 and nuclear translocation (66).
The Amhr2-cre mice have also been used to conditionally
knockout the Smadl, 5, and 8 genes in the mesenchymal cells
of the MDs in mice. The results indicated that Smad5 is the
major R-Smad used in AMH-induced MD regression, but Smad]
and Smad8 are both capable of replacing Smad5 (73).

At present there are no structural studies that inform
explicitly on how the type I receptors interact with Smads.
Anchor proteins that bind to phosphatidylinositol 3-phosphate
and recruit Smads to the inner membrane and position them
adjacent to activated type I receptors have been identified for
Smad2/3 (SARA) (15) and for Smadl (endofin) (87). For ALKS5,
it has been proposed that phosphorylation of the GS loop of the
kinase domain by the type II receptor, switches the GS region
from a binding site for the inhibitory protein FKBP12 into a
recruitment site for the R-Smad substrate (85). Mutational
studies have identified four residues within the f4-B5 loop of
the type I receptor kinase domain that may determine Smad
selectivity; an exchange of these residues between BMP and TGF-
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FIGURE 6 | Organization of Smads, homotrimerization of the MH2 domain,
and binding of the MH1 domain to DNA. (A) A schematic diagram showing the
organization of Smad1 and Smad4. Both Smads contain an MH1 domain, a
central proline-rich linker, and a carboxy-terminal MH2 domain. Smad1 contains
two serine residues at the C-terminus that are phosphorylated by the type |
receptor kinase. NLS and NES motifs important in the export into and out of the
nucleus, and threonine and serine residues phosphorylated by CDK8/9 (5206
and S214) or GSK-3 (T202 and S210) in the linker of Smad1 are shown. The
numbering corresponds to amino acid residues in UniProtkB accession
numbers Q15797 (human Smad1) and Q13485 (human Smad4). (B) Structure
of the Smad1 MH2 domain homotrimer. The C-termini of subunits B and C
interact with the L3 loops in subunits A and B, respectively, indicated by the red
dashed circles. An enlargement of the interaction between the serine residues at
the C-termini of subunit C with residues in the L3 loop of subunit B is shown on
the left. The C-termini of subunit A does not interact with the L3 loop of subunit
C. (C) Structures of the Smad5 MH1 domain bound to the SBE or GC-SBE
elements in DNA. The B-hairpin responsible for DNA sequence recognition
(shown in magenta) is embedded in the major groove of DNA. PDB files used
to generate the structures are indicated.

B type I receptors results in their Smad selectivity being reversed
(13). There are some leads as to how the type I receptor and
Smad interact to allow phosphorylation, but nothing is
conclusive. Ultimately, the carboxy-terminal SxS motif of the
R-Smad must be engaged by the substrate pocket in the C-lobe of
the kinase domain for phosphorylation to occur (13).
Phosphorylation of the C-terminal serine residues induces
trimerization of the R-Smads. Biochemical analyses have
indicated that Smad2 and Smad3 exist as monomers in vivo
and form homoligomers upon phosphorylation of the SxS motif
by ALK5 (88, 89). Oligomerization was found to occur in the
absence of Smad4 and in the case of Smad2, the analysis showed
that it was most likely a homotrimer. The crystal structure of the
phosphorylated Smad2 MH2 domain revealed the formation of a
homotrimer mediated by the C-terminal phosphoserine residues

(89). Similar results were observed with Smadl. When the two
serine residues at the C-terminus of Smadl were mutated to
aspartic acid to mimic the structural and electrostatic properties
of phosphorylation, the modified Smadl protein superactivated a
Smad1l/Smad4 dependent signaling response and underwent a
monomer to trimer transition at high concentration (90). The X-
ray structure of an unphosphorylated Smadl MH2 domain
revealed that it forms an asymmetric trimer (90), shown in
Figure 6B. Two distinct structural arrangements of the C-
terminal tails are apparent: The tails of subunits B and C
interact with the L3 loops of subunits A and B, respectively,
while the tail of subunit A rotates in a different direction, leaving
the L3 loop of subunit C unoccupied. A blowup of the interaction
between the tail of subunit C and the L3 loop of subunit B is
shown on the left side of Figure 6B. The proximity of residue
$465 at the C-terminus to residues K418 and R426 in the L3 loop,
suggest that phosphorylation of S465 will generate electrostatic
interactions between the phosphoryl group and the positively
charged side chains of residues K418 and R426 that will
strengthen subunit to subunit contact. Phosphorylation of $463
also introduces favorable electrostatic and H-bond interactions
with residues in the L3 loop (90). Thus, phosphorylation of the
C-terminal serine residues is likely to promote trimerization
of Smadl.

The R-Smad homotrimers are subsequently converted to R-
Smad/Smad4 heterotrimers. The absence of an interaction
between the C-terminal tail of subunit A with the L3 loop of
subunit C (Figure 6B) suggests that the homotrimeric
interactions may be less than optimal, allowing preferential
formation of the Smadl/Smad4 heterotrimer. Structural
modeling of a 2 to 1 Smadl/Smad4 heterotrimer has indicated
that the Smad4 subunit would be favorably tilted toward the
Smadl subunit (90). Activation of Smad2 in the presence of
Smad4 prevented Smad2 homo-oligomerization, providing
biochemical evidence that Smad2 can form heterotrimers with
Smad4 (88). The crystal structures of the Smad2/Smad4 and
Smad3/Smad4 complexes are heterotrimers, comprising two
phosphorylated R-Smad subunits and one Smad4 subunit (91).

Nuclear translocation of Smads

After the formation of the R-Smad/Smad4 heterotrimer, it
translocates to the nucleus to regulate target genes. Nuclear
localization of Smads is controlled by two opposing signals:
The nuclear localization signal (NLS) and the nuclear export
signal (NES). The NLS motif is a single stretch of 5-6 positively
charged amino acids that mediates the transport of proteins into
the nucleus by docking with importin-o. and - at the
cytoplasmic side of the nuclear pore (92). The NES motif is a
short stretch of critically spaced hydrophobic residues, usually
leucines (LXXLXXLXL), that conveys the protein out of the
nucleus (93) and is mediated by exportin-1, also known as CMR1
(94). Smad1 contains an NLS motif in the MH1 domain (95) and
two NES motifs, one in the MH1 domain (96) and one in the
MH2 domain (95) (Figure 6A). Mutations in either NES motif
convert Smadl into an exclusively nuclear location. All motifs
are required for optimal transcriptional activation by Smadl,
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indicating that it is under constant nucleocytoplasmic shuttling,
and that nuclear accumulation is the result of a change in the
balance of NLS and NES opposing signals (95). At one point it
was thought that Smad4 did not have an NLS motif and was
brought into the nucleus through its interaction with the R-
Smads. However, Smad4 was shown to contain an NLS motif at a
similar location as Smadl, that requires additional basic residues
on the C-terminal side up to 86 amino acids away to confer
nuclear localization (97). Smad4 contains an NES signal which
overlaps with the NES2 motif in Smad 1, that is required for
optimal transcriptional activation and is inactivated by TGF-
induced hetero-oligomerization with R-Smads (98).
Conformational changes within MH1 and MH2 domains and
associations between domains can either expose or mask the
motifs and affect their functionality.

R-Smad-Smad4 complexes in the nucleus are further
phosphorylated in the linker region by other kinases that induce
interaction with additional transcription factors and subsequently
with ubiquitin ligases (99) (Figure 6A). Phosphorylation of Smad1
by CDKS8/9 at positions S206 and S214 creates docking sites for
YAP, another transcriptional effector required for certain BMP
actions (100). Phosphorylation at the CDK8/9 sites also trigger the
subsequent phosphorylation at T202 and S210 by GSK-3, which
regulates the duration of the activated pSmad1 signal by switching
the docking site preference from YAP to the ubiquitin ligase
Smurfl, resulting in its degradation (101). Thus, nuclear CDK8/9
participates in a cycle of Smad activation and disposal that is
critical for optimal BMP signaling (100).

Binding of Smads to DNA

After translocation to the nucleus, the phosphorylated
heterotrimeric Smad complexes are selectively recruited to
target genes. The MH1 domains of Smad2/3-Smad4 complexes
mostly bind to the GTCTAGAC site (referred to as the Smad
binding element, SBE) (102). In contrast, the best-defined
Smad1/5-binding site is GGCGCC (referred to as the GC-SBE)
(103) and is present in the enhancers of BMP-responsive genes,
such as the ID and VENTX genes (104-106). Crystal structures
have been solved for the MH1 domains of Smadl (107), Smad3
(102), and Smad4 (108) bound to the SBE site. Two MHI1
domains are bound to the motif, with each MH1 domain
binding on opposite sides of the DNA to a half site of the SBE
(GTCT) (102). In all three MH1 domains, an 11-residue [3-
hairpin, responsible for DNA sequence recognition, is embedded
in the major groove of DNA (99), and the amino acids that make
contacts with the bases in the DNA are conserved. The structures
of the Smad5 MH1 domain bound to the SBE and the GC-SBE
have also been determined (109) (shown in Figure 6C). The
Smad5 MH1 domain contacts the SBE and the GC-SBE with the
same [B-hairpin (shown in magenta) and the same conserved
amino acids. However, due to the shorter GC-SBE motif, the two
MH1 domains are closer together than on the SBE motif. In
addition, binding of the Smad5 MH1 domain induces different
DNA conformations in the SBE and GC-SBE sequences (109).
The affinity of Smads for DNA is weak (K4 = 0.1 uM) (102),
which may explain why multiple SBEs are needed to get
transcriptional activation in cell culture. Although some MHI1

domains do not show cooperative binding to palindromic SBEs,
full length Smads would be expected to behave differently. As
described above, MH2 domains undergo heterotrimerization, so
MH1 domains as part of a trimeric Smad complex should be
capable of binding with higher affinities than single MH1
domains to the SBE or GC-SBE sites, especially if multiple sites
are present in the promoter or enhancer (110). Higher-affinity
interactions should also be promoted by the recruitment of
additional transcription factors that bind to the MH2 domains
and bind to different DNA sequences. The initiation of Smad
dependent gene transcription involves the assembly of a
preinitiation complex containing general transcription factors
and RNA polymerase II, and its correct positioning at the
transcription start site of a target gene. This complex is then
regulated by Smads and their associated transcription factors
bound at proximal promoter regions or at more distal enhancers
(103). The cooperating transcription factors can be either
activators or repressors. An important transcription factor that
interacts with Smad1/5 is RUNX2, which mediate the activation
of genes involved in osteoblast formation, such as osteocalcin,
osteopontin, collagen alpha-1(X) chain, and Smad6 (103).
Smadl has also been shown to interact with HoxC8, Nkx3-2,
YY1, and GATA factors 4, 5, and 6 (110), as well the myeloid
lineage regulator CEBPA and the erythroid regulators GATA
factors 1 and 2 (111). Recently a crystal structure of the Smad2
MH2 homotrimer in complex with a domain of the
transcriptional activator CBP was reported, showing that CBP
forms an amphiphilic helix on the hydrophobic surface of
Smad2 (112).

NETWORK OF SIGNALING PATHWAYS
INVOLVED IN MULLERIAN
DUCT REGRESSION

The signaling pathways that have been implicated in MD
regression are depicted in the schematic diagram shown in
Figure 7. Below, each of these pathways are discussed (going
from left to right) with a goal of showing how they are integrated
to induce regression. Much of this is based on the work of
Richard R. Behringer and his colleagues at the University of
Texas (113).

The Wnt7A pathway is necessary for
expression of AMHR2

Wnt7a is expressed in the MD epithelium and is required for MD
regression during male sexual differentiation. Male mice lacking
Wnt7a have retained MDs due to the absence of AMHR2 (114).
Wnt7a belongs to the Wnt family of ligands which play an
important role in the development and differentiation of many
cell types during development and adult homeostasis. In the
canonical Wnt pathway, Wnts signal by binding to seven-pass
transmembrane receptors, Frizzled (Fz), which results in the
inhibition of the serine/threonine kinase, GSK-3, mediated by
Disheveled (Dvl). This leads to the accumulation B-catenin and
translocation to the nucleus where it associates with TCF/LEF
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FIGURE 7 | The network of signaling pathways required for MD regression. The AMH canonical signaling pathway is shown in relation to the upstream and
downstream Wnt canonical pathways that are required for MD regression. The canonical Wnt pathway on the right of the diagram shows how catenin is degraded in
the absence of a Wnt signal. In the absence of Wnt signaling, TCF factors associate with Groucho family proteins to repress transcription (not shown). When Wnt
binds to its receptors (Fz and LRP5/6), Disheveled (Dvl) is recruited and activated, resulting in the inhibition of the serine/threonine kinase, GSK-3, and leading to the
accumulation of B-catenin and its translocation to the nucleus. In the nucleus, B-catenin displaces Groucho to bind TCF/LEF and activate transcription. Genes or
proteins that affect MD regression as null mutations or conditional knockouts are indicated with red solid or dashed ovals, respectively. Genes that do not affect MD
regression as null mutations or conditional knockouts are indicated with red solid or dashed rectangles, respectively. B-catenin is not circled in the Wnt7a pathway
shown on the left because the conditional knockout of B-catenin did not affect expression of AMHR2. Since both Amhr2 and the Cre-recombinase (under the control
of the Amhr2 promoter) would be induced at the same time, there is almost certainly a time delay between establishment of a competent AMH signaling pathway
and the inactivation of B-catenin in the Wnt7a pathway required for the induction of AMHR2. Fz, Frizzled; LRP5/6, LDL-receptor-related protein 5/6; APC,

and activates transcription (115) (See Figure 7). Wnt signaling
can also be mediated by two other pathways: The planar cell
polarity pathway which regulates the cytoskeleton, or the
calcium pathway which regulates calcium inside the cell (115).
Wnt7a has been shown to signal through the canonical pathway
in a number of oncological models (116, 117) and in synapse
formation (118). There is evidence that Wnt7a induction of
AMHR?2 is also mediated by the canonical pathway. A luciferase
reporter gene driven by the AMHR2 promoter was activated by
B-catenin and the activation was dependent on TCF4 binding
sites in the AMHR2 promoter (119). Both Wnt7a (114) and -
catenin (120) are required for female MD differentiation
indicating that P-catenin is a downstream effector of Wnt7a
for this function.

Genes induced via the AMH canonical
pathway

Several genes have been identified that are induced via the AMH
canonical pathway. Wnt4 is expressed in a sexually dimorphic

pattern during the period of MD regression. Wnt4 starts to be
expressed at E13.5 in the MD mesenchyme of male mice, but not
female mice, and persists in males throughout the period of
regression (121). Wnt4 expression was absent in Amhr2-null
males, but present in the MD mesenchyme of females ectopically
expressing human AMH, indicating that AMH signaling is both
required and sufficient for Wnt4 expression at the onset of MD
regression (121). A conditional knockout of Wnt4 using Amhr2-
cre mice showed that MD regression occurred normally in the
absence of Wnt4, indicating that it is not required for
MD regression.

Expression of a matrix metalloproteinase, Mmp2, is highly
upregulated in the MD mesenchyme of male, but not female
mice at day E13 (20). In Amh-null males, the male-specific
activation of Mmp2 was not observed. MD regression was
partially blocked in rat urogenital organ culture by protease
inhibitors and antisense oligonucleotides to Mmp2, while
exogenous Mmp?2 triggered apoptosis in the MDs of female
urogenital ridges (20). A role for Mmp2 in regression would be
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consistent with previous studies showing a correlation between
MD regression and degradation of the extracellular matrix (21-
23). However, a knockout of Mmp2 in male mice did not affect
MD regression, indicating that it is not required for MD
regression. Humans with defects in MMP2 display a severe
impairment of bone and cartilage development, suggesting that
Mmp2 may act redundantly with other Mmp genes in the mouse.

Wnhnt inhibitory factor 1 (WIF1) is a secreted frizzled-related
protein that blocks binding of Wnts to receptors. In situ
hybridization revealed a pattern of expression of Wifl in male
mesenchyme similar to AMHR2, that was absent in urogenital
ridges from females and Amhr2-null males (122). Exposure to
exogenous AMH induced Wifl expression in the MD
mesenchyme of female urogenital ridges, while knockdown of
Wifl expression in male urogenital ridges by Wifl-specific
siRNAs resulted in MD retention, consistent with WIF1
playing a role in MD regression (122). However, a knockout of
Wifl in male mice did not affect MD regression, indicating that it
is not required for MD regression, or that there is another similar
gene that can replace its function. Two members of a different
family of Wnt inhibitors, secreted frizzled-related proteins
(SFRPs), are also expressed in a sexually dimorphic pattern
(123). SFRP2 and SFRP5 proteins are expressed in the
mesenchymal cells of the male MD, but not in mice with
Wnt7a null mutations which lack AMHR2. Mice containing
null mutations in both Sfrp2 and Sfrp5 exhibit normal
MD regression.

B-catenin is required for MD regression
With several Wnts and Wnt antagonists being induced by AMH
in the MD mesenchyme and Wnt7a having an essential role in
MD regression, the question was raised whether the Wnt
canonical pathway played an essential role in regression. An
early insight into this matter was the observation that AMH
signaling induces the accumulation of B-catenin in the cytoplasm
and the transcription factor, LEF1, in the nucleus of male MD
mesenchyme cells (25). Cytoplasmic accumulation of -catenin
was also observed in MD mesenchymal cells of female rat
urogenital ridges exposed to AMH, but not in untreated female
urogenital ridges. Subsequently, it was shown that conditional
inactivation of B-catenin in the MD mesenchyme using Amhr2-
cre mice, caused MD retention in males, indicating a
requirement of P-catenin for MD regression (121). The
accumulation of B-catenin in the cytoplasm was significantly
reduced and LEF1 upregulation was not observed in the MD
mesenchymal cells of the conditional B-catenin mutant males at
E14.5, confirming that P-catenin had been specifically
inactivated in these cells. However, at E13.5, both AMHR2 and
Whnt4 were expressed in the MD mesenchyme of the conditional
[B-catenin mutant males, indicating that AMH signaling was
activated in the MD mesenchymal cells in the absence of -
catenin function.

The perturbations observed after the conditional inactivation
of B-catenin and the finding that AMH is required for the
cytoplasmic accumulation of P-catenin in male MD
mesenchymal cells (25) indicate that there is a Wnt/B-catenin
pathway required for MD regression which is downstream of the

AMH and Wnt7a signaling pathways (121). Although Wnt4
would be a likely candidate for this Wnt/B-catenin pathway, the
conditional knockout of Wnt4 did not cause MD retention,
indicating that either more complete recombination might be
required by the Cre-recombinase, perhaps because Wnt4
encodes a secreted protein, or another Wnt mediates this Wnt/
B-catenin pathway (121). Apoptosis of MD epithelial cells
requires this downstream Wnt/B-catenin pathway. When [3-
catenin was inactivated in males, the level of cleaved caspase-3
positive in the MD epithelium was significantly reduced,
indicating that B-catenin is required in MD mesenchymal cells
to induce apoptosis in MD epithelial cells (121).

Integration of AMH, Wnt, and other
pathways

The expression of Osterix (Osx), a C2H2-type zinc transcription
factor, in male MD mesenchymal cells, is regulated by both of the
AMH and Wnt canonical pathways (124). Osx was identified
using transcriptional profiling methods and shown to have a
male specific pattern of expression in MD mesenchymal cells.
Osx expression was absent in Amhr2-null males, but present in
the MD mesenchyme of females ectopically expressing human
AMH, indicating that AMH signaling is both required and
sufficient for Osx expression at the onset of MD regression. In
mice with B-catenin conditionally inactivated, there was a
significant decrease in the level of Osx transcripts in the MD
mesenchyme, indicating that Osx is also regulated by the Wnt/[3-
catenin pathway. Furthermore, MD regression was delayed in
Osx-null male mice, demonstrating that Osx regulates MD
regression (124). In Figure 7, the activation of Osx is shown by
activated Smad and B-catenin/TCF complexes binding
individually to promoter/enhancer sequences, but it has been
shown that BMP can induce an interaction between Smad1 with
[B-catenin and TCF4 to activate the c-myc promoter (125). Also,
Smad3 (126) and Smad4 (127) have been shown to associate with
[B-catenin and TCF/LEF1 to activate the Xenopus twin promoter.
So formally, it is possible that the Smad and B-catenin/TCF
complexes associate to activate Osx transcription.

In hindsight, it is not surprising to find that Wnt and AMH
pathways are integrated to bring about regression of the MD,
since previous studies have established that Wnt and BMP
pathways interact during other biological processes. This
interaction can occur in the cytoplasm as effectors of one
pathway are modified by effectors from the other pathway, and
in the nucleus where the Smad and TCF/LEF transcription
factors converge to regulate transcription. During embryonic
patterning in Xenopus, dorsal-ventral or anterior-posterior cell
fates are controlled by gradients of BMPs or Wnts, respectively
(128); integration may occur at the level of Smadl
phosphorylation by GSK-3 (101). Both pathways participate in
the development (129) and regeneration (111) of the
hematopoietic system. Chromatin immunoprecipitation studies
have shown that Smadl and TCF7L2 occupy sites close to other
transcriptional regulators in the promoters of hematopoietic
genes (111). It is likely that other signaling pathways are
involved in MD regression. Overactivation of the hedgehog
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pathway has been shown to interfere with MD regression,
indicating that the AMH and hedgehog signaling pathways
probably intersect in places (130).

Smad independent pathways
Activated receptors of the TGF-f family also signal through non-
Smad signaling pathways. This includes the mitogen-activated
protein kinase (MAPK) pathways, which comprise the
extracellular signal-regulated kinase (ERK), c-Jun amino terminal
kinase (JNK), and p38 MAPK families. In addition, the activated
receptors can signal via IxB kinase (IKK), phosphatidylinositol-3
kinase (PI3K) and Akt, and Rho family GTPases (131, 132). The
non-Smad pathways are, in general, activated by phosphorylation of
tyrosine residues on either type I or II receptors, and the recruitment
of proteins that bind to phosphotryrosine. Tyrosine
phosphorylation can result from autophosphorylation or cross
phosphorylation of type I and II receptors, or phosphorylation by
other tyrosine kinases (131). Although the kinases of TGF-f type I
and II receptors mostly phosphorylate serine and threonine
residues, they are also capable of phosphorylating tyrosine
residues (133). At present, there are only a limited number of
reports that AMHR2 can signal via Smad independent pathways.
AMH was reported to inhibit the androgen dependent growth of a
prostate cancer line via an NFxB-dependent, but Smad-
independent mechanism (134). In another study, blocking AMH
signaling in two lung cancer cell lines resulted in lower levels of
phosphorylated (and activated) Akt; lower levels of the
phosphorylated Akt activator, PDK1, were also observed (135).
Non-Smad signaling pathways are associated with TGF-
receptors that reside in caveolar compartments of the cell
membrane (a special type of lipid raft), similar to receptor
tyrosine kinases, whereas Smad-mediated signaling pathways
are associated with TGF-B receptors that reside in clathrin-
dependent endosomal compartments (132). Localization to
caveolae can lead to restricted lateral movement and an
enrichment of receptors (136). It should also be noted that, in
addition to transcriptional regulation, R-Smads have a role in

REFERENCES

1. Rey R, Picard JY, di Clemente N, Cate RL, Josso N. Anti-Mullerian
Hormone Deficiency and Resistance. In: I Huhtaniemi, L Marini, editors.
Encyclopedia of Endocrine Diseases, 2nd ed., vol. Vol 5 . Elsevier,
Amsterdam, Netherlands: Academic Press (2018). p. 501-12.
doi: 10.1016/B978-0-12-801238-3.65223-6

2. Behringer RR, Finegold MJ, Cate RL. Mullerian-Inhibiting Substance
Function During Mammalian Sexual Development. Cell (1994) 79:415-25.
doi: 10.1016/0092-8674(94)90251-8

3. Racine C, Rey R, Forest MG, Louis F, Ferre A, Huhtaniemi I, et al. Receptors
for Anti-Mullerian Hormone on Leydig Cells are Responsible for its Effects
on Steroidogenesis and Cell Differentiation. Proc Natl Acad Sci U S A (1998)
95:594-9. doi: 10.1073/pnas.95.2.594

4. Lee MM, Seah CC, Masiakos PT, Sottas CM, Preffer FI, Donahoe PK, et al.
Mullerian-Inhibiting Substance Type II Receptor Expression and Function
in Purified Rat Leydig Cells. Endocrinology (1999) 140:2819-27. doi:
10.1210/endo0.140.6.6786

5. Durlinger AL, Visser JA, Themmen AP. Regulation of Ovarian Function:
The Role of Anti-Mullerian Hormone. Reproduction (2002) 124:601-9. doi:
10.1530/rep.0.1240601

chromatin remodeling required for transcriptional activation
and in the processing of microRNAs involved in RNA
silencing (15).

CONCLUDING REMARKS

The goal of this review article was to illuminate how AMH
interacts with its type II receptor to activate a canonical
pathway resulting in the induction of several genes and how
the AMH canonical pathway is integrated with a Wnt pathway
required for MD regression. However, details in some areas
have been limited in the interest of space and comprehension.
For more information, the reader is referred to the following
reviews (14, 99, 132, 137). One topic that was not covered is
how the AMH signals can be distinguished from BMP signals,
an issue that is receiving considerable attention. As noted in a
recent review article by Nickel and Mueller (138), “It seems
illogical that on the one hand Nature has diversified growth
factors of this family to more than 30 known members, but at
the same time restricted the signaling outcome of all ligands to
initiate intracellular signaling pathways in just two different
flavors: Smad1/5/8 or Smad2/3”. Part of the answer may lie in
understanding how differences in the binding affinities and
kinetics of specific ligand-receptor interactions affect the
assembly of receptor signaling complexes, and whether
distinct receptor signaling complexes can be assembled
because of these differences that have distinct signaling
properties (138).

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

[=)}

. Wang PY, Koishi K, McGeachie AB, Kimber M, Maclaughlin DT, Donahoe
PK, et al. Mullerian Inhibiting Substance Acts as a Motor Neuron Survival
Factor In Vitro. Proc Natl Acad Sci U S A (2005) 102:16421-5. doi: 10.1073/
pnas.0508304102
. McLennan IS, Pankhurst MW. Anti-Miillerian Hormone is a Gonadal
Cytokine With Two Circulating Forms and Cryptic Actions. ] Endocrinol
(2015) 226:R45-57. doi: 10.1530/joe-15-0206
. Cimino I, Casoni F, Liu X, Messina A, Parkash J, Jamin SP, et al. Novel Role
for Anti-Miillerian Hormone in the Regulation of GnRH Neuron
Excitability and Hormone Secretion. Nat Commun (2016) 7:10055.
doi: 10.1038/ncomms10055
. Garrel G, Racine C, LHéte D, Denoyelle C, Guigon CJ, di Clemente N, et al. Anti-
Miillerian Hormone: A New Actor of Sexual Dimorphism in Pituitary Gonadotrope
Activity Before Puberty. Sci Rep (2016) 6:23790. doi: 10.1038/srep23790
10. Chang H, Brown CW, Matzuk MM. Genetic Analysis of the Mammalian
Transforming Growth Factor-Beta Superfamily. Endocr Rev (2002) 23:787-
823. doi: 10.1210/er.2002-0003

11. Massagué J. A Very Private TGF-Beta Receptor Embrace. Mol Cell (2008)
29:149-50. doi: 10.1016/j.molcel.2008.01.006

12. ShiY, Massagué J. Mechanisms of TGF-Beta Signaling From Cell Membrane

to the Nucleus. Cell (2003) 113:685-700. doi: 10.1016/s0092-8674(03)00432-x

~

el

o

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 905324


https://doi.org/10.1016/B978-0-12-801238-3.65223-6
https://doi.org/10.1016/0092-8674(94)90251-8
https://doi.org/10.1073/pnas.95.2.594
https://doi.org/10.1210/endo.140.6.6786
https://doi.org/10.1530/rep.0.1240601
https://doi.org/10.1073/pnas.0508304102
https://doi.org/10.1073/pnas.0508304102
https://doi.org/10.1530/joe-15-0206
https://doi.org/10.1038/ncomms10055
https://doi.org/10.1038/srep23790
https://doi.org/10.1210/er.2002-0003
https://doi.org/10.1016/j.molcel.2008.01.006
https://doi.org/10.1016/s0092-8674(03)00432-x
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Cate

Anti-Mullerian Hormone Signal Transduction

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chaikuad A, Bullock AN. Structural Basis of Intracellular TGF-Beta
Signaling: Receptors and Smads. Cold Spring Harb Perspect Biol (2016)
8:1-17. doi: 10.1101/cshperspect.a022111

Hinck AP, Mueller TD, Springer TA. Structural Biology and Evolution of the
TGF-Beta Family. Cold Spring Harb Perspect Biol (2016) 8:1-51.
doi: 10.1101/cshperspect.a022103

Hata A, Chen YG. TGF-Beta Signaling From Receptors to Smads. Cold
Spring Harb Perspect Biol (2016) 8:1-31. doi: 10.1101/cshperspect.a022061

Mishina Y, Rey R, Finegold MJ, Matzuk MM, Josso N, Cate RL, et al. Genetic
Analysis of the Mullerian-Inhibiting Substance Signal Transduction
Pathway in Mammalian Sexual Differentiation. Genes Dev (1996) 10:2577—
87. doi: 10.1101/gad.10.20.2577

Josso N, di Clemente N. Transduction Pathway of Anti-Mullerian Hormone,
a Sex-Specific Member of the TGF-Beta Family. Trends Endocrinol Metab
(2003) 14:91-7. doi: 10.1016/51043-2760(03)00005-5

di Clemente N, Wilson C, Faure E, Boussin L, Carmillo P, Tizard R, et al.
Cloning, Expression, and Alternative Splicing of the Receptor for Anti-
Mullerian Hormone. Mol Endocrinol (1994) 8:1006-20. doi: 10.1210/
mend.8.8.7997230

Baarends WM, van Helmond M]J, Post M, van der Schoot PJ, Hoogerbrugge
JW, de Winter JP, et al. A Novel Member of the Transmembrane Serine/
Threonine Kinase Receptor Family is Specifically Expressed in the Gonads
and in Mesenchymal Cells Adjacent to the Mullerian Duct. Development
(1994) 120:189-97. doi: 10.1242/dev.120.1.189

Roberts LM, Visser JA, Ingraham HA. Involvement of a Matrix
Metalloproteinase in MIS-Induced Cell Death During Urogenital
Development. Development (2002) 129:1487-96. doi: 10.1242/
dev.129.6.1487

Trelstad RL, Hayashi A, Hayashi K, Donahoe PK. The Epithelial-
Mesenchymal Interface of the Male Rate Mullerian Duct: Loss of
Basement Membrane Integrity and Ductal Regression. Dev Biol (1982)
92:27-40. doi: 10.1016/0012-1606(82)90147-6

Ikawa H, Trelstad RL, Hutson JM, Manganaro TF, Donahoe PK. Changing
Patterns of Fibronectin, Laminin, Type IV Collagen, and a Basement
Membrane Proteoglycan During Rat Mullerian Duct Regression. Dev Biol
(1984) 102:260-3. doi: 10.1016/0012-1606(84)90190-8

Paranko J, Pelliniemi L], Foidart JM. Epithelio-Mesenchymal Interface and
Fibronectin in the Differentiation of the Rat Mesonephric and
Paramesonephric Ducts. Differentiation (1984) 27:196-204. doi: 10.1111/
j.1432-0436.1984.tb01429.x

Austin HB. Dil Analysis of Cell Migration During Mullerian Duct
Regression. Dev Biol (1995) 169:29-36. doi: 10.1006/dbio.1995.1123

Allard S, Adin P, Gouedard L, di Clemente N, Josso N, Orgebin-Crist MC,
et al. Molecular Mechanisms of Hormone-Mediated Mullerian Duct
Regression: Involvement of Beta-Catenin. Development (2000) 127:3349-
60. doi: 10.1242/dev.127.15.3349

Cohen-Haguenauer O, Picard JY, Mattei MG, Serero S, Nguyen VC, de Tand
MEF, et al. Mapping of the Gene for Anti-Mullerian Hormone to the Short
Arm of Human Chromosome 19. Cytogenet Cell Genet (1987) 44:2-6. doi:
10.1159/000132332

Picard JY, Josso N. Purification of Testicular Anti-Mullerian Hormone
Allowing Direct Visualization of the Pure Glycoprotein and
Determination of Yield and Purification Factor. Mol Cell Endocrinol
(1984) 34:23-9. doi: 10.1016/0303-7207(84)90155-2

Pepinsky RB, Sinclair LK, Chow EP, Mattaliano R], Manganaro TF,
Donahoe PK, et al. Proteolytic Processing of Mullerian Inhibiting
Substance Produces a Transforming Growth Factor-Beta-Like Fragment. |
Biol Chem (1988) 263:18961-4. doi: 10.1016/S0021-9258(18)37375-7

Hart KN, Stocker WA, Nagykery NG, Walton KL, Harrison CA, Donahoe
PK, et al. Structure of AMH Bound to AMHR2 Provides Insight Into a
Unique Signaling Pair in the TGF-3 Family. Proc Natl Acad Sci U S A (2021)
118:1-10. doi: 10.1073/pnas.2104809118

Cate RL, Mattaliano RJ, Hession C, Tizard R, Farber NM, Cheung A, et al.
Isolation of the Bovine and Human Genes for Mullerian Inhibiting
Substance and Expression of the Human Gene in Animal Cells. Cell
(1986) 45:685-98. doi: 10.1016/0092-8674(86)90783-X

Belville C, Van Vlijmen H, Ehrenfels C, Pepinsky B, Rezaie AR, Picard JY,
et al. Mutations of the Anti-Mullerian Hormone Gene in Patients With

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Persistent Mullerian Duct Syndrome: Biosynthesis, Secretion, and
Processing of the Abnormal Proteins and Analysis Using a Three-
Dimensional Model. Mol Endocrinol (2004) 18:708-21. doi: 10.1210/
me.2003-0358

Nachtigal MW, Ingraham HA. Bioactivation of Mullerian Inhibiting Substance
During Gonadal Development by a Kex2/Subtilisin-Like Endoprotease. Proc
Natl Acad Sci U S A (1996) 93:7711-6. doi: 10.1073/pnas.93.15.7711
Pankhurst MW, Chong YH. Variation in Circulating Antimullerian
Hormone Precursor During the Periovulatory and Acute Postovulatory
Phases of the Human Ovarian Cycle. Fertil Steril (2016) 106:1238-
1243.e1232. doi: 10.1016/j.fertnstert.2016.06.010

Peigne M, Pigny P, Pankhurst MW, Drumez E, Loyens A, Dewailly D, et al.
The Proportion of Cleaved Anti-Mullerian Hormone is Higher in Serum But
Not Follicular Fluid of Obese Women Independently of Polycystic Ovary
Syndrome. Reprod BioMed Online (2020) 41:1112-21. doi: 10.1016/
j.rbmo.2020.07.020

Pierre A, Racine C, Rey RA, Fanchin R, Taieb ], Cohen-Tannoudji J, et al.
Most Cleaved Anti-Miillerian Hormone Binds Its Receptor in Human
Follicular Fluid But Little Is Competent in Serum. ] Clin Endocrinol Metab
(2016) 101:4618-27. doi: 10.1210/jc.2016-1742

Josso N, Lamarre I, Picard JY, Berta P, Davies N, Morichon N, et al. Anti-
Mullerian Hormone in Early Human Development. Early Hum Dev (1993)
33:91-9. doi: 10.1016/0378-3782(93)90204-8

Rey R, al-Attar L, Louis F, Jaubert F, Barbet P, Nihoul-Fekete C, et al.
Testicular Dysgenesis Does Not Affect Expression of Anti-Mullerian
Hormone by Sertoli Cells in Premeiotic Seminiferous Tubules. Am |
Pathol (1996) 148:1689-98.

Kuiri-Hanninen T, Kallio S, Seuri R, Tyrvainen E, Liakka A, Tapanainen J,
et al. Postnatal Developmental Changes in the Pituitary-Ovarian Axis in
Preterm and Term Infant Girls. J Clin Endocrinol Metab (2011) 96:3432-9.
doi: 10.1210/jc.2011-1502

Rey R, Sabourin JC, Venara M, Long WQ, Jaubert F, Zeller WP, et al. Anti-
Mullerian Hormone is a Specific Marker of Sertoli- and Granulosa-Cell
Origin in Gonadal Tumors. Hum Pathol (2000) 31:1202-8. doi: 10.1053/
hupa.2000.18498

Dewailly D, Andersen CY, Balen A, Broekmans F, Dilaver N, Fanchin R, et al.
The Physiology and Clinical Utility of Anti-Mullerian Hormone in Women.
Hum Reprod Update (2014) 20:370-85. doi: 10.1093/humupd/dmt062
Imbeaud S, Faure E, Lamarre I, Mattei MG, di Clemente N, Tizard R, et al.
Insensitivity to Anti-Mullerian Hormone Due to a Mutation in the Human
Anti-Mullerian Hormone Receptor. Nat Genet (1995) 11:382-8.
doi: 10.1038/ng1295-382

Belville C, Marechal JD, Pennetier S, Carmillo P, Masgrau L, Messika-
Zeitoun L, et al. Natural Mutations of the Anti-Mullerian Hormone Type II
Receptor Found in Persistent Mullerian Duct Syndrome Affect Ligand
Binding, Signal Transduction and Cellular Transport. Hum Mol Genet
(2009) 18:3002-13. doi: 10.1093/hmg/ddp238

Hirschhorn T, di Clemente N, Amsalem AR, Pepinsky RB, Picard JY,
Smorodinsky NI, et al. Constitutive Negative Regulation in the Processing
of the Anti-Mullerian Hormone Receptor I ] Cell Sci (2015) 128:1352-64.
doi: 10.1242/jcs.160143

Ehrlich M, Gutman O, Knaus P, Henis YI. Oligomeric Interactions of TGF-
Beta and BMP Receptors. FEBS Lett (2012) 586:1885-96. doi: 10.1016/
j.febslet.2012.01.040

Baarends WM, Uilenbroek JT, Kramer P, Hoogerbrugge JW, van Leeuwen
EC, Themmen AP, et al. Anti-Mullerian Hormone and Anti-Mullerian
Hormone Type II Receptor Messenger Ribonucleic Acid Expression in Rat
Ovaries During Postnatal Development, the Estrous Cycle, and
Gonadotropin-Induced Follicle Growth. Endocrinology (1995) 136:4951—
62. doi: 10.1210/endo.136.11.7588229

Picard JY, Cate RL, Racine C, Josso N. The Persistent Mullerian Duct
Syndrome: An Update Based Upon a Personal Experience of 157 Cases. Sex
Dev genetics Mol biology evolution endocrinology embryology Pathol sex
determination differentiation. (2017) 11:109-25. doi: 10.1159/000475516
Brunello FG, Rey RA. AMH and AMHR2 Involvement in Congenital
Disorders of Sex Development. Sex Dev genetics Mol biology evolution
endocrinology embryology Pathol sex determination differentiation. (2021)
1-9. doi: 10.1159/000518273

Frontiers in Endocrinology | www.frontiersin.org

55

June 2022 | Volume 13 | Article 905324


https://doi.org/10.1101/cshperspect.a022111
https://doi.org/10.1101/cshperspect.a022103
https://doi.org/10.1101/cshperspect.a022061
https://doi.org/10.1101/gad.10.20.2577
https://doi.org/10.1016/s1043-2760(03)00005-5
https://doi.org/10.1210/mend.8.8.7997230
https://doi.org/10.1210/mend.8.8.7997230
https://doi.org/10.1242/dev.120.1.189
https://doi.org/10.1242/dev.129.6.1487
https://doi.org/10.1242/dev.129.6.1487
https://doi.org/10.1016/0012-1606(82)90147-6
https://doi.org/10.1016/0012-1606(84)90190-8
https://doi.org/10.1111/j.1432-0436.1984.tb01429.x
https://doi.org/10.1111/j.1432-0436.1984.tb01429.x
https://doi.org/10.1006/dbio.1995.1123
https://doi.org/10.1242/dev.127.15.3349
https://doi.org/10.1159/000132332
https://doi.org/10.1016/0303-7207(84)90155-2
https://doi.org/10.1016/S0021-9258(18)37375-7
https://doi.org/10.1073/pnas.2104809118
https://doi.org/10.1016/0092-8674(86)90783-X
https://doi.org/10.1210/me.2003-0358
https://doi.org/10.1210/me.2003-0358
https://doi.org/10.1073/pnas.93.15.7711
https://doi.org/10.1016/j.fertnstert.2016.06.010
https://doi.org/10.1016/j.rbmo.2020.07.020
https://doi.org/10.1016/j.rbmo.2020.07.020
https://doi.org/10.1210/jc.2016-1742
https://doi.org/10.1016/0378-3782(93)90204-8
https://doi.org/10.1210/jc.2011-1502
https://doi.org/10.1053/hupa.2000.18498
https://doi.org/10.1053/hupa.2000.18498
https://doi.org/10.1093/humupd/dmt062
https://doi.org/10.1038/ng1295-382
https://doi.org/10.1093/hmg/ddp238
https://doi.org/10.1242/jcs.160143
https://doi.org/10.1016/j.febslet.2012.01.040
https://doi.org/10.1016/j.febslet.2012.01.040
https://doi.org/10.1210/endo.136.11.7588229
https://doi.org/10.1159/000475516
https://doi.org/10.1159/000518273
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Cate

Anti-Mullerian Hormone Signal Transduction

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Malone SA, Papadakis GE, Messina A, Mimouni NEH, Trova S, Imbernon
M, et al. Defective AMH Signaling Disrupts GnRH Neuron Development
and Function and Contributes to Hypogonadotropic Hypogonadism. eLife
(2019) 8:1-36. doi: 10.7554/eLife.47198

Mullen RD, Ontiveros AE, Moses MM, Behringer RR. AMH and AMHR2
Mutations: A Spectrum of Reproductive Phenotypes Across Vertebrate
Species. Dev Biol (2019) 455:1-9. doi: 10.1016/j.ydbio.2019.07.006

Shi M, Zhu J, Wang R, Chen X, Mi L, Walz T, et al. Latent TGF-Beta Structure
and Activation. Nature (2011) 474:343-9. doi: 10.1038/nature10152

Mi LZ, Brown CT, Gao Y, Tian Y, Le VQ, Walz T, et al. Structure of Bone
Morphogenetic Protein 9 Procomplex. Proc Natl Acad Sci U S A (2015)
112:3710-5. doi: 10.1073/pnas.1501303112

Wang X, Fischer G, Hyvonen M. Structure and Activation of Pro-Activin a.
Nat Commun (2016) 7:12052. doi: 10.1038/ncomms12052

Cotton TR, Fischer G, Wang X, McCoy JC, Czepnik M, Thompson TB,
et al. Structure of the Human Myostatin Precursor and Determinants of
Growth Factor Latency. EMBO ] (2018) 37:367-83. doi: 10.15252/
embj.201797883

Salmon RM, Guo J, Wood JH, Tong Z, Beech JS, Lawera A, et al. Molecular
Basis of ALK1-Mediated Signalling by BMP9/BMP10 and Their Prodomain-
Bound Forms. Nat Commun (2020) 11:1621. doi: 10.1038/s41467-020-
15425-3

Wilson CA, di Clemente N, Ehrenfels C, Pepinsky RB, Josso N, Vigier B, et al.
Mullerian Inhibiting Substance Requires its N-Terminal Domain for
Maintenance of Biological Activity, a Novel Finding Within the Transforming
Growth Factor-Beta Superfamily. Mol Endocrinol (1993) 7:247-57. doi: 10.1210/
mend.7.2.8469238

di Clemente N, Jamin SP, Lugovskoy A, Carmillo P, Ehrenfels C, Picard JY,
et al. Processing of Anti-Mullerian Hormone Regulates Receptor Activation
by a Mechanism Distinct From TGEF-Beta. Mol Endocrinol (2010) 24:2193—
206. doi: 10.1210/me.2010-0273

Sengle G, Ono RN, Lyons KM, Bachinger HP, Sakai LY. A New Model for
Growth Factor Activation: Type II Receptors Compete With the Prodomain
for BMP-7. ] Mol Biol (2008) 381:1025-39. doi: 10.1016/j.jmb.2008.06.074

Kienast Y, Jucknischke U, Scheiblich S, Thier M, de Wouters M, Haas A,
et al. Rapid Activation of Bone Morphogenic Protein 9 by Receptor-
Mediated Displacement of Pro-Domains. ] Biol Chem (2016) 291:3395-
410. doi: 10.1074/jbc.M115.680009

Cate RL, di Clemente N, Racine C, Groome NP, Pepinsky RB, Whitty A. The
Anti-Mullerian Hormone Prodomain is Displaced From the Hormone/
Prodomain Complex Upon Bivalent Binding to the Hormone Receptor. J
Biol Chem (2022) 298:101429. doi: 10.1016/j.jbc.2021.101429

Hart KN, Pepin D, Czepnik M, Donahoe PK, Thompson TB. Mutational
Analysis of the Putative Anti-Miillerian Hormone (AMH) Binding Interface
on its Type II Receptor, Amhr2. Endocrinology (2020) 161:1-13.
doi: 10.1210/endocr/bqaa066

Greenwald ], Vega ME, Allendorph GP, Fischer WH, Vale W, Choe S. A
Flexible Activin Explains the Membrane-Dependent Cooperative Assembly
of TGF-Beta Family Receptors. Mol Cell (2004) 15:485-9. doi: 10.1016/
j.molcel.2004.07.011

Goebel EJ, Corpina RA, Hinck CS, Czepnik M, Castonguay R, Grenha R,
et al. Structural Characterization of an Activin Class Ternary Receptor
Complex Reveals a Third Paradigm for Receptor Specificity. Proc Natl Acad
Sci U S A (2019) 116:15505-13. doi: 10.1073/pnas.1906253116

Greenwald ], Groppe J, Gray P, Wiater E, Kwiatkowski W, Vale W, et al. The
BMP7/ActRII Extracellular Domain Complex Provides New Insights Into
the Cooperative Nature of Receptor Assembly. Mol Cell (2003) 11:605-17.
doi: 10.1016/s1097-2765(03)00094-7

Knaus P, Sebald W. Cooperativity of Binding Epitopes and Receptor Chains
in the BMP/TGFbeta Superfamily. Biol Chem (2001) 382:1189-95. doi:
10.1515/BC.2001.149

Isaacs MJ, Kawakami Y, Allendorph GP, Yoon BH, Izpisua Belmonte JC,
Choe S. Bone Morphogenetic Protein-2 and -6 Heterodimer Illustrates the
Nature of Ligand-Receptor Assembly. Mol Endocrinol (2010) 24:1469-77.
doi: 10.1210/me.2009-0496

Gouédard L, Chen YG, Thevenet L, Racine C, Borie S, Lamarre I, et al.
Engagement of Bone Morphogenetic Protein Type IB Receptor and Smad1

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Signaling by Anti-Mullerian Hormone and its Type II Receptor. ] Biol Chem
(2000) 275:27973-8. doi: 10.1074/jbc.M002704200

Belville C, Jamin SP, Picard JY, Josso N, di Clemente N. Role of Type I
Receptors for Anti-Mullerian Hormone in the SMAT-1 Sertoli Cell Line.
Oncogene (2005) 24:4984-92. doi: 10.1038/sj.onc.1208686

Visser JA, Olaso R, Verhoef-Post M, Kramer P, Themmen AP, Ingraham
HA. The Serine/Threonine Transmembrane Receptor ALK2 Mediates
Mullerian Inhibiting Substance Signaling. Mol Endocrinol (2001) 15:936-
45. doi: 10.1210/me.15.6.936

Clarke TR, Hoshiya Y, Yi SE, Liu X, Lyons KM, Donahoe PK. Mullerian
Inhibiting Substance Signaling Uses a Bone Morphogenetic Protein (BMP)-
Like Pathway Mediated by ALK2 and Induces SMAD6 Expression. Mol
Endocrinol (2001) 15:946-59. doi: 10.1210/me.15.6.946

Traeger L, Gallitz I, Sekhri R, Baumer N, Kuhlmann T, Kemming C, et al.
ALK3 Undergoes Ligand-Independent Homodimerization and BMP-
Induced Heterodimerization With ALK2. Free Radic Biol Med (2018)
129:127-37. doi: 10.1016/j.freeradbiomed.2018.09.021

Renlund N, O'Neill FH, Zhang L, Sidis Y, Teixeira J. Activin Receptor-Like
Kinase-2 Inhibits Activin Signaling by Blocking the Binding of Activin to its
Type II Receptor. ] Endocrinol (2007) 195:95-103. doi: 10.1677/JOE-07-0281
Jamin SP, Arango NA, Mishina Y, Hanks MC, Behringer RR. Requirement
of Bmprla for Mullerian Duct Regression During Male Sexual Development.
Nat Genet (2002) 32:408-10. doi: 10.1038/ng1003

Orvis GD, Jamin SP, Kwan KM, Mishina Y, Kaartinen VM, Huang S, et al.
Functional Redundancy of TGF-Beta Family Type I Receptors and Receptor-
Smads in Mediating Anti-Mullerian Hormone-Induced Mullerian Duct
Regression in the Mouse. Biol Reprod (2008) 78:994-1001. doi: 10.1095/
biolreprod.107.066605

Yi SE, Daluiski A, Pederson R, Rosen V, Lyons KM. The Type I BMP
Receptor BMPRIB is Required for Chondrogenesis in the Mouse Limb.
Development (2000) 127:621-30. doi: 10.1242/dev.127.3.621

Radaev S, Zou Z, Huang T, Lafer EM, Hinck AP, Sun PD. Ternary Complex
of Transforming Growth Factor-Betal Reveals Isoform-Specific Ligand
Recognition and Receptor Recruitment in the Superfamily. J Biol Chem
(2010) 285:14806-14. doi: 10.1074/jbc.M109.079921

Townson SA, Martinez-Hackert E, Greppi C, Lowden P, Sako D, Liu J, et al.
Specificity and Structure of a High Affinity Activin Receptor-Like Kinase 1
(ALK1) Signaling Complex. J Biol Chem (2012) 287:27313-25. doi: 10.1074/
jbc.M112.377960

Groppe J, Hinck CS, Samavarchi-Tehrani P, Zubieta C, Schuermann JP,
Taylor AB, et al. Cooperative Assembly of TGF-Beta Superfamily Signaling
Complexes is Mediated by Two Disparate Mechanisms and Distinct Modes
of Receptor Binding. Mol Cell (2008) 29:157-68. doi: 10.1016/
j.molcel.2007.11.039

Huang T, David L, Mendoza V, Yang Y, Villarreal M, De K, et al. TGF-Beta
Signalling is Mediated by Two Autonomously Functioning TbetaRI:
TbetaRII Pairs. EMBO J (2011) 30:1263-76. doi: 10.1038/emboj.2011.54
Klages J, Kotzsch A, Coles M, Sebald W, Nickel J, Muller T, et al. The
Solution Structure of BMPR-IA Reveals a Local Disorder-to-Order
Transition Upon BMP-2 Binding. Biochemistry (2008) 47:11930-9.
doi: 10.1021/bi801059j

Weber D, Kotzsch A, Nickel J, Harth S, Seher A, Mueller U, et al. A Silent H-
Bond can be Mutationally Activated for High-Affinity Interaction of BMP-2
and Activin Type IIB Receptor. BMC Struct Biol (2007) 7:6. doi: 10.1186/
1472-6807-7-6

Chaikuad A, Alfano I, Kerr G, Sanvitale CE, Boergermann JH, Triffitt JT,
et al. Structure of the Bone Morphogenetic Protein Receptor ALK2 and
Implications for Fibrodysplasia Ossificans Progressiva. ] Biol Chem (2012)
287:36990-8. doi: 10.1074/jbc.M112.365932

Han S, Loulakis P, Griffor M, Xie Z. Crystal Structure of Activin Receptor
Type IIB Kinase Domain From Human at 2.0 Angstrom Resolution. Protein
Sci (2007) 16:2272-7. doi: 10.1110/ps.073068407

Wang T, Donahoe PK, Zervos AS. Specific Interaction of Type I Receptors of
the TGF-Beta Family With the Immunophilin FKBP-12. Science (1994)
265:674-6. doi: 10.1126/science.7518616

Wang T, Li BY, Danielson PD, Shah PC, Rockwell S, Lechleider RJ, et al. The
Immunophilin FKBP12 Functions as a Common Inhibitor of the TGF Beta

Frontiers in Endocrinology | www.frontiersin.org

56

June 2022 | Volume 13 | Article 905324


https://doi.org/10.7554/eLife.47198
https://doi.org/10.1016/j.ydbio.2019.07.006
https://doi.org/10.1038/nature10152
https://doi.org/10.1073/pnas.1501303112
https://doi.org/10.1038/ncomms12052
https://doi.org/10.15252/embj.201797883
https://doi.org/10.15252/embj.201797883
https://doi.org/10.1038/s41467-020-15425-3
https://doi.org/10.1038/s41467-020-15425-3
https://doi.org/10.1210/mend.7.2.8469238
https://doi.org/10.1210/mend.7.2.8469238
https://doi.org/10.1210/me.2010-0273
https://doi.org/10.1016/j.jmb.2008.06.074
https://doi.org/10.1074/jbc.M115.680009
https://doi.org/10.1016/j.jbc.2021.101429
https://doi.org/10.1210/endocr/bqaa066
https://doi.org/10.1016/j.molcel.2004.07.011
https://doi.org/10.1016/j.molcel.2004.07.011
https://doi.org/10.1073/pnas.1906253116
https://doi.org/10.1016/s1097-2765(03)00094-7
https://doi.org/10.1515/BC.2001.149
https://doi.org/10.1210/me.2009-0496
https://doi.org/10.1074/jbc.M002704200
https://doi.org/10.1038/sj.onc.1208686
https://doi.org/10.1210/me.15.6.936
https://doi.org/10.1210/me.15.6.946
https://doi.org/10.1016/j.freeradbiomed.2018.09.021
https://doi.org/10.1677/JOE-07-0281
https://doi.org/10.1038/ng1003
https://doi.org/10.1095/biolreprod.107.066605
https://doi.org/10.1095/biolreprod.107.066605
https://doi.org/10.1242/dev.127.3.621
https://doi.org/10.1074/jbc.M109.079921
https://doi.org/10.1074/jbc.M112.377960
https://doi.org/10.1074/jbc.M112.377960
https://doi.org/10.1016/j.molcel.2007.11.039
https://doi.org/10.1016/j.molcel.2007.11.039
https://doi.org/10.1038/emboj.2011.54
https://doi.org/10.1021/bi801059j
https://doi.org/10.1186/1472-6807-7-6
https://doi.org/10.1186/1472-6807-7-6
https://doi.org/10.1074/jbc.M112.365932
https://doi.org/10.1110/ps.073068407
https://doi.org/10.1126/science.7518616
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Cate

Anti-Mullerian Hormone Signal Transduction

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Family Type I Receptors. Cell (1996) 86:435-44. doi: 10.1016/s0092-8674
(00)80116-6

Huse M, Muir TW, Xu L, Chen YG, Kuriyan J, Massague J. The TGF Beta
Receptor Activation Process: An Inhibitor- to Substrate-Binding Switch. Mol
Cell (2001) 8:671-82. doi: 10.1016/s1097-2765(01)00332-x

Agnew C, Ayaz P, Kashima R, Loving HS, Ghatpande P, Kung JE, et al.
Structural Basis for ALK2/BMPR2 Receptor Complex Signaling Through
Kinase Domain Oligomerization. Nat Commun (2021) 12:4950.
doi: 10.1038/s41467-021-25248-5

Shi W, Chang C, Nie S, Xie S, Wan M, Cao X. Endofin Acts as a Smad
Anchor for Receptor Activation in BMP Signaling. J Cell Sci (2007)
120:1216-24. doi: 10.1242/jcs.03400

Kawabata M, Inoue H, Hanyu A, Imamura T, Miyazono K. Smad Proteins
Exist as Monomers In Vivo and Undergo Homo- and Hetero-
Oligomerization Upon Activation by Serine/Threonine Kinase Receptors.
EMBO ] (1998) 17:4056-65. doi: 10.1093/emboj/17.14.4056

Wu JW, Hu M, Chai ], Seoane J, Huse M, Li C, et al. Crystal Structure of a
Phosphorylated Smad2. Recognition of Phosphoserine by the MH2 Domain
and Insights on Smad Function in TGF-Beta Signaling. Mol Cell (2001)
8:1277-89. doi: 10.1016/s1097-2765(01)00421-x

Qin BY, Chacko BM, Lam SS, de Caestecker MP, Correia JJ, Lin K. Structural
Basis of Smadl Activation by Receptor Kinase Phosphorylation. Mol Cell
(2001) 8:1303-12. doi: 10.1016/s1097-2765(01)00417-8

Chacko BM, Qin BY, Tiwari A, Shi G, Lam S, Hayward L], et al. Structural
Basis of Heteromeric Smad Protein Assembly in TGF-Beta Signaling. Mol
Cell (2004) 15:813-23. doi: 10.1016/j.molcel.2004.07.016

Mattaj IW, Englmeier L. Nucleocytoplasmic Transport: The Soluble Phase.
Annu Rev Biochem (1998) 67:265-306. doi: 10.1146/annurev.biochem.67.1.265
Bogerd HP, Fridell RA, Benson RE, Hua ], Cullen BR. Protein Sequence
Requirements for Function of the Human T-Cell Leukemia Virus Type 1 Rex
Nuclear Export Signal Delineated by a Novel In Vivo Randomization-Selection
Assay. Mol Cell Biol (1996) 16:4207-14. doi: 10.1128/MCB.16.8.4207

Fornerod M, Ohno M, Yoshida M, Mattaj IW. CRML is an Export Receptor
for Leucine-Rich Nuclear Export Signals. Cell (1997) 90:1051-60.
doi: 10.1016/s0092-8674(00)80371-2

Xiao Z, Watson N, Rodriguez C, Lodish HF. Nucleocytoplasmic Shuttling of
Smad1 Conferred by its Nuclear Localization and Nuclear Export Signals. |
Biol Chem (2001) 276:39404-10. doi: 10.1074/jbc.M103117200

Xiao Z, Brownawell AM, Macara IG, Lodish HF. A Novel Nuclear Export
Signal in Smadl is Essential for its Signaling Activity. J Biol Chem (2003)
278:34245-52. doi: 10.1074/jbc.M301596200

Xiao Z, Latek R, Lodish HF. An Extended Bipartite Nuclear Localization
Signal in Smad4 is Required for its Nuclear Import and Transcriptional
Activity. Oncogene (2003) 22:1057-69. doi: 10.1038/sj.onc.1206212
Watanabe M, Masuyama N, Fukuda M, Nishida E. Regulation of
Intracellular Dynamics of Smad4 by its Leucine-Rich Nuclear Export
Signal. EMBO Rep (2000) 1:176-82. doi: 10.1093/embo-reports/kvd029
Macias MJ, Martin-Malpartida P, Massague J. Structural Determinants of
Smad Function in TGF-Beta Signaling. Trends Biochem Sci (2015) 40:296—
308. doi: 10.1016/j.tibs.2015.03.012

Alarcon C, Zaromytidou Al Xi Q, Gao S, Yu J, Fujisawa S, et al. Nuclear
CDKs Drive Smad Transcriptional Activation and Turnover in BMP and
TGF-Beta Pathways. Cell (2009) 139:757-69. doi: 10.1016/j.cell.2009.09.035
Fuentealba LC, Eivers E, Ikeda A, Hurtado C, Kuroda H, Pera EM, et al.
Integrating Patterning Signals: Wnt/GSK3 Regulates the Duration of the
BMP/Smad1 Signal. Cell (2007) 131:980-93. doi: 10.1016/j.cell.2007.09.027
Shi Y, Wang YF, Jayaraman L, Yang H, Massague J, Pavletich NP. Crystal
Structure of a Smad MH1 Domain Bound to DNA: Insights on DNA Binding in
TGF-Beta Signaling. Cell (1998) 94:585-94. doi: 10.1016/50092-8674(00)81600-1
Hill CS. Transcriptional Control by the SMADs. Cold Spring Harb Perspect
Biol (2016) 8:1-17. doi: 10.1101/cshperspect.a022079

Korchynskyi O, ten Dijke P. Identification and Functional Characterization
of Distinct Critically Important Bone Morphogenetic Protein-Specific
Response Elements in the Id1 Promoter. J Biol Chem (2002) 277:4883-91.
doi: 10.1074/jbc.M111023200

Nakahiro T, Kurooka H, Mori K, Sano K, Yokota Y. Identification of BMP-
Responsive Elements in the Mouse Id2 Gene. Biochem Biophys Res Commun
(2010) 399:416-21. doi: 10.1016/j.bbrc.2010.07.090

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Morikawa M, Koinuma D, Tsutsumi S, Vasilaki E, Kanki Y, Heldin CH, et al.
ChIP-Seq Reveals Cell Type-Specific Binding Patterns of BMP-Specific
Smads and a Novel Binding Motif. Nucleic Acids Res (2011) 39:8712-27.
doi: 10.1093/nar/gkr572

BabuRajendran N, Palasingam P, Narasimhan K, Sun W, Prabhakar S, Jauch
R, et al. Structure of Smadl MHI1/DNA Complex Reveals Distinctive
Rearrangements of BMP and TGF-Beta Effectors. Nucleic Acids Res (2010)
38:3477-88. doi: 10.1093/nar/gkq046

Baburajendran N, Jauch R, Tan CY, Narasimhan K, Kolatkar PR. Structural
Basis for the Cooperative DNA Recognition by Smad4 MH1 Dimers. Nucleic
Acids Res (2011) 39:8213-22. doi: 10.1093/nar/gkr500

Chai N, Li WX, Wang ], Wang ZX, Yang SM, Wu JW. Structural Basis for the
Smad5 MH1 Domain to Recognize Different DNA Sequences. Nucleic Acids
Res (2015) 43:9051-64. doi: 10.1093/nar/gkv848

Blitz IL, Cho KW. Finding Partners: How BMPs Select Their Targets. Dev
Dyn (2009) 238:1321-31. doi: 10.1002/dvdy.21984

Trompouki E, Bowman TV, Lawton LN, Fan ZP, Wu DC, DiBiase A, et al.
Lineage Regulators Direct BMP and Wnt Pathways to Cell-Specific Programs
During Differentiation and Regeneration. Cell (2011) 147:577-89.
doi: 10.1016/j.cell.2011.09.044

Miyazono KI, Ito T, Fukatsu Y, Wada H, Kurisaki A, Tanokura M. Structural
Basis for Transcriptional Coactivator Recognition by SMAD2 in TGF-Beta
Signaling. Sci Signal (2020) 13:1-12. doi: 10.1126/scisignal.abb9043

Moses MM, Behringer RR. A Gene Regulatory Network for Miillerian Duct
Regression. Environ Epigenet (2019) 5:dvz017. doi: 10.1093/eep/dvz017
Parr BA, McMahon AP. Sexually Dimorphic Development of the
Mammalian Reproductive Tract Requires Wnt-7a. Nature (1998) 395:707-
10. doi: 10.1038/27221

Miller JR. The Wnts. Genome Biol (2001) 3:REVIEWS3001. doi: 10.1186/gb-
2001-3-1-reviews3001

King ML, Lindberg ME, Stodden GR, Okuda H, Ebers SD, Johnson A, et al.
WNT7A/beta-Catenin Signaling Induces FGF1 and Influences Sensitivity to
Niclosamide in Ovarian Cancer. Oncogene (2015) 34:3452-62. doi: 10.1038/
onc.2014.277

Huang X, Zhu H, Gao Z, Li ], Zhuang J, Dong Y, et al. Wnt7a Activates Canonical
Wnt Signaling, Promotes Bladder Cancer Cell Invasion, and is Suppressed by
miR-370-3p. ] Biol Chem (2018) 293:6693-706. doi: 10.1074/jbc.RA118.001689
Teo S, Salinas PC. Wnt-Frizzled Signaling Regulates Activity-Mediated
Synapse Formation. Front Mol Neurosci (2021) 14:683035. doi: 10.3389/
fnmol.2021.683035

Hossain A, Saunders GF. Synergistic Cooperation Between the Beta-Catenin
Signaling Pathway and Steroidogenic Factor 1 in the Activation of the
Mullerian Inhibiting Substance Type II Receptor. J Biol Chem (2003)
278:26511-6. doi: 10.1074/jbc.M300804200

Deutscher E, Hung-Chang Yao H. Essential Roles of Mesenchyme-Derived
Beta-Catenin in Mouse Mullerian Duct Morphogenesis. Dev Biol (2007)
307:227-36. doi: 10.1016/j.ydbio.2007.04.036

Kobayashi A, Stewart CA, Wang Y, Fujioka K, Thomas NC, Jamin SP, et al.
f-Catenin is Essential for Miillerian Duct Regression During Male Sexual
Differentiation. Development (2011) 138:1967-75. doi: 10.1242/
dev.056143

Park JH, Tanaka Y, Arango NA, Zhang L, Benedict LA, Roh MI, et al
Induction of WNT Inhibitory Factor 1 Expression by Mullerian Inhibiting
Substance/Antimullerian Hormone in the Mullerian Duct Mesenchyme is
Linked to Mullerian Duct Regression. Dev Biol (2014) 386:227-36.
doi: 10.1016/j.ydbio.2013.12.015

Cox S, Smith L, Bogani D, Cheeseman M, Siggers P, Greenfield A. Sexually
Dimorphic Expression of Secreted Frizzled-Related (SFRP) Genes in the
Developing Mouse Mullerian Duct. Mol Reprod Dev (2006) 73:1008-16.
doi: 10.1002/mrd.20507

Mullen RD, Wang Y, Liu B, Moore EL, Behringer RR. Osterix Functions
Downstream of Anti-Miillerian Hormone Signaling to Regulate Miillerian
Duct Regression. Proc Natl Acad Sci U S A (2018) 115:8382-7. doi: 10.1073/
pnas.1721793115

Hu MC, Rosenblum ND. Smadl, Beta-Catenin and Tcf4 Associate in a
Molecular Complex With the Myc Promoter in Dysplastic Renal Tissue and
Cooperate to Control Myc Transcription. Development (2005) 132:215-25.
doi: 10.1242/dev.01573

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 905324


https://doi.org/10.1016/s0092-8674(00)80116-6
https://doi.org/10.1016/s0092-8674(00)80116-6
https://doi.org/10.1016/s1097-2765(01)00332-x
https://doi.org/10.1038/s41467-021-25248-5
https://doi.org/10.1242/jcs.03400
https://doi.org/10.1093/emboj/17.14.4056
https://doi.org/10.1016/s1097-2765(01)00421-x
https://doi.org/10.1016/s1097-2765(01)00417-8
https://doi.org/10.1016/j.molcel.2004.07.016
https://doi.org/10.1146/annurev.biochem.67.1.265
https://doi.org/10.1128/MCB.16.8.4207
https://doi.org/10.1016/s0092-8674(00)80371-2
https://doi.org/10.1074/jbc.M103117200
https://doi.org/10.1074/jbc.M301596200
https://doi.org/10.1038/sj.onc.1206212
https://doi.org/10.1093/embo-reports/kvd029
https://doi.org/10.1016/j.tibs.2015.03.012
https://doi.org/10.1016/j.cell.2009.09.035
https://doi.org/10.1016/j.cell.2007.09.027
https://doi.org/10.1016/s0092-8674(00)81600-1
https://doi.org/10.1101/cshperspect.a022079
https://doi.org/10.1074/jbc.M111023200
https://doi.org/10.1016/j.bbrc.2010.07.090
https://doi.org/10.1093/nar/gkr572
https://doi.org/10.1093/nar/gkq046
https://doi.org/10.1093/nar/gkr500
https://doi.org/10.1093/nar/gkv848
https://doi.org/10.1002/dvdy.21984
https://doi.org/10.1016/j.cell.2011.09.044
https://doi.org/10.1126/scisignal.abb9043
https://doi.org/10.1093/eep/dvz017
https://doi.org/10.1038/27221
https://doi.org/10.1186/gb-2001-3-1-reviews3001
https://doi.org/10.1186/gb-2001-3-1-reviews3001
https://doi.org/10.1038/onc.2014.277
https://doi.org/10.1038/onc.2014.277
https://doi.org/10.1074/jbc.RA118.001689
https://doi.org/10.3389/fnmol.2021.683035
https://doi.org/10.3389/fnmol.2021.683035
https://doi.org/10.1074/jbc.M300804200
https://doi.org/10.1016/j.ydbio.2007.04.036
https://doi.org/10.1242/dev.056143
https://doi.org/10.1242/dev.056143
https://doi.org/10.1016/j.ydbio.2013.12.015
https://doi.org/10.1002/mrd.20507
https://doi.org/10.1073/pnas.1721793115
https://doi.org/10.1073/pnas.1721793115
https://doi.org/10.1242/dev.01573
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Cate

Anti-Mullerian Hormone Signal Transduction

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Labbe E, Letamendia A, Attisano L. Association of Smads With Lymphoid
Enhancer Binding Factor 1/T Cell-Specific Factor Mediates Cooperative
Signaling by the Transforming Growth Factor-Beta and Wnt Pathways. Proc
Natl Acad Sci U S A (2000) 97:8358-63. doi: 10.1073/pnas.150152697
Nishita M, Hashimoto MK, Ogata S, Laurent MN, Ueno N, Shibuya H, et al.
Interaction Between Wnt and TGF-Beta Signalling Pathways During Formation
of Spemann's Organizer. Nature (2000) 403:781-5. doi: 10.1038/35001602
Niehrs C. Regionally Specific Induction by the Spemann-Mangold
Organizer. Nat Rev Genet (2004) 5:425-34. doi: 10.1038/nrg1347

Larsson ], Karlsson S. The Role of Smad Signaling in Hematopoiesis.
Oncogene (2005) 24:5676-92. doi: 10.1038/sj.onc.1208920

Migone FF, Hung PH, Cowan RG, Selvaraj V, Suarez SS, Quirk SM.
Overactivation of Hedgehog Signaling in the Developing Mullerian Duct
Interferes With Duct Regression in Males and Causes Subfertility.
Reproduction (2017) 153:481-92. doi: 10.1530/REP-16-0562

Zhang YE. Non-Smad Signaling Pathways of the TGF-Beta Family. Cold
Spring Harb Perspect Biol (2017) 9:1-7. doi: 10.1101/cshperspect.a022129
Derynck R, Budi EH. Specificity, Versatility, and Control of TGF-Beta
Family Signaling. Sci Signal (2019) 12:1-24. doi: 10.1126/scisignal.aav5183
Lawler S, Feng XH, Chen RH, Maruoka EM, Turck CW, Griswold-Prenner I,
et al. The Type II Transforming Growth Factor-Beta Receptor
Autophosphorylates Not Only on Serine and Threonine But Also on Tyrosine
Residues. ] Biol Chem (1997) 272:14850-9. doi: 10.1074/jbc.272.23.14850

Tran TT, Segev DL, Gupta V, Kawakubo H, Yeo G, Donahoe PK, et al.
Mullerian Inhibiting Substance Regulates Androgen-Induced Gene
Expression and Growth in Prostate Cancer Cells Through a Nuclear
factor-kappaB-Dependent Smad-Independent Mechanism. Mol Endocrinol
(2006) 20:2382-91. doi: 10.1210/me.2005-0480

Beck TN, Korobeynikov VA, Kudinov AE, Georgopoulos R, Solanki NR,
Andrews-Hoke M, et al. Anti-Miillerian Hormone Signaling Regulates

Epithelial Plasticity and Chemoresistance in Lung Cancer. Cell Rep (2016)

16:657-71. doi: 10.1016/j.celrep.2016.06.043

Guzman A, Zelman-Femiak M, Boergermann JH, Paschkowsky S, Kreuzaler

PA, Fratzl P, et al. SMAD Versus non-SMAD Signaling is Determined by

Lateral Mobility of Bone Morphogenetic Protein (BMP) Receptors. ] Biol

Chem (2012) 287:39492-504. doi: 10.1074/jbc.M112.387639

Tzavlaki K, Moustakas A. TGF-Beta Signaling. Biomolecules (2020) 10:1-38.

doi: 10.3390/biom10030487

138. Nickel J, Mueller TD. Specification of BMP Signaling. Cells (2019) 8:1-29.
doi: 10.3390/cells8121579

136.

137.

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Cate. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

58

June 2022 | Volume 13 | Article 905324


https://doi.org/10.1073/pnas.150152697
https://doi.org/10.1038/35001602
https://doi.org/10.1038/nrg1347
https://doi.org/10.1038/sj.onc.1208920
https://doi.org/10.1530/REP-16-0562
https://doi.org/10.1101/cshperspect.a022129
https://doi.org/10.1126/scisignal.aav5183
https://doi.org/10.1074/jbc.272.23.14850
https://doi.org/10.1210/me.2005-0480
https://doi.org/10.1016/j.celrep.2016.06.043
https://doi.org/10.1074/jbc.M112.387639
https://doi.org/10.3390/biom10030487
https://doi.org/10.3390/cells8121579
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

:' frontiers ‘ Frontiers in Endocrinology

MINI REVIEW
published: 22 June 2022
doi: 10.3389/fendo.2022.927824

OPEN ACCESS

Edited by:

Rodolfo A Rey,

Hospital de Nifios Ricardo Gutiérrez,
Argentina

Reviewed by:
Richard Cate,
Boston University, United States

*Correspondence:
Thomas B. Thompson
Tom. Thompson@uc.edu

Specialty section:

This article was submitted to
Reproduction,

a section of the journal
Frontiers in Endocrinology

Received: 25 April 2022
Accepted: 20 May 2022
Published: 22 June 2022

Citation:

Howard JA, Hart KN and
Thompson TB (2022) Molecular
Mechanisms of AMH Signaling.
Front. Endocrinol. 13:927824.
doi: 10.3389/fendo.2022.927824

Check for
updates

Molecular Mechanisms of
AMH Signaling

James A. Howard, Kaitlin N. Hart” and Thomas B. ThompsonZ*

" Department of Pharmacology & Systems Physiology, University of Cincinnati, Cincinnati, OH, United States, 2 Department
of Molecular Genetics, Biochemistry, & Microbiology, University of Cincinnati, Cincinnati, OH, United States

Anti-Mllerian Hormone (AMH) is a secreted glycoprotein hormone with critical roles in
reproductive development and regulation. Its chemical and mechanistic similarities to
members of the Transforming Growth Factor B (TGF-B) family have led to its placement
within this signaling family. As a member of the TGF-3 family, AMH exists as a noncovalent
complex of alarge N-terminal prodomain and smaller C-terminal mature signaling domain.
To produce a signal, the mature domain will bind to the extracellular domains of two type |
and two type Il receptors which results in an intracellular SMAD signal. Interestingly, as will
be discussed in this review, AMH possesses several unique characteristics which set it
apart from other ligands within the TGF-f family. In particular, AMH has a dedicated type I
receptor, Anti-Mullerian Hormone Receptor Type Il (AMHR2), making this interaction
intriguing mechanistically as well as therapeutically. Further, the prodomain of AMH has
remained largely uncharacterized, despite being the largest prodomain within the family.
Recent advancements in the field have provided valuable insight into the molecular
mechanisms of AMH signaling, however there are still many areas of AMH signaling not
understood. Herein, we will discuss what is known about the biochemistry of AMH and
AMHR?2, focusing on recent advances in understanding the unique characteristics of AMH
signaling and the molecular mechanisms of receptor engagement.

Keywords: anti-miillerian hormone (AMH), anti-miillerian hormone receptor type Il (AMHR2), transforming growth

factor-B (TGF-B), bone morphogenetic protein (BMP), activin, persistent miillerian duct syndrome (PMDS), cell
signaling, prodomain

INTRODUCTION

Anti-Miillerian Hormone (AMH), also known as Miillerian Inhibiting Substance (MIS), was first
described by Alfred Jost in 1946 as a secreted testicular factor which drove the regression of the
Miillerian ducts in the male fetus (1). Importantly, dysregulation of this mechanism presents
clinically as Persistent Miillerian Duct Syndrome (PMDS), in which loss of function mutations in
AMH or its signaling receptor, Anti-Miillerian Hormone Receptor Type II (AMHR2), lead to
persistence of Miillerian duct derivatives — uterus, fallopian tubes, cervix, and upper vagina - in
males (2, 3). In women, AMH is a negative regulator of folliculogenesis and dysregulation of the
signaling pathway has been implicated in two leading causes of female infertility: Polycystic Ovary
Syndrome (PCOS) and Primary Ovarian Insufficiency (POI) (4). Since its initial description, more
recent characterization of this hormone has provided foundational insights into our current
understanding of the structure and function of AMH and its signaling pathway.
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Molecular Mechanisms of AMH Signaling

AMH is a glycoprotein hormone (5) which shares structural
and mechanistic homology with signaling proteins of the
Transforming Growth Factor B (TGF-B) family (6). This
family consists of over 30 secreted signaling ligands that have
essential functions for many processes regulating cell
homeostasis and human development, including reproductive
development (7). These ligands are synthesized from a precursor
consisting of a large N-terminal prodomain and smaller C-
terminal mature signaling domain (Figure 1A). Folding,
dimerization, and secretion are regulated by prodomains,
which are cleaved from the smaller signaling domain and, in
most cases, remain noncovalently associated (Figure 1B) (8).
Ligands signal by binding to the extracellular domain (ECD) of
two type I and two type II serine/threonine receptor kinases. This
complex brings the intracellular kinase domain (ICD) of the
constitutively active type II receptor in close enough proximity to
phosphorylate the GS domain of the of the type I receptor ICD,
relieving inhibition and activating Smad transcription factors (9)
(Figure 1C). Signaling within the TGF-f family is limited to
specific combinations of the seven type I receptors, Activin-like
kinases 1-7 (ALK1-7), and five type II receptors, ActRIIA,
ActRIIB, BMPR2, TPR2, and AMHR2 (7). It has been shown
that AMH will mainly signal using ALK2 (10, 11) or ALK3 (12-
14), type I receptors used by the bone morphogenetic protein
(BMP) branch of TGF-B ligands, and activation of BMP R-
Smads 1, 5, and 9 as well as activation of BMP reporter genes (15,
16). The other BMP type I receptor, ALK6, has a stimulatory or
inhibitory effect depending on the tissue type (17, 18). AMHR2 is
unique within the TGF-f family as it is the only receptor specific
for a single ligand (19). In this review, we will summarize the
current biochemical understanding of AMH as a TGF-f ligand
from secretion to signal, with a focus on recent efforts to
characterize the binding of AMH to AMHR?2 and the looming
gaps the field must overcome in order to better understand this
important biological pathway.

PROCESSING AND REGULATION OF
AMH & AMHR2

AMH was first identified as a TGF-B ligand by sequence
similarity of its C-terminal mature signaling domain with
Activins and TGF-Bs (20) and the proteolytic processing of
this domain (6). The full open reading frame of human AMH
(UniProtKB P03971-1) consists of a signal sequence (SS)
(residues 1-24), prodomain (residues 25-451), and mature
domain (residues 452-560) (Figure 1A) (6). Human AMH is
processed canonically; mammalian proprotein convertases
(PCs), such as furin, will cleave the proprotein downstream of
an a R-X-X-R motif at amino acid position 448-451 to generate
the 109 amino acid mature domain (21-24). Similar to other
family members, PC cleavage separates the N-terminal
prodomain from the C-terminal mature domain, which allows
for assembly into a noncovalent complex (Figure 1B) (6, 25-27).
Only the cleaved, processed, dimer form can properly bind its
receptors and induce downstream signaling (28), but evidence of

mixed circulating species of AMH suggests a regulatory role of
this processing (29). Both the processed and unprocessed species
are found in the serum and follicular fluid (25, 30) in varying
ratios depending on age (27), sex (27), and disease state (31, 32).
Interestingly, alternative cleavage products resulting from serine
proteinase activity within the prodomain (Figure 1A) have been
described during purification (6, 25, 33-35), however their
biological relevance remains unknown.

The processing of AMHR2 (UniProtKB Q16671-1) is less
characterized than its ligand. While there has been robust study
of type II receptor regulation within the TGF-f family via
mechanisms of internalization (36-40), homo- and heteromeric
complex formation (41-43), and glycosylation (44, 45), for
AMHR?2, the understanding of regulation is currently limited to
biosynthetic processing and surface presentation alone (46, 47).
Unlike other type II receptors, it has been suggested that functional
presentation of AMHR?2 at the membrane is negatively regulated by
cleavage or by disulfide-linked oligomerization of the extracellular
domain, leading to increased retention within the ER (46).
Additionally, those functional receptors that are presented appear
to organize in clusters of homo-oligomers, resulting in a lack of
lateral mobility (46). In mammals, receptor splice variants have been
identified that result in the deletion of either amino acids 377-471
(Amhr2A9/10) within the kinase domain, or 17-77 (Amhr2A2)
within the extracellular domain (47-49) (Figure 1A). Although
their mRNA expression level in the testes and brain is 5% or less of
the normal receptor, the existence of these variants raises interesting
questions about their regulatory function in the AMH signaling
pathway (47). Thus, continued investigation of the functional
consequences of these or other splice variants is necessary to
understand their potential impact on signaling. Lastly, Unlike
other TGF-fB ligands, investigations into mechanisms of
extracellular antagonism of AMH have not been definitive (50-
52). Nevertheless, regulation of ligands by protein antagonists
represents a significant feature of TGF-f ligands, and the lack of
known AMH-binding proteins is either a missing piece of the
known mechanism or an interesting aberration from other
family ligands.

THE ROLE OF THE AMH PRODOMAIN

It is widely accepted that the prodomains of TGF-f ligands are
required for proper folding and dimerization of the mature
signaling ligand (53-55). While most prodomains are similar
in size, an indication of secondary structure elements, there are
exceptions. For example, GDF15 maintains the smallest
prodomain of 18.5 kDa whereas AMH has evolved the largest
of the prodomains at 45 kDa. Furthermore, unlike the ligands
which typically have a conserved patter of cystines, the
prodomains exhibit significant differences in the number and
placement of cysteines, indicating structural divergence (7). For
TGF-B1-3 the prodomains from two different chains are joined
by a disulfide bond (56). The intermolecular disulfide bond
increases the affinity of the prodomains for the mature ligand
thorough avidity effects. Similarly, AMH also exhibits an
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FIGURE 1 | A schematic of AMH and AMHR2 processing and receptor
assembly. (A) The full translated sequences of AMH and AMHR2 undergo
processing to cleave the signal sequence. In AMH, PCs will cleave at the solid
bar, separating the prodomain and mature domain, while alternative
processing may occur at the dashed bar. In AMHR2, dashed bars represent
alternative splicing sites. (B) Assembled AMH pro-complex, which may or
may not be cleaved. (C) AMH-driven receptor assembly at the cell surface,
resulting from AMH binding AMHR2 and prodomain dissociation. Type |
receptors are activated and in turn activate BMP R-Smads.

interchain disulfide bond which likely increases its affinity for the
mature ligand (6).

For some ligands, such as the TGF-fs, GDF8, and GDF11 the
prodomain maintains the ligand in a latent state, and activation
occurs thorough proteolysis (57-59) of the prodomain or an
integrin-mediated stretching mechanism (56), both of which
liberate the bound ligand from the prodomain. For AMH,
BMPs, and other activin ligands, the prodomain does not
render the ligand latent and the ligand is either thought to
signal in the presence of the prodomain or that the prodomain is
readily displaced by binding the signaling receptors. For AMH,
the prodomain has been shown to allosterically regulate AMH
binding to AMHR2 without inhibiting signal (28, 60). This
mechanism is similar to the non-latent BMP7 pro-complex,
however unlike AMH, the BMP7 prodomain has a weakly
competitive interaction with the BMP type II receptors and
unchanged type I receptor interactions (61). Further parallels
might be drawn from the crystal structure of the BMP9 pro-
complex bound by ALK1, which shows that the type I receptor
can associate without displacing the prodomain (62), but this
remains untested for AMH. Unlike most BMPs, the AMH
prodomain has a 10-100 fold higher affinity for the mature
ligand (K4q = 0.4 pM) (60). Despite this high-affinity
interaction, bivalent binding to AMHR2 presented on a surface
is able to disrupt interactions and attenuate binding 1000-fold
(60). Displacement appears to be dependent on the avidity
as neither monovalent binding nor soluble receptor are able
to induce prodomain displacement. Thus, while certain
ligands have high affinity for their prodomain and confer
latency, many BMP ligands have lower affinity for their
prodomains and are more readily displaced by receptor
binding (8, 58). AMH appears somewhat unique in that it
maintains a very high affinity for the ligand, but the
prodomain can also be displaced by cell surface receptors. The
high affinity of the prodomain of AMH suggests that the
prodomain is likely to play an important role in either
protecting AMH or facilitating signaling.

As mentioned, the prodomain seems to be an additional and
principal factor of regulation within the signaling pathway. The
prodomain is required for proper folding, homo- or
heterodimerization, and secretion (7, 63-65), and the presence of
PMDS mutations within the prodomain support this mechanism
for AMH (2). In the serum, there is no unbound mature AMH
ligand (25), suggesting a role for the prodomain in shuttling the
mature domain to nearby and distant targets. The endocrine
character of AMH is a robust research area, as we have yet to
fully comprehend the breadth of extragonadal signaling targets (4,
18, 66, 67). For other ligands, the pro-complex also functions as a
shield from extracellular antagonists (23, 33, 64, 68, 69). The
interface between BMP antagonist Crossveinless 2 and BMP2 is
analogous to the interface between mature BMP9 and the BMP9
prodomain (7), so the large AMH prodomain might function to
protect AMH from interactions with a milieu of extracellular matrix
(ECM) components. On the other hand, prodomains seem to be
important for targeting the mature ligand to the cell surface through
interactions with heparin (8), fibrillin (70), and other components of
the ECM (7). However, unlike many BMPs, AMH does not have
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large positively-charged patches of amino acids which would limit
its interactions with heparin; it instead has a significant hydrophobic
character (71). We do know, however, that the prodomain is
necessary for activity in tissue-based assays (72) but dispensable
for cell-based assays (47, 52, 73). This suggests that the prodomain
likely does not play a major role in the signaling mechanism but
might play a larger role in the availability of the ligand by mediating
ECM interactions or conferring protection from degradation
or antagonism.

The prodomain itself may also be subject to regulatory
mechanisms common to the TGF-f family. In this vein, the
previously mentioned alternate cleavage sites of AMH (6, 74)
(Figure 1A) might have some bearing on the activity of the
noncovalent complex. Conformational changes (7), alternative
cleavage (57, 75, 76), or other uncharacterized modifications (77)
have been shown to prime the noncovalent complex for receptor
interactions. Furthermore, there are 2 N-linked glycosylation and
several possible O-linked glycosylation sites predicted within the
AMH prodomain (78) comprising 13.5% of the complex mass (71).
Differential modification of glycosylation may impact protein-
protein interactions or cleavage, as observed in drosophila with
the ortholog of BMP7, Gbb (76). Largely, we lack understanding of
the regulatory role of the AMH prodomain beyond its absolute
necessity for secretion and activity in the body. Whether the AMH
prodomain, which is the family’s largest and most divergent, has
additional function beyond increasing the availability of the AMH
signaling ligand is not known. While recent advances in modeling
using AlphaFold can help to visualize structure and domain
architecture of the AMH prodomain (79), the lack of structural
definition of this region and low homology cause difficulty in
effectively modeling the AMH prodomain (62, 63, 80-82). As
such, structural and biochemical characterization of the
prodomain structure and its interfacing interactions with the
mature ligand and receptors will help ascertain its function.

STRUCTURAL DEFINITION OF
AMH AND AMHR2

The TGF-B family is part of the cystine knot growth factor
(CKGF) superfamily (7) which have a conserved fold and
sequence. The overall shape can be described as an opposite-
facing left and right hands in a Vulcan salute joined at the palm
(Figure 2A). This creates a concave pocket between the wrist
helix of one chain and the fingertips of the opposing chain, to
which the type I receptor is recruited, and a convex surface on a
single chain at the “knuckle” region, to which the type II receptor
binds for Activins and BMPs (84). The extracellular ligand-
binding domain of the type II receptors adopt a three-finger
toxin fold, which has also classically been described with a hand-
like morphology, consisting of three anti-parallel beta strand
fingers and a central palm region (Figure 2B). These features are
also conserved for AMH and AMHR2 as shown in the recently
solved structure of the extracellular complex (85).

In general, ligands have evolved two central binding modes
to interact specifically with their type II receptors (Figure 2C).

Ligands of the Activin and BMP class bind at the convex,
knuckle surface of the ligand fingers, while the TGF-P class
ligands bind the fingertips (84). For AMH, the binding mode
was unknown until the recently-solved crystal structure of
AMH bound to AMHR2 (PDB:7L0J) (85). This structure
provided a critical piece for understanding ligand-receptor
interactions and disease-causing mutations (Figures 2D-E),
revealing that while similar to the general binding mode of
BMP and Activins, AMH utilizes a modified mode of type II
receptor binding (85).

The receptor binding interaction of AMH and AMHR?2 is
unique within the family. While TGE-J class ligands bind TRR2
using finger 1 of the receptor and the fingertips of the ligand,
Activin and BMP class ligands bind ActRIIA and ActRIIB at the
palm of the receptor and the knuckles of the ligand (86-91)
(Figure 2C). Like Activins and BMPs, AMH binds AMHR2
using the palm of the receptor and the knuckles of the ligand,
however this interface is shifted towards the fingertips by about
7.5 A. Additionally, fingers 1 and 3 of AMHR?2 wrap around the
ligand making unique contacts with sections of AMH not
observed with Activins and BMPs, especially within fingers 3
and 4 of AMH and the connecting loop (85). While the mature
ligand is similar to each of the other three classes (the root mean
square deviation of the Ca. positions is below 2 A for BMP2,
GDF11, and TGF-B1) the AMH ligand adopts a flat character of
the fingers akin to TGF-fs.

The structure of AMH bound to AMHR? highlighted structural
differences in each that are likely responsible for specificity. Of note,
AMH has a truncated finger 1/2 loop relative to other ligands that
facilitates the wrap-around mechanism of AMHR2 (85). More
significant variance is observed on the receptor side with
differences between AMHR2 and other type II receptors
undoubtedly contributing to specificity. Most notably is
the conformation of finger 1 of AMHR2 which is extended
compared to other receptors and forms a favorable interaction
with AMH. While the number of disulfide bonds are similar, a
shift of one cysteine (Cys60) results in unique structural
character of AMHR2. The altered location of the disulfide bond
brings together the finger 2/3 loop and finger 3 to create unique
surface for AMH binding (85). These distinct conformational
features of AMHR2 promote the selectivity of AMH binding
and signaling.

Where we still lack critical information is in our understanding
of the nature of interactions between AMH and its type I
receptors. The affinity of AMH for its type II receptor has been
shown to resemble TGF-fs or Activins, while affinity for the type I
receptor, though not yet directly tested, is assumed to follow the
same low affinity archetype as the above ligand classes (28, 73, 85).
What is known is that AMH lacks two conserved tryptophan
residues present in the type I receptor binding site of BMPs.
Importantly, these residues have been shown to be necessary for
proper signaling in members of the BMP class (92). In fact, the
entire type I binding interface is dissimilar to that of BMPs (86, 93,
94) and contains more polar and charged residues, yet AMH
will signal using the same type I receptors - ALK2, ALK3, ALK6 -
as BMPs. It will be interesting to determine how AMH
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accommodates for its binding and specificity of type I receptors
with these differences. It is possible that type I receptor binding is
shifted relative to BMPs and might even potentially interact with
the type II receptor in a cooperative mechanism similar to TGF-J3,
however, this has yet to be explored.

DISCUSSION

Recent studies have revealed a wealth of information about the
molecular mechanisms of AMH signaling, but the field has a long
way to go towards a full understanding of the intricacies of this
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unique pathway. The biochemistry of AMH is certainly less
characterized than its TGF-B family counterparts. Knowledge of
these structures and their interactions can help explain the
expanding genetic information linked to human diseases, such as
PMDS and PCOS. For example, several mutations have been
identified in the prodomain, however, we lack the structural
information needed to better understand how these mutations
impact AMH function.

The interaction between mature AMH and the extracellular
domain of AMHR? is perhaps the most actionable piece of recent
data characterizing AMH. The crystal structure demonstrates
unique features that set AMH apart from other ligand classes, as
well as an atomic-level explanation for PMDS mutants which map
to the interface (Figures 2D-E). This story is, of course, incomplete
without a structure of mature AMH bound by a type I receptor.
While the mutual exclusivity of the AMH and AMHR?2 interaction
is an interesting feature within the TGF-[ family, equally interesting
is how the intracellular kinase domain of AMHR?2 can employ type
I receptors shared with BMPs yet propagate an AMH-specific
signal. Intracellular interactions remain something of a black box
for the fields of both TGF-3 and AMH biology.

Looking ahead, further structural studies of the AMH ligand
and receptor are warranted; these studies must be supported by
stronger assay development. Most importantly, the field should
address discrepancies between in vitro and in vivo studies,
especially concerning the prodomain. It has been known for
some time that the AMH prodomain is required for biological
function. This feature is reflected in tissue-based assays but not in
cell-based assays where the mature ligand will suffice. Better care
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Actions of Androgen Signaling
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In the 1940s, Alfred Jost demonstrated the necessity of testicular secretions, particularly
androgens, for male internal and external genitalia differentiation. Since then, our
knowledge of androgen impacts on differentiation of the male internal (Wolffian duct)
and external genitalia (penis) has been drastically expanded upon. Between these two
morphologically and functionally distinct organs, divergent signals facilitate the
establishment of tissue-specific identities. Conversely, conserved actions of androgen
signaling are present in both tissues and are largely responsible for the growth and
expansion of the organs. In this review we synthesize the existing knowledge of the cell
type-specific, organ specific, and conserved signaling mechanisms of androgens.
Mechanistic studies on androgen signaling in the Wolffian duct and male external
genitalia have largely been conducted in mouse model organisms. Therefore, the
majority of the review is focused on mouse model studies.

Keywords: androgen, androgen receptor (AR), external genitalia (ExG), wolffian duct, penis, masculinization

INTRODUCTION

Androgen signaling pathway is essential for development of male organs across vertebrate animals
(1). This pathway is responsible for the growth and differentiation of the prostate, penis, epididymis,
vas deferens and seminal vesicle during embryonic development for normal structural development
and function. Since the 1940s, we have known that the loss of testis-derived androgens disrupts male
reproductive development. XY embryos without the testes develop into female sexual characteristics
due to the absence of male-specific reproductive structures (2, 3).

Due to the dependency on androgen signaling, male reproductive structures are particularly
sensitive to disrupted fetal development and adulthood dysfunction (4, 5). The incidence rate of
children born as intersex, a condition where patients contain a combination of male and female
reproductive organs, is relatively common, with incidence ranging from 0.37-1.7% cases per year
(6). The intersex spectrum includes defects of the penis (e.g. hypospadias and micropenis) and
defects in the reproductive tract (e.g. cryptorchidism). Often times the androgen-related congenital
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defects of the external genitalia and Wolffian duct lead to
compromised reproductive functions and infertility.

In this review, we discuss the diverse and conserved androgen
actions in two critical reproductive organs, the Wolffian duct-
derived tissues and the male external genitalia, specifically the
penis, during embryonic development. We review the literature
with the goal of understanding the pleiotropic nature of AR. To
do this, we tease apart the cell populations of each organ. Then
we investigate the androgen signaling programs that are specific
to each cell population. By reviewing the literature in this way, we
can begin to discern the molecular determinants that specify the
distinct androgen signaling programs in each cell population. To
further understand the general functions of AR, we discuss
common androgen signaling events in both the Wolfhian duct
and male external genitalia. Because our knowledge about
androgen signaling in male sexual differentiation derive largely
from mouse studies, the majority of the following sections focus
on mouse models. Reviewing both the internal and external
reproductive tract provides a roadmap for future studies and
allows us to investigate the many diverse and conserved action of
androgen signaling.

MECHANISMS OF ANDROGEN
SIGNALING PATHWAY

Androgen signaling pathway is mediated by the androgen
receptor (AR), which mainly acts as a ligand-activated
transcriptional factor (7). Loss of function mutations of AR in
mice lead to feminization of internal reproductive tract organs
and external genitalia even though the fetal production
of androgens is unaffected (8). Human XY individuals with
androgen insensitivity syndrome caused by disruptions in
the androgen signaling cascade develop phenotypically female
internal and external genitalia (9). Conversely, XX patients with
congenital adrenal hyperplasia, a disorder characterized by
excessive production of androgens in adrenal glands, develop
masculinized external genitalia (10). Thus, androgens are the
driving force for male sexual differentiation.

Androgens are first produced by the Leydig cells in the fetal
testis, in which express the key steroidogenic enzymes for
androgen production Cytochrome P450 17al (Cypl7al) and
3B-Hydroxysteroid (38-HSD) (11). These two enzymes and
other enzymes in the cascade of steroidogenesis convert
cholesterol to androgens (11, 12). The testis-derived androgens
then enter the blood circulation and reach the target organs.
Once androgen reaches an organ that expresses AR, it passively
diffuses through the cell membrane and either bind directly to
AR in the cytosol, or be converted into a more potent androgen,
dihydrotestosterone, by the 5-0 reductase (SRD5al and SRD5a2)
enzymes (13). Binding of testosterone or dihydrotestosterone to
AR triggers the release of AR from molecular chaperones and
translocation of AR to the nuclei, where it regulates target
gene expression.

In addition to the classic genomic action, binding of
androgens to AR in the cytoplasm initiate signal transduction

pathways to modulate cellular proliferation and migration,
which is also known as non-genomic actions of the AR (14).
When the DNA-binding domain, which transmit the genomic
action of AR, is removed from AR, male mice display a complete
androgen insensitive phenotype with feminized external genitalia
and loss of internal reproductive tracts (Wolffian duct and
prostate) (15). These results underscore the genomic actions of
the AR are indispensable for normal male sexual differentiation.
Another study generated transgenic mice expressing mutant Ar
with only genomic or non-genomic actions in the absence of
endogenous AR (16). They found that seminal vesicle and
epididymis are degenerated in both mutant mice, suggesting
both genomic and non-genomic actions are required for normal
development of Wolffian duct-derived tissues. On the other
hand, main actions of AR in external genitalia are mediated
through the genomic actions based on the observation that mice
with a mutated non-genomic region of Ar develop normal
penises (17).

HETEROGENEITY OF ANDROGEN
ACTIONS IN THE WOLFFIAN DUCT

Ontology of Wolffian Duct-Derived Organs
Wolfhian ducts are paired embryonic structures that give rise to
male internal reproductive tract organs including the epididymis,
vas deference and seminal vesicles (18). In both XY and XX mice
embryos, the Wolffian duct derives from the intermediate
mesoderm at around embryonic day 8.5 (E8.5) and elongates
craniocaudally till it reaches the cloaca by E9.5 (19). The
Wolffian duct is surrounded by its mesenchyme, which
expresses AR first on E12.5 in both sexes (20, 21). In XX
embryos, where ovaries do not produce androgens, AR action
does not take place, leading to degeneration of Wolffian ducts
(18). In addition to the lack of AR action, Wolffian duct
degeneration in XX embryos requires COUP-TFII (Chicken
ovalbumin upstream promoter transcription factor II or
NR2F2), an orphan nuclear receptor specifically expressed in
the Wolffian duct mesenchyme (22). On the other hand, in XY
embryos, fetal testes produce androgens starting from E12.5 (23).
Under the influence of testis-derived androgens, the Wolffian
ducts are stabilized and then undergo regionalization and
differentiation into the epididymis, vas deferens and seminal
vesicle in a craniocaudal fashion.

Mesenchymal AR Actions Are Critical for
Wolffian Ducts Differentiation

Although the AR is expressed in both the epithelium and
mesenchyme during Wolffian duct differentiation, AR action in
the mesenchyme appears to govern fetal Wolffian duct
development. Ablation of AR in the Wolffian duct epithelium
does not affect Wolffian duct maintenance or morphogenesis
(20). The specific role of AR in Wolffian duct mesenchyme has
not been determined directly by mesenchyme-specific AR
knockout model; however, classic tissue recombination studies
imply that the mesenchymal AR actions govern androgen-
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induced epithelial morphogenesis. For example, the epithelium
of upper Wolffian ducts (future epididymis) develops seminal
vesicle-like structures when combined with lower Wolffian duct
mesenchyme (prospective seminal vesicle) (24). The urogenital
sinus is another androgen target tissue, which undergoes
prostatic morphogenesis upon androgen actions but develops
vagina-like morphology in the absence of androgen. When wild-
type mesenchyme is grown adjacent to either wild-type or Tfm
(testicular feminized mice that lacks functional AR) epithelium,
the urogenital sinus still undergoes prostatic morphogenesis. In
contrast, when urogenital sinus epithelium is recombined with
the mesenchyme from Tfm embryos, the epithelium develops
vagina-like structures (25). These results demonstrate that
mesenchymal AR actions dictate Wolffian duct differentiation.

How Do Mesenchymal AR Actions Induce

the Stabilization of Wolffian Ducts?
One possible signal downstream of mesenchymal AR actions in

promoting Wolffian duct survival is epidermal growth factor
(EGF), which regulates a wide range of cellular events including
cell survival and proliferation (26). Egf expression is elevated in
the whole mesonephric tissue during fetal male reproductive
tract differentiation and flutamide (AR antagonist) exposure
during sexual differentiation decreased Egf in male mice
embryos (27). Receptors for EGF or EGFR is an integral
membrane tyrosine kinase that is activated upon binding of
multiple ligands including EGF. Expression of EGFR is also
induced by testosterone and inhibition of EGFR using an anti-
EGEFR antibody blocks Wolffian duct growth in cultured murine
mesonephros (28). Global Egfr knockout in mice causes genetic
background dependent placental abnormalities and embryonic
lethality before E11.5, preventing analysis of Wolffian duct
development in male embryos (29). Egf knockout mice have
normal phenotype (30), suggesting other ligands for EGFR might
compensate for the loss of Egf in Wolffian ducts.

To promote Wolffian duct stabilization, mesenchymal AR
actions need to antagonize inhibitory effects of another
mesenchymal transcriptional factor, COUP-TFII. COUP-TFII
is an orphan nuclear receptor expressed in the mesenchymal
compartment of many developing organs (31, 32), including the
mesonephros in XX and XY embryos (33). In XX embryos, the
absence of Coup-tfII increased expression of two mesenchymal
growth factors Fgf7 and Fgf10, which activated their receptor
FGFR2 in Wolffian duct epithelium to promote Wolffian duct
survival in XX embryos in the absence of AR actions (22). These
results suggest that under normal conditions, COUP-TFII action
in the Wolffian duct mesenchyme is to inhibit Wolffian duct
survival by suppressing FGF signaling. In XY embryos, to
promote the stabilization of Wolffian ducts, the mesenchymal
AR is speculated to induce the EGFR-mediated signaling
pathway in Wolffian duct stabilization, therefore, providing
another survival signal different from Fgfs that are suppressed
by COUP-TFII. Genome-wide binding of COUP-TFII in the XX
and XY mesonephros reveals that COUP-TFII binding motif is
different from established AR binding motifs, providing another
evidence that these two mesenchymal transcriptional factors
target differential genes in regulating Wolffian duct survival (34).

How Do Mesenchymal AR Actions Induce
Region-Specific Gene Expression and
Differentiation in Wolffian Ducts at the
Fetal Development?

AR actions in the mesenchyme drive the differentiation of the
Wolffian duct into three morphologically and functionally
distinct organs: the epididymis, vas deferens and seminal
vesicle during fetal development from rostral (i.e. anterior) to
caudal (i.e. posterior) regions (Figure 1). Regionalization of the
Wolffian duct along the rostral-caudal axis is regulated by
region-specific expressed HOX genes in the epididymis (Hoxa9
(36), Hoxd9 (36) and HoxalO (37), vas deference (HoxalO (37)

Vas Deferens

Seminal vesicle

Inhba Hoxa9/Hoxd9

Hoxd10

Hoxa11

Fgf10/Fgfr2
Gdf7
Hoxa13
Hoxd13

I

FIGURE 1 | Expression of genes critical for the regionalization of the Wolffian duct and potentially involved in region-specific androgen actions. Hox, homeobox;
Inhba, inhibin B A; Gdf7, growth differentiation factor 7; Fgf10, fibroblast growth factor 10; Fgfr2, fibroblast growth factor receptor 2. Adapted from (35).
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and Hoxall (38)), and the seminal vesicle (Hoxal3 and Hoxd13)
(39) (Figure 1). Deletion of these region-specific Hox genes can
often cause homeotic transformations. For example, Hoxal0
mutant males have anterior transformation of the cauda
epididymis and the proximal vas deferens (37, 40). The vas
deferens in either individual Hoxall knockout or Hoxall and
Hoxdl11 (a paralog to Hoxall) double males (38, 41) resemble an
epididymis. Seminal vesicles become hypoplastic in both
Hoxd13”" and Hoxal3 *'~; Hoxd13™~ compound mutant mice
(42). In addition to Hox9-13, additional region-specific Hox
transcripts, such as Hoxc4, Hoxc6, Hoxc9 have been identified
in the epididymis by comparing gene transcriptional profiles of
the epididymis, vas deferens and efferent duct at E14.5, E16.5,
E18.5 and P1 (43). Although roles of Hox genes in the
regionalization of the Wolffian duct is well recognized, it is still
unknown how these Hox transcription factors interact with AR
actions and determine region-specific AR actions.

Mesenchymal AR actions induce region-specific paracrine
mesenchymal growth factors for regulating epithelial
morphogenesis in Wolffian duct differentiation. In the rostral
(anterior) region, AR action promotes epididymal coiling which
relies on the action of inhibin B A (Inhba) (44). Inhba is a critical
component of inhibins and activins (members of TGFf
superfamily ligand) and is highly expressed in the mesenchyme
of the anterior Wolffian duct before the initiation of epididymal
morphogenesis (Figure 1) (44). Androgen partially increased
Inhba expression after E13.5 based on ex vivo organ culture
studies (44). Male embryos lacking Inhba fail to develop
epididymal coiling due to a dramatic decrease in epithelial
proliferation even if AR expression is intact (44).

In addition to INHBA, mesenchyme-derived WNT ligands or
WNT signaling activators may also play a role in epididymal
morphogenesis. The WNT signaling pathway is an evolutionarily
conserved pathway that regulates organogenesis (45). The WNT
signaling pathway includes the extracellular WNT ligands, which
stimulate intracellular signal transduction cascades to regulate
gene expression and cellular differentiation in target cells (46).
Two intracellular pathways in the target cells mediate WNT
signaling: B-catenin (CTNNBI)-dependent or -independent
pathways (46). The WNT/B-catenin signal also depends on the
Wnt signaling activators, R-spondins (RSPOs), which elicit their
functions by binding to the WNT co-receptors (Lgr4-6, the
leucine-rich repeat-containing G-protein-coupled receptors)
and preventing the destabilization of the Wnt receptors. As a
result, RSPOs act in concert with WNTs to promote the
activation of the P-catenin-mediated intracellular signaling
(46). Wolffian duct epithelium displays high WNT/B-catenin
activity during epididymal coiling (47). When B-catenin is
deleted specifically in the Wolffian duct epithelium before the
region-specific patterning, the epididymis fails to coil at birth
with significant reduction in proliferation and increases in cell
death (47, 48). The defective morphogenesis (cystic formation)
in the epididymal region is also observed when Pkd1 (a receptor
for mediating WNTs actions) is deleted in the epithelium (49,
50). The WNT receptor LGR4 is specifically expressed in the
cranial region of fetal Wolffian ducts and postnatal epididymides

(51, 52). Inactivation of Lgr4 caused the cystic formation in the
epididymis (51). Given the critical roles of WNT/B-catenin
activities in the epithelium and AR actions in the mesenchyme
in epididymal morphogenesis, mesenchymal AR might induce
WNT ligands or activator as paracrine signals to regulate
epididymal morphogenesis.

In the caudal region, another secreted ligand of TGFJ
superfamily GDF7 is required for seminal vesicle growth,
morphogenesis, and epithelial differentiation (Figure 1) (53).
Gdf7 is expressed in the seminal vesicle mesenchyme but its
expression in other regions of Wolffian duct is not reported (53).
Gdf7”" males develop normal testis, epididymis, vas deferens and
prostate; however, seminal vesicles are dramatically smaller and
lack epithelial folding with decreased number of basal cells (53).
In addition to Gdf7, AR actions in caudal Wolffian duct
development are mediated by FGF10/FGFR2 signaling (54, 55).
Fgf10 (fibroblast growth factor 10) is a member in a gene family
of generally extracellular signaling peptides, which are key
regulators in organ development. The mesenchyme of the
caudal Wolffian ducts expressed high Fgf10, which is increased
by androgen treatment (Figure 1) (56). Global knockout of Fgf10
led to the absence of seminal vesicle and distal vas deferens
despite of normal testicular development (55). FGF10 has a high
specificity for FGFR2, which is the major FGF receptor in the
Wolffian duct epithelium (54). Wolffian duct-specific deletion of
Fgfr2 led to the degeneration of the caudal Wolffian ducts (54).
FGF7 was also considered as a key mesenchymal paracrine
growth factor for seminal vesicle development in ex vivo
culture condition (57, 58). However, Fgf7 knockout males does
not display any reproductive phenotype (MGI: 95521),
suggesting that Fgf7 is dispensable in AR actions in promoting
Wolffian duct development in vivo. These observations
demonstrate that mesenchymal AR actions regulate region-
specific morphogenesis via paracrine growth factors.

How Are Mesenchymal AR Actions
Affected by Epithelium-Derived Signals?
The crosstalk between the mesenchyme and epithelium during
organogenesis is never a one-way street. The Wolffian duct
epithelium-derived signal also has reciprocal inductive effects
on the mesenchyme and can potentially influence mesenchymal
AR actions. Wolffian duct epithelium specifically synthesizes a
paracrine factor WNT9B, a member of the WNT ligands (45).
Wnt9b”~ male embryos fail to form Wolffian duct derived organs
at birth despite of normal testis development (59). The loss of the
Wolffian duct-derived organ is also observed in male embryos
that lack the direct upstream regulator of Wnt9b, HNF1B (60). In
the Hnf1f3”" mice, the Wolffian duct are still partially present on
E14.5 during sexual differentiation of Wolffian ducts. These
observations suggest that Wolffian ducts in HnfIB” or
Wnt9b”" male embryos could be in process of degeneration on
E14.5 when androgen actions are supposed to promote Wolffian
duct stabilization. These observations indicate that signals
derived from Wolffian duct epithelium are required for
mesenchymal actions in stabilizing Wolffian ducts.
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HETEROGENEITY OF ANDROGEN
SIGNALING IN THE EXTERNAL GENITALIA

Androgen signaling is absolutely essential for sex differentiation of
the external genitalia, making it susceptible to disruptions of
androgen signaling as a result of genetic mutations or exposure
to anti-androgenic chemicals. Defects of external genitalia are
some of the most common birth defects in the world (61).
Hypospadias, which is where the urethra exits not at the tip but
along the shaft of the penis, is one of the most common birth
defects of penis (61). Even though the requirement of androgen
signaling in penis development has been known since the 1940’s,
the causes for more than 70% of hypospadias cases remain
unknown (62). One possible explanation for the unknown
nature of hypospadias, is that penis formation is a product of
hormone action and local cell-cell interactions. The intertwined
actions of these pathways make the penis susceptible to genetic
mutations and environmental exposure (62, 63). Researchers are
only beginning to understand how all the cell types of the penis
coordinate under the control of androgen to form a normal penis.

Establishment of the Unique

Androgen Responsive Programs

in Penis Cell Populations

Penis development can be divided into two major phases,
androgen-independent and androgen-dependent development
(Figure 2) (66). The androgen-independent phase involves the
transformation of the primitive cloaca into the genital tubercle,
the precursor of the penis. At the end of embryonic development,
the genital tubercle morphs into the penis that consists of the
distal dorsal glans, distal ventral glans, proximal glans, prepuce,
corporal bodies, and urethra epithelium (67). The distal dorsal
glans, distal ventral glans, and urethral epithelium have distinct
cellular origins. It is not elucidated whether the proximal glans,
prepuce, and corporal bodies come from diverse cell origins, or a
derived population of mesenchymal cells. It is the diverse origins
of the cells and their cell states from the androgen-independent

E10.5 E12.5

phase that imparts diverse androgen responsiveness during the
androgen-dependent phase.

During the androgen-independent phase of fetal
development, the cloaca arises between the hindlimbs of the
embryo of both sexes (Figure 2). The cloaca is an ancestral
structure present in most vertebrates where both the
gastrointestinal and genitourinary tracts merge. Around mid-
gestation or E10.5 in the mouse, the cloaca is a single chamber
lined with epithelium, which is surrounded by mesenchymal
cells. The mesenchymal cells contain two major populations that
are associated with penis development, abdominal mesenchyme,
and tailgut mesenchyme (Figure 2). The abdominal
mesenchyme eventually differentiates into the distal dorsal
glanular mesenchyme and the tailgut mesenchyme
differentiates into the ventral glanular mesenchyme. The
abdominal mesenchyme is specifically marked with the
expression of Alx4 gene while the tailgut mesenchyme is
enriched for SixI and Six2 genes (68, 69). Mutations of Alx4 in
mice lead to severe defects of the distal dorsal glans (68).
Cultured genitalia with the abdominal mesenchyme removed,
develop with an absent dorsal glans, displaying the importance of
these progenitor cells in normal penis development (68).
Mutations in the SixI and Six2 genes cause defects in the
ventral glans and urethra closure defects (69). Six2 expressing
cells at E13.5 and E14.5 comprise the distal ventral glans by E17.5
(64). These observations of Alx4 and Six2 expressing cells reveal
that before the penis is formed, the distal dorsal glanular and
distal ventral glanular mesenchyme have already established
their unique identities in the cloaca.

Once the cloaca is separated into the gastrointestinal and
genitourinary tracts around E13.5, the urethra epithelium
appears along the ventral aspect of the genital tubercle. At this
same time in development, two preputial buds form on either
side of the established genital tubercle and the proximal glanular
mesenchyme becomes present at the base of the genital tubercle
(65). It is not clear if the preputial buds and the proximal
glanular mesenchyme are derived from the abdominal or
tailgut mesenchyme or if they originate from other sources.

Abdominal Urethra

Tailgut

Androgen-independent phase

electron microscope images from (65).

Prepuce

Distal
Ventral

Distal

Ventral

Proximal Mesenchyme

Androgen-dependent phase

FIGURE 2 | Developmental origins of the penis cell populations in the embryonic mouse penis. The colors represent conserved cell populations through time.
Blue=cloacal/urethra epithelium, yellow=tailgut/distal ventral glanular mesenchyme, light orange=abdominal/distal dorsal glanular mesenchyme, purple=prepuce,
green=proximal glanular mesenchyme, and grey= undefined penile cell population. The E10.5 depiction is looking at the lower half of the embryo, while the other
time points are focused on the genitalia. E10.5 depiction was adapted and redrawn from (64). E12.5, 14.5, and 16.5 were adapted from whole mount, scanning
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The above described androgen-independent phase ends
around E13.5, when androgen production by the testis starts.
Simultaneous with androgen production, AR protein is most
present in the cytoplasm of the urethral epithelium and the
surrounding mesenchyme (70). One day later on E14.5, AR
protein become localized in the nucleus of the proximal glanular
mesenchyme, distal dorsal glanular mesenchyme, distal ventral
glanular mesenchyme, prepuce, and urethral epithelium (71).
From E14.5 through the rest of embryonic development, AR
protein steadily increase in all mesenchymal cells of the penis
and remains present in portions of the urethra epithelium (48).
Disruptions in androgen signaling by fetal exposure to anti-
androgenic chemicals or genetic knockouts of Ar cause severe
cases of hypospadias, underlining the importance of androgen
signaling in penis development.

Androgen-Dependent Closure of the
Proximal Urethra

The closure of the proximal urethra starts at E13.5 and E14.5 in
the mouse embryo when the urethra is still an open sulcus at the
base of the penis (72). By E15.5, the proximal portion of the
urethra starts to close and form an internalized tube (72). To
accomplish this event, extensive androgen-dependent
communication occurs between the urethral epithelium and
proximal glanular mesenchyme. Although the urethral
epithelium expresses Ar mRNA and protein throughout
development (67, 73), AR in the urethral epithelium is not
required for urethral closure and proper penis formation (70,
74) (Figure 3). Conversely, inactivation of Ar in the surrounding
mesenchyme causes severe cases of hypospadias, indicating the
necessity of mesenchymal androgen signaling for urethra closure
(70, 74-76).

The proximal glanular mesenchyme is a group of mesenchymal
cells that surrounds the urethra. These mesenchymal cells are sites
of strong androgen signaling, largely due to abundant expression
of Srd5a2 that convert testosterone to the more potent

dihydrotestosterone (77). As a result, dihydrotestosterone is
twice as concentrated in the proximal glanular mesenchyme
compared to other areas of the penis (77). The abundance of
androgens facilitates the expression of key androgen responsive
genes in the proximal glanular mesenchyme, like the transcription
factor Mafb and the AR co-chaperone Fkbp5, both essential for
urethra closure (75, 78). The expression of Mafb is not only
dependent on AR binding to the ARE, but also requires the co-
regulator SP1 to bind at the Mafb enhancer element. Loss of SP1
binding motif in the Mafb enhancer element results in severe
urethra closure defects (79) (Figure 3). The combination of the
high concentration of androgens and unique presence of co-
activator provide the proximal glanular mesenchyme with the
unique ability to orchestrate urethra closure.

Two possible mechanisms of androgen-dependent urethra
closure are proposed between the proximal glanular
mesenchyme and the urethral epithelium. One is through
mechanical forces that help push the urethra closed, and the
other is cell-cell interactions through morphogens that instruct
structural changes of the epithelium and mesenchyme.
Androgen signaling in the proximal glanular mesenchyme
induces contractility and expression of several muscle related
genes such as myosin heavy chain 10 (Myh10), Myh9, and F-
actins (80, 81). Myosin and F-actin provide the cells the capacity
to contract and impart physical lateral forces on surrounding cell
populations. Inactivation of Myh9/10 in the proximal glanular
mesenchyme in mice causes severe urethra closure defects arise
due to the loss of capability to exert physical forces on the urethra
(80) (Figure 3).

The contractility capability of the proximal glanular
mesenchyme is not only induced directly by androgens, but
also by androgen-dependent morphogen pathways from the
urethra and proximal mesenchyme. The WNT signaling
pathway, identified through the Gene Ontology analyses on the
proximal mesenchyme, is specifically enriched in the proximal
glanular mesenchyme of the penis (67). The main WNT ligands,
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Depiction was generated from sagittal sections of mouse penises generated in the Yao laboratory.
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Wnt5a, Wnt6, Wnt7a, Wntl0a and Wnt2, are expressed
throughout the penis, with Wnt5a being the main effector in
the proximal glanular mesenchyme (82, 83). Removal of Wnt5a
expression in the proximal glanular mesenchyme disrupts the
contractility phenotypes of the proximal glanular mesenchymal
cells and caused severe hypospadias-like phenotypes in the mice
(84). However, Wnt5a expression does not seem to be controlled
directly by androgens (84). Several of the WNT receptors and
transcription factors, in contrast to Wnt5a, are induced by
androgen signaling (85). The WNT receptor, FRZD6, and the
WNT-related transcription factor such as LEF1 are significantly
enriched in the male proximal mesenchyme, when compared to
the female (85). Exposure of female embryos to androgen
(methyltestosterone) increases expression of both FRZD6 and
LEF1 proteins (86). Other WNT receptor gene expression, Frzdl,
Frzd2, Frzd3, and Frzd4, are also significantly elevated in
methyltestosterone exposed female (85). In addition, the WNT
ligands and receptors, WNT inhibitors, Dkk2 and Sfrp2, are
higher in female genitalia compared to males, and the expression
of these WNT inhibitors significantly lessen with androgen
exposure (Figure 3) (74). These findings reveal that closure of
the proximal urethra requires a complex WNT signaling
crosstalk between the proximal glanular mesenchyme and
urethral epithelium in an androgen-dependent fashion.

A Role for Estrogen Receptor
Coordination With AR in Distal
Urethra Closure
The closure of the urethra occurs in a proximal (base) to distal
(tip) fashion along the ventral aspect of the penis (87). At E16.5
in the mouse embryo, the urethra is largely closed in the
proximal portion, but remains open in the distal portion of the
penis (65). The distal ventral glanular mesenchyme subsequently
interacts with the urethra to form a tube and complete the
closure of the urethra. Similar to the proximal glans, the distal
ventral glans express myosin light chain 12a (Myl12a) and Myl6
and is enriched with actin-cytoskeleton signaling pathway
components, suggesting that it may exert similar mechanical
forces on the distal urethra (67). The expression of these genes
are also elevated in the male distal ventral glans compared to the
female, an indication that they could be controlled by androgens.
Other than the androgen signaling, the distal ventral glans has
the highest expression of estrogen receptor (ER) compared to the
rest of the penis (67). Estrogen receptor and AR can be both
antagonistic and agnostic to one another depending on hormone
levels and tissue types (Figure 3) (88). For example, the estrogenic
chemicals such as estradiol benzoate, diethylstilbesterol, and 17f3-
estradiol, cause only distal hypospadias (70, 89, 90). The degree of
defects in urethra closure drastically differs among different anti-
androgen exposure, which induces severe hypospadias where the
urethra exits at the base of the penis (91). ER may be antagonizing
AR at hormone response elements along the DNA within the
distal ventral glans. Or estrogen-dependent signaling could result
in gene expression that inhibits androgen-dependent signals
(Figure 3). Although aberrant exposure to exogenous estrogens
causes distal hypospadias, the ER signaling pathway appears to be

essential for normal penis development in some capacity. Estrogen
receptor o or Esrl knockout mice develop mild hypospadias in
adulthood, similar to estrogen exposed mice (90). These data
suggest that a properly tuned estrogen signaling in the penis is
essential, where too little or too much estrogen is detrimental to
penis development.

This proposed role of estrogen signaling in penis
development is likely required to modulate appropriate
morphogen expression. One such morphogen is fibroblast
growth factor or FGF. In the fetal mouse penis, FGF10 ligand
and its receptor FGFR2IIIP are uniquely expressed in the distal
ventral glans (92, 93). Global knockout of Fgfl0 causes severe
hypospadias with no urethra closure occurring throughout the
penis (92, 93). Fgfl0 is tightly linked to both androgen and
estrogen signaling in many hormone responsive tissues
(Figure 3). In the ventral prostate and the uterus, estrogen
exposure and Esrl are essential for establishing appropriate
Fgfl10 expression (94, 95). In the penis, Fgfl0 is induced with
androgen supplementation and not much is known about it
estrogen responsivity (93). The interactions between androgen
and estrogen receptor signaling on gene expression remains to be
elucidated in the distal ventral glans.

Androgen-Dependent Encapsulation
of the Glans by the Prepuce
The prepuce in the male mouse embryo originates as two
bilateral buds on the lateral sides of the glans at the onset of
androgen-dependent development, followed by extensive
outgrowth after androgen production in the fetal testis. Soon
after the preputial buds form on the penis, the prepuce begins to
express Ar (67). In the male embryo, the cells within the prepuce
have a stretched, migratory phenotype with a clear directionality
pointing toward the urethra (80). The prepuce starts to fuse
along the midline of the penis at E15.5. Closely following the
process of urethra closure, the prepuce eventually fuses to the tip
of penis and fully encapsulates the glans and urethra.
Inactivation of the androgen signaling, either through global
Ar knockout or exposure to environmental chemicals, result in
severe aplasia of the prepuce and a lack of fusion along the
ventral aspect of the penis (70, 91). The majority of hypospadias
cases are accompanied with preputial defects (96, 97). When
external genitalia are cultured without androgens, preputial cell
migration does not occur (80). The migratory loss could be due
to the diminished expression of smooth muscle actin (Acta2) and
myosin light chain 9 (Myl9), which are both expressed in the
developing prepuce (67) (Figure 3). The correlations between
preputial fusion and urethra closure suggest a role of the prepuce
in urethra closure.

Estrogen and Androgen-Dependent
Differentiation of the Corporal Bodies

The corporal bodies of the penis are mesenchymal condensations
that arise within the glans of the penis later in development
around E17.5-E18.5 in mice (98). The corporal bodies are
column condensations that run throughout the entire penis. In
adult life, the corporal tissues are essential for erectile function.
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Mice have three major corporal tissues, the corpus cavernosum,
corpus cavernosum glandis, and corpus cavernosum urethrae
(99). The corpus cavernosum is located in the internal portion of
the penis and connects to the penis bone, which maintain
extrusion of the penis from the prepuce during erection (98).
Where the corpus cavernosum ends close to the proximal end (or
base) of the penis, the external portion of the penis (glans)
begins. Within the glans lies the corpus cavernosum glandis as a
muscular ring around the outer edge of the penis. Toward the
center of the glans is where the corpus urethrae located. The
corpus urethrae helps maintain an open urethra during
copulation (98). Development of the three corporal tissues are
androgen-dependent in mice. In the Tfm mice, where AR is
nonfunctional, the corporal tissues are drastically reduced (100).
The corpus cavenosum glandis and corpus urethra express Ar,
Esrl, and Esr2. Esrl knockout mice fail to develop the corpus
cavernosum glandis, while the Esr2 knockout mice fail to develop
the corpus urethra (101). In humans, both corporal tissues
express AR and ESR2 (102), suggesting a potential interplay
between the androgen and estrogen signaling pathways.

Dorsal Mesenchyme of the Penis as an
Androgen Insensitive Cell Population

In contrast to the tissues in the proximal and ventral penis, the
distal dorsal glans seems to have weak androgen responsiveness
and plays a minor role in the androgen-dependent processes of
penis development. Unique to the male mice, a portion of the
distal dorsal glans differentiates postnatally into a cartilaginous
mating protuberance, or the male urogenital mating
protuberance (MUMP) (99), which is not found in female
mice nor in the human (99). In addition to the MUMP, the
distal dorsal glans is involved in the overall growth and size of the
penis. Genetic mutations of dorsal glans gene Inhba in mice
caused the abnormally enlarged penis (103). The role of
androgen signaling within the distal dorsal glans remains to
be determined.

COMMONALITY OF AR- MEDIATED MALE
SEXUAL DIFFERENTIATION OF WOLFFIAN
DUCT AND EXTERNAL GENITALIA

Androgen Action Must Be Imposed Within
a Short Developmental Period Known as
Masculinization Programming Window

The action of AR must be imposed within a specific fetal
programming window. For the Wolffian ducts, the masculinization
programming window is E15.5-E17.5 in rat (104), presumably
E14.5-16.5 in mouse given that mouse development is generally 1
day behind that of rat (86), and predicted to be approximately 8-12
weeks of gestation in humans (104). The critical window for the
Wolffian duct overlaps considerably with the critical window for the
penis, with timeframes ranging from E15.5-18.5 in the rat (104),
E14.5-E17.5 in the mouse (105), and 8-12 weeks of gestation in the
human (104) (Figure 4). Only within this programming window,
disruption of androgen actions by AR antagonist flutamide results in

partial or complete absence of Wolffian ducts by adulthood in rat. AR
action-associated endpoints subside in the presence of flutamide,
including cell proliferation, epididymal coiling, epithelial vimentin
expression, and smooth muscle actin expression in the Wolffian duct
inner stroma (106). Similarly, only within this window does impaired
androgen action result in cryptorchidism and hypospadias (104). The
most severe cases and highest incidence of hypospadias occurs with
flutamide exposure between E15.5 and E16.5 (105). Flutamide
exposures before E15.5 can result in severe hypospadias, but low
incidence rates, while exposures after E16.5 result in both mild
hypospadias cases and low incidence rates (70, 91). The same
degree of hypospadias severity was shown to be true for AR
knockouts at E14.5 and E17.5. The masculinization window also
exists in the female embryos. For example, seminal vesicle formation
in female rats is induced by androgen exposure during E15.5-17.5,
the masculinization program window but not by exposure during
E19.5-E21.5 (104). Female rats develop complete Wolffian ducts and
penis only when they are exposed to androgens during this window.
The window is tightly regulated, where exposure to androgens before
or during the masculinization window does not advance or extend
the timing of the critical window (107). The molecular determinants
of opening/closing the programming window are not completely
understood. It appears that the induction of AR protein in Wolffian
duct and penile tissues (20) coincides with the opening of
the window.

Androgen Action in the Mesenchyme
Regulates Epithelial Morphogenesis
Extensive studies have demonstrated the essential role of AR
action in the mesenchyme of Wolffian ducts and penis
(Figure 4). Epithelial ablation of AR in the Wolffian duct or
the penis do not affect maintenance and coiling of the Wolffian
duct (20), nor urethra closure in the penis (74). The functional
significance of the mesenchymal AR in penis development has
been demonstrated in mesenchymal specific AR knockouts mice
where severe urethral and penile defects were observed (74).
Although the consequences of delating the mesenchymal AR has
not yet been determined in Wolffian duct development in vivo,
classic tissue recombinants studies provide evidence that the
mesenchymal AR actions governs androgen-induced epithelial
morphogenesis (25) (See the section Mesenchymal AR actions are
critical for Wolffian ducts differentiation).

Androgen Actions Induce Epithelial
Morphogenesis Through Both Growth
Factors and Mechanical Forces

In response to androgens, the mesenchyme produces multiple
mesenchymal growth factors (FGFs, EGF, and WNT) that
mediate mesenchymal AR actions in controlling survival and
differentiation of Wolffian ducts and penis (18, 74, 109). Aside
from growth factor signaling, mesenchymal AR can also regulate
epithelial morphogenesis by inducing expression myosin and
actin related genes, which induce mechanical forces on the
epithelium (108). During Wolffian duct morphogenesis, inner
mesenchymal cells differentiate into smooth muscle on E16.5, the
initiation of Wolffian duct coiling. The smooth muscle is known
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FIGURE 4 | Divergent and conserved androgen signaling mechanisms in the fetal development of the Wolffian Duct and penis. The Wolffian Duct and penis have
conserved androgen signaling mechanisms that include a window of masculinization, growth factor signaling (EGF,FGF, and WNT) and mechanical forces from the
mesenchyme to the epithelium. However, these two organs also possess divergent androgen signaling mechanisms. In the penis, Srdb5a2 is present and converts
testosterone to dihydrotestosterone. AR and SP1 interact along the DNA to elicit both gene expression and chromatin modifications, and the mesenchymal cells of
the penis have a more diverse community of mesenchymal cells from different development origins. In the Wolffian duct, mesenchyme in different regions expresses
region-specific Hox genes that govern the regionalization of the Wolffian ducts. The differentiation of the cranial Wolffian duct to the seminal vesicle depends on Gdf7.
Wolffian duct development requires both genomic and non-genomic androgen signaling while non-genomic androgen signaling is dispensable in the penis
development. The figure summarizes data and reviews from (16, 18, 27, 28, 53, 108) on Wolffian ducts and (67, 77, 79, 80, 91, 93, 104, 106) on external genitalia.

to produce mechanical resistance. Blocking o-smooth muscle

SUMMARY

actin (aSMA), a marker of smooth muscle differentiation,

significantly reduces tubule folding without affecting cell
proliferation in the tubule or the length of the epididymal
tubule (108). In the penis, androgen induced expression of
myosin-related genes, Myhl0 and actomyosin contractility in
the proximal mesenchyme. In vivo genetic ablation of both
Myh10 and Myh9 in the bilateral or pharmacological inhibition
of actomyosin contractility in ex vivo slice culture system induced
defective urethral masculinization (80). These results suggest that
mesenchyme-derived mechanical force is the other mechanism
by which androgen induce epithelial morphogenesis.

Although AR is a singular transcription factor, it can fill many
roles throughout Wolffian duct and male external genitalia
development. In both organs, plenty of research has identified
androgen responsive programs, but there many questions about
the molecular drivers of AR pleiotropy. Future studies that
conduct cell type-specific investigations of AR co-regulator
interactions, chromatin accessibility of AREs, and multi-organ
androgen signaling conservation will bring us drastically closer
to understanding the prevalence of androgen-related human
birth defects.
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The Sertoli cells of the testes play an essential role during gonadal development, in
addition to supporting subsequent germ cell survival and spermatogenesis. Anti-Mullerian
hormone (AMH) is a member of the TGF-B superfamily, which is secreted by immature
Sertoli cells from the 8" week of fetal gestation. Inhibin B is a glycoprotein, which is
produced by the Sertoli cells from early in fetal development. In people with a Difference or
Disorder of Sex Development (DSD), these hormones may be useful to determine the
presence of testicular tissue and potential for spermatogenesis. However, fetal Sertoli cell
development and function is often dysregulated in DSD conditions and altered production
of Sertoli cell hormones may be detected throughout the life course in these individuals. As
such this review will consider the role of AMH and inhibin B in individuals with DSD.

Keywords: AMH, inhibin B, testes, spermatogenesis, Sertoli cell

INTRODUCTION

Gonadal development is a complex process, whereby the genital ridge is directed to develop into
testes or ovaries. The testicular Sertoli cells play an essential role during gonadal development, in
addition to supporting subsequent germ cell survival and spermatogenesis (1). Sertoli cells are
responsible for the production of a variety of factors including hormones, binding proteins and
signalling molecules that regulate testicular development and function throughout life. Anti-
Miillerian hormone (AMH) and inhibin B are hormones that play a role in sex development
during fetal life, as well as regulation of spermatogenesis in adulthood. Differences/Disorders of Sex
Development (DSD) are a heterogeneous group of conditions with a wide range of aetiologies and
clinical features. The presence of measurable AMH and inhibin B in infants with DSD suggests the
presence of testicular tissue and indicates Sertoli cell function. However, in people with a DSD, fetal
Sertoli cell development and function can be dysregulated. As both of these hormones can be useful
clinically, this review will focus on the role of testicular AMH and inhibin B in individuals
with DSD.
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PATHWAYS OF TYPICAL SEX
DEVELOPMENT AND TESTICULAR
CELL DIFFERENTIATION

In human embryos, gonadal precursors are present from 32 days
post conception and the gonads are bipotential until 6 weeks of
gestation (2). As the testicular cords are established at 6-7 weeks
post fertilisation, the Sertoli and interstitial cells (including
Leydig-lineage cells) originate from common gonadal
progenitors and subsequently differentiate (3, 4)

Sry, sex determination region on Y chromosome is largely
responsible for testis differentiation. The Sry gene is expressed in
pre-Sertoli cells at 7 weeks in the XY gonad and encodes a high
mobility group (HMG) box transcription factor, which binds to
specific target sequences in DNA, resulting in DNA bending (5).
The expression of Sry is initiated by multiple transcription
factors including GATA4/FOG2/NR5A11/WT1I, resulting in
induction of SOX9 expression. This is further augmented by
the synergistic actions of Sry and NR5A1, leading to definitive
Sertoli cell differentiation (6, 7).

Much of the data relating to sex differentiation in mammals is
derived from mouse studies. However, studies using human fetal
tissues provide support for these mechanisms also being important
for sex development in humans. Mamsen et al. undertook gene
expression analysis of key genes associated with gonadal
development in 67 human first trimester fetuses obtained during
elective termination of pregnancy. This study demonstrated that in
the bipotential gonad, WT1 and NR5A1 were highly expressed,
although concentrations of WT1 decreased over time. SOX9 gene
expression increased to a peak at day 48. AMH was detected in
Sertoli cells from 48 days. SRY expression peaked at 44 days post
conception and then decreased to basal levels at day 60 (8). That
said, SRY expression has also been identified in 46,XY gonads up
to 18 weeks gestation in human embryonic and fetal tissue (9).

Once formed, Sertoli cells induce the development of fetal Leydig
cells, via a hedgehog signalling pathway (10). At 8-9 weeks of
development, the Leydig cells start to produce androgens and
insulin-like factor 3 (INSL3) (11). Masculinisation of the
indifferent external genitalia is induced by testosterone produced
by the Leydig cells between weeks 9-20 of gestation (12, 13).
Testicular descent is primarily under the control of the Leydig cells
via the actions of INSL3 and testosterone. INSL3 regulates the first
phase of testicular descent, acting via cyclic AMP with downstream
effects via Wnt, B-catenin and BMP, causing the gubernaculum to
swell, dilating the future inguinal canal and holding the testis close to
the groin as the fetal abdomen enlarges between weeks 8-15 of
gestation. The second stage of testis descent from the abdomen to the
inguino-scrotal region occurs from approximately 25 weeks of
gestation due to shortening of the gubernaculum cord and is
dependent on the presence of sufficient exposure to androgen (14).

AMH - SECRETION AND REGULATION

AMH, previously known as Miillerian Inhibiting Substance
(MIS), is a member of the TGF-f} superfamily. It is a 140-kDa

dimer glycoprotein, which is secreted by immature Sertoli cells
from the 8 week of fetal gestation (15).

The AMH gene is located on chromosome 19 (16).
Gonadotrophin-independent transcription is upregulated
by SOX9, NR5A1, GATA4, WT1, AP-1 and AP-2. Late in
fetal life and after birth, AMH transcription falls under the
control of FSH via the adenyl-cyclase cyclic AMP (cAMP)
pathway (17). Increased testicular AMH production in
response to FSH activates protein kinase A (PKA)-
mediated induction of SOX9, SF1, NFkB and AP-2, which
bind to specific response elements on the AMH promoter
(17, 18). FSH stimulation upregulates AMH transcription by
phosphorylating the transcription factors binding to the
promoter (19), an effect which is downregulated by
testosterone (15).

Immunohistochemical labelling of testes has shown that
the AR is expressed weakly in 2-15% of Sertoli cells from
approximately the age of 5 months until the age of 4 years
resulting in a physiological Sertoli cell androgen insensitivity
during fetal and early postnatal life, which may protect the
testes from premature Sertoli cell maturation (20).
Expression progressively increases thereafter such that 90%
of boys had high levels of AR expression from the age of 8
years (20). However, the AMH promoter does not have
androgen response elements, and as such the androgen
receptor must signal indirectly through SF-1 response
elements (21).

INHIBIN B - SECRETION
AND REGULATION

Inhibin B is a glycoprotein, secreted by Sertoli cells, which
consists of o- and B-subunits. Most of its mechanism of action
is via antagonism of activins on the activin type I and II
receptors but there are some cells with specific inhibin-
binding molecules, such as betaglycan (22). Recent genome
wide association studies (GWAS) have demonstrated that
LRRIQ1 and TSPAN19, two genes located on chromosome
12 may affect inhibin B production (23). Plasma inhibin B
measurements reflect both Sertoli cell number and status of
spermatogenesis (24). Inhibin B has a complex association with
the hypothalamic-pituitary-gonadal (HPG) axis and FSH, with
an initially positive association at around 3-6 months of age and
prior to the onset of puberty, followed by a negative feedback
loop (25).

TESTICULAR HORMONE PRODUCTION IN
FETAL AND EARLY POSTNATAL LIFE

Testosterone production by the human fetal testis begins around
8 weeks gestation, with a peak between 14-17 weeks and then a
sharp decline, so that in late pregnancy the serum concentration
of testosterone is similar in male and female foetuses (Figure 1)
(2, 26). Gonadotrophins are not required to initiate steroid
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synthesis during this time, but levels of testosterone are closely
correlated with human chorionic gonadotrophin (hCG) levels
during the early gestational period (2). Levels of testosterone and
gonadotrophins are low towards the end of pregnancy and at
birth before increasing in the early postnatal period, the so-called
‘mini-puberty’, and can be used as a window to assess the activity
of the HPG axis in the first few months of postnatal life.
However, they are of limited use to assess testicular function in
the prepubertal boy, because of the relative inactivity of the axis
during childhood.

AMH is produced at high levels in early fetal life, but is not
measurable in amniotic fluid (27, 28). As the testes differentiate
during the 7™ week of gestation, Sertoli cells start producing
AMH, which binds to the specific AMH Receptor Type II
(AMHR2) on the Miillerian ducts, resulting in their regression
before week 10 (29). AMH levels rise progressively from this
point and then decline in the second year of life (Figure 1). AMH
then remains stable until puberty, at which point it declines to
adult levels, which are 3-4% of those in infancy (30). AMH is
therefore an excellent marker of Sertoli cell function in infancy
and early childhood, but its use becomes more difficult to
interpret in adolescents with lower levels, as at this stage,
reduction in AMH is an indicator of pubertal terminal
differentiation and failure of the Sertoli cells (31). Serum levels
of AMH are 50-fold lower in girls than boys at birth (32) and as
such, it is a useful marker to confirm the presence of testicular
tissue. No extragonadal sites of AMH production have been
reported to date. Given that levels do vary with age, care must be
taken with interpretation of AMH to ensure the correct reference
range is used.

Inhibin B has been detected from 14-16 weeks gestation (33).
and has been detected in umbilical cord samples in boys but not
girls (34). Between 3-6 months of age, inhibin B rises in line with
FSH and a concurrent increase in Sertoli cell number (35)
(Figure 1). Levels persist after testosterone, LH and FSH start
to fall (25). Levels then remain consistent until approximately 8
years of age, peaking at around age 17 before a slow decline to

Puberty

FIGURE 1 | Levels of testosterone, AMH and inhibin B from fetal life to adulthood.

v

Adulthood

adult levels (36). Inhibin B is therefore a useful indicator of
spermatogenesis and Sertoli cell function in adults, when AMH is
no longer measurable.

THE ROLE OF FETAL SERTOLI CELL
HORMONES IN DSD

Differences in AMH and inhibin B can be seen in many forms
of DSD. These changes have been reviewed extensively
elsewhere (37) but this review will discuss some specific
DSD conditions.

Sex Chromosome DSD
Klinefelter syndrome, 47,XXY, is the most common sex
chromosome anomaly, affecting around 1 in 660 live male
births (38). Men with this condition have hypergonadotrophic
hypogonadism, as well as being 6 times more likely to have
cryptorchidism, which will also impact on Sertoli cell function
(39). A study by Aksglaede et al., measured AMH levels in a
cohort of 95 men with non-mosaic Klinefelter syndrome and
demonstrated that levels remained within the population
reference range in infancy, childhood and into adolescence
(40). In 47,XXY infants, levels of inhibin B have also been
shown to remain in the normal reference range for age (41).
Based on these findings, it is presumed that fetal levels of AMH
and inhibin B will also be similar between boys with Klinefelter
syndrome and controls. However, levels of inhibin B do reduce
significantly with age once adulthood is attained, in addition to
low AMH levels reflecting the progressive degeneration of the
seminiferous tubules (40).

A recent study by Spaziani et al. (10.1007/s40618-020-01281-
x) has also found that inhibin B and AMH can be high in early
childhood and mini-puberty, suggesting that further research is
required in this cohort of patients to confirm expected
biochemical findings.
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46,XX DSD

Ovotesticular DSD

About 65% of those with ovotesticular DSD have a 46,XX
chromosome complement and the ability of the ovotestes to
function will be variable. As such, AMH and inhibin B levels in
fetal life will vary from being high for female but low for male to
normal for male, depending on the clinical phenotype and assays
used. Generally, in fully virilised 46,XX males, AMH, inhibin B
and testosterone will be within the normal male range in
childhood but the germ cells will fail to undergo complete
meiosis and undergo apoptosis at puberty, resulting in low
testicular volumes (15). In 46,XX children with atypical
genitalia, AMH levels above the normal female range are
highly suggestive of ovotesticular DSD and exclude the
differential diagnoses of congenital adrenal hyperplasia,
aromatase defects or virilising tumours.

SOX9 gene variants have been associated with ovotesticular
DSD and skeletal dysplasias (42). The SRY gene upregulates
SOX9 expression and once levels of SOX9 have reached a critical
threshold, several positive regulatory loops are initiated,
including autoregulation of SOX9 expression and formation of
feed-forward loops via FGF9 or PGD?2 signalling, which are
required for the maintenance and sustained function of Sertoli
cells (43). During testicular development, SOX9 functions by
regulating the production of AMH from Sertoli cells, and
possibly by repressing genes involved in ovarian development
such as Wnt4 and FoxI2 (44). Studies regarding boys with SOX9
variants, report AMH levels, which are low to low normal (45,
46), with insufficient data regarding inhibin B levels to date.

46,XY DSD

Disorders of AMH and AMH Receptor Defects

From around 7 weeks gestation, the AMH gene is activated by
SF1 in Sertoli cells. This leads to the regression of Miillerian
structures in the developing male fetus (47). Where there is a
mutation in the AMH gene, or in AMHR?2, Persistent Miillerian
Duct Syndrome (PMDS) occurs. Boys most commonly present
with cryptorchidism, inguinal herniae and later infertility.
Orchidopexy can be challenging, likely because the testes
often have an excessively elongated gubernacular cord,
potentially due to the mechanical effects of the retained
uterus, or because AMH has an effect on shortening the
gubernacular cord (14). A longitudinal study of 157 men with
PMDS demonstrated that testicular malignant transformation
occurs in 33% of individuals with PMDS (48). Malignancy has
been reported in cases of PMDS with cryptorchidism and
transverse testicular ectopia but has also been seen in normal
testis in patients with PMDS, suggesting that the mechanism
for malignancy is not just related to mechanical cryptorchidism
(49). In approximately 8% of cases, malignant transformation
of the Miillerian remnants can also occur, particularly after
puberty, although again the mechanism for this is unknown
(50). Treatment is primarily surgical, with excision of Miillerian
remnants to allow for orchidopexy. Leydig cell function is
typically normal but AMH levels will be low or undetectable
in those with an AMH gene variant. In contrast, those with a

mutation in AMHR2 will have normal-for-age AMH
levels (48).

Disorders of Gonadal Development

Approximately 15% of all cases of 46,XY complete gonadal
dysgenesis (CGD) result from a deletion in SRY, with the
majority being located within the HMG domain (51). AMH
and inhibin B levels will be low/undetectable in individuals with
CGD, with the absolute level correlating to the amount of
gonadal tissue and number of functioning Sertoli cells present.
As such individuals with partial gonadal dysgenesis (PGD) tend
to have higher levels than those with CGD (52).

Disorders of Androgen Action

Complete and partial androgen insensitivity syndrome (CAIS
and PAIS respectively) are characterised by mutations in the AR
gene. Testis differentiation and development, as well as gene
expression patterns of AMH and AMHR are independent of AR
action up to the second trimester of pregnancy. This has been
confirmed by post-mortem examinations of fetuses with AR
defects and expression of AMH, AMH2 and testicular
differentiation markers (53). During childhood, AMH levels
are usually within the normal range in boys with PAIS. By
puberty, testicular AMH increases in young people with AIS, in
tandem with FSH and oestradiol levels. The expression of
Oestrogen Receptor o (ER0) has been confirmed in Sertoli
cells from patients with CAIS (54). AMH may be a useful tool
to distinguish CAIS and PAIS. A recent study of 29 AIS patients
under the age of 11 years reported lower AMH levels in
individuals with CAIS compared to PAIS, although still within
the normal range for men (55).

Inhibin B levels have been measured in different cohorts
of boys with PAIS, with median levels being lower in
these boys compared to controls at all ages but usually still
within the normal range and higher than in other forms of
XY DSD (56, 57). No statistically significant differences are
reported in inhibin B between individuals with CAIS and
PAIS (55).

Disorders of Androgen Synthesis

Studies of inhibin B and AMH in boys with 50.-reductase type 2
deficiency (5ARD2) compared to other DSD conditions and
controls have found that boys with 5ARD2 had lower levels of
both hormones compared to controls (56).

Non-Specific Disorders of Undermasculinisation
Cryptorchidism occurs due to failure of descent of the testes and
is a common congenital disorder, reported to affect up to 9% of
male infants in some populations (58). Boys with both unilateral
and bilateral cryptorchidism have been demonstrated to have
lower AMH levels than control boys, indicating testicular
dysfunction in childhood. Postnatal maturation of Sertoli cells
is altered in cryptorchidism and a study of 40 infants with
cryptorchidism aged 4-35 months showed strong positive
correlations between inhibin B, LH and FSH with Sertoli cell
number (59)
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A recent retrospective study of 310 prepubertal boys with
cryptorchidism confirmed that whilst low AMH was prevalent in
boys with both unilateral and bilateral cryptorchidism, lower
levels were seen in boys with bilateral undescended testes (60). In
addition, in terms of treatment, testicular descent was more likely
to be successful in response to treatment with hCG in those with
a higher AMH at baseline, suggesting this may be a useful
predictive marker when counselling families regarding the
advantages and disadvantages of hormonal versus surgical
management (60).

In boys with undermasculinisation, hCG stimulation may be
used to assess Leydig cell function in tandem with an AMH
measurement to assess Sertoli cell function. In 138 children with
a non-specific XY DSD, a normal AMH was predictive of a
normal testosterone response to hCG, suggesting that where
Sertoli cell function is preserved, Leydig cell function is also likely
to be (61). Of the 138 boys in the study cohort, 53 (38%) had
combined genital anomalies; 47 (34%) had isolated bilateral
undescended testes and 29 (21%) had isolated proximal
hypospadias. Boys with isolated hypospadias had a higher
AMH and higher testosterone after stimulation with human
chorionic gonadotrophin (hCG) compared to children with
isolated bilateral undescended testes (p=0.0001) or children
with combined anomalies including undescended testes
(p<0.0001) (61). Children with undescended testes but no
other genital anomalies had the lowest AMH and amongst
those with bilateral undescended testes, children with
impalpable testes had a lower median AMH than children with
inguinal testes (470 (1.5, 1926) vs 832 (72, 2280) pmol/l
(p=0.04) (61).

Testicular dysgenesis syndrome (TDS) is a term used to
describe a group of associated male reproductive disorders that
arise as a result of impaired androgen production or action
during a critical period of fetal testicular development (62). The
reduced androgen exposure is associated with cryptorchidism,
hypospadias, testicular germ cell tumours and subfertility.
Dysgenesis (often focal) within the testis is a frequent finding
in men with these disorders, which includes undifferentiated
Sertoli cells (63, 64). Animal models have been used to study
Sertoli cell development and maturation in this cohort.
Pregnancy exposure to di(n-Butyl) phthtalate in rats produces
a similar phenotype and demonstrate altered Sertoli cell
maturation, with a worse phenotype seen in cryptorchid testes
compared to scrotal testes (65).

In anorchia, AMH and inhibin B levels are both undetectable,
usually in combination with raised FSH levels (66).

Specific Gene Variants

NR5AL1 (also known as Steroidogenic Factor 1 or SF1) is a
nuclear receptor transcription factor whose expression
commences in the coelomic epithelium and continues in
steroidogenic cells. Its expression has been demonstrated in the
bipotential gonad from 32 days post conception and following
testis determination (around 42 days onward), its expression is
maintained in the somatic cells of the early testis, which suggests

it may play a role in supporting SOX9 expression (67). It is also
known to activate the expression of AMH in Sertoli cells from
around 7 weeks gestation, resulting in the regression of Miillerian
structures in the developing male foetus and is responsible for
activating the expression of steroidogenic enzymes from 8 weeks
gestation, resulting in the androgenisation of the external
genitalia (9). AMH and inhibin B levels in individuals with
NR5A1 gene variants have been reported as normal to low-
normal (68, 69).

Early studies of simulated FSH deficiency via administration
of hCG demonstrated that FSH is required for normal
spermatogenesis, although sperm production was not entirely
suppressed in the absence of FSH (70). Babies born with FSH
receptor mutations, have Sertoli cell hypoplasia and small testis
resulting in low spermatogenesis and low inhibin B in adulthood.
Miillerian structures do regress however suggesting AMH levels
are likely to be normal in early fetal life (71).

GATA-binding protein 4 (GATA4) is a transcription factor
which is known to be involved in the development of some forms
of congenital heart disease (72). Studies with GATA4 mutations
have demonstrated its likely involvement in gonadal
development in conjunction with its cofactor, Friend of
GATA2 (FOG2) (73). These genes are upstream of SRY and
when mutated cause significant reductions in SRY expression
[Sekido and Lovell-Badge, 2013]. In a family of individuals with
mutations in GATA4, 46, XY DSD and congenital heart disease,
AMH levels were consistently low and functional analysis
demonstrated that mutations in GATA4 may reduce the action
of the AMH promoter (74).

Hypogonadotrophic Hypogonadism

In cases of congenital hypogonadotrophic hypogonadism,
deficient LH and FSH does not affect Miillerian regression and
early sex development, but does impair genital development,
which is dependent on testosterone from mid to late pregnancy.
This may result in small testes as a result of FSH deficiency and
micropenis +/- cryptorchidism arising from LH deficiency (75).
A study of 8 men with hypogonadotrophic hypogonadism (4
with Kallmann’s syndrome, 4 idiopathic), demonstrated that
AMH was high for age, because serum testosterone remained
low and therefore did not downregulate AMH. Treatment with
recombinant human FSH increased serum AMH, Further
treatment with hCG increased testosterone and reduced AMH
and inhibin B (76).

Current Research Gaps
Overall, whilst many studies have considered AMH
concentrations as an indicator of testicular development in
children and young people with DSD, very few have focussed
on inhibin B. Therefore, the use of Inhibin B as a marker of
Sertoli cell function should be a research priority in future years,
particularly when assessing adolescents with DSD, in whom
AMH levels are more difficult to interpret.

In young children with non-specific 46, XY disorders of
undermasculinisation, AMH and inhibin B levels both show
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good correlation with post-hCG testosterone (61, 77), potentially
obviating the need for a stimulated test. hCG stimulation tests
are invasive for the child and logistically difficult for the
healthcare team and family and as such, studies assessing the
clinical utility of AMH or inhibin B levels as an alternative to
hCG testing to assess gonadal function will be invaluable.

Summary and Conclusions

To summarize, fetal Sertoli cell hormones are crucial for normal
sex development. In particular, AMH is responsible for
regression of Miillerian structures. Both AMH and inhibin B
represent useful biomarkers in children with DSD conditions, as
they allow for confirmation of the presence of testicular tissue, as
well as monitoring of gonadal function. However, their secretion
is age-dependent, requiring specific reference ranges and reliable
assays if they are to be used in clinical practice. Serum levels of
both, in conjunction with those of androgens and
gonadotrophins, can, however, be helpful in the diagnosis of
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Distal-less homeobox genes
DIx5/6 regulate Mullerian
duct regression
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‘Department of Genetics, University of Texas MD Anderson Cancer Center, Houston,
TX, United States, 2Département AVIV, Physiologie Moléculaire et Adaptation, CNRS UMR7221,
Muséum National d'Histoire Naturelle, Paris, France

DIx5 and DIx6 encode distal-less homeodomain transcription factors that are
present in the genome as a linked pair at a single locus. DIx5 and DIx6 have
redundant roles in craniofacial, skeletal, and uterine development. Previously,
we performed a transcriptome comparison for anti-Mullerian hormone (AMH)-
induced genes expressed in the Mullerian duct mesenchyme of male and
female mouse embryos. In that study, we found that DIx5 transcripts were
nearly seven-fold higher in males compared to females and DIx6 transcripts
were found only in males, suggesting they may be AMH-induced genes.
Therefore, we investigated the role of DIx5 and DIx6 during AMH-induced
Mullerian duct regression. We found that DIx5 was detected in the male
Mullerian duct mesenchyme from E14.5 to E16.5. In contrast, in female
embryos DIx5 was detected in the Mullerian duct epithelium. DIx6 expression
in Mullerian duct mesenchyme was restricted to males. DIx6 expression was
not detected in female Mullerian duct mesenchyme or epithelium. Genetic
experiments showed that AMH signaling is necessary for DIx5 and DIx6
expression. Mullerian duct regression was variable in DIx5 homozygous
mutant males at E16.5, ranging from regression like controls to a block in
Mullerian duct regression. In E16.5 DIx6 homozygous mutants, Mullerian duct
tissue persisted primarily in the region adjacent to the testes. In DIx5-6 double
homozygous mutant males Mullerian duct regression was also found to be
incomplete but more severe than either single mutant. These studies suggest
that DIx5 and DIx6 act redundantly to mediate AMH-induced Mdullerian duct
regression during male differentiation.

KEYWORDS

sex differentiation, anti-Mullerian hormone, reproductive tract development, DIx5,
DIx6, Amhr2
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Introduction

The male reproductive tract organs include the vas
deferentia, epididymides, and seminal vesicles. These
structures provide the conduit for movement and maturation
of spermatozoa from the testes for sexual reproduction. While
formation and differentiation of these male reproductive tract
organs are essential for reproduction, another process which
eliminates a progenitor organ system termed Miillerian duct
regression is also required for male development (1). These
developmental processes are regulated by the presence or
absence of fetal hormones (2).

The reproductive tract organs of mammals are derived from
two pairs of epithelial tubes surrounded by mesenchyme called
the Wolffian ducts (progenitor male reproductive tract) and
Miillerian ducts (progenitor female reproductive tract). The
Wolffian ducts differentiate into the vas deferentia,
epididymides, and seminal vesicles. The oviducts, uterus and
upper vagina are derived from the Miillerian ducts. Interestingly,
both the Wolffian and Miillerian ducts are formed regardless of
the genetic sex of the embryo. Differential hormone signaling
after the formation of these genital ducts results in Wolffian duct
loss in female embryos and Miillerian duct regression in
male embryos.

Miillerian duct regression is mediated by the TGF-f family
member anti-Miillerian hormone (AMH) secreted by Sertoli
cells of the fetal testes (3). AMH signaling acts in the Miillerian
duct mesenchyme through ACVR1 or BMPRI1A type 1 receptors
(shared with the bone morphogenetic protein (BMP) signaling
pathway) and a sole anti-Miillerian hormone type 2 receptor
(AMHR?2) (4, 5). Amhr2 is expressed in the Miillerian duct
mesenchyme and in the somatic cells of the gonads (6). In the
Mullerian duct mesenchyme, AMH binds AMHR2 which then
activates its type 1 receptors. This AMH ligand receptor complex
subsequently phosphorylates R-SMADI, 5 and 8 (also shared
with the BMP signaling pathway) (4). These redundant
phosphorylated R-SMADs then presumably activate
downstream effectors of AMH signaling.

Amh and Amhr2 are each required for Miillerian duct
regression. Male mice homozygous for either Amh or Amhr2
null alleles retain Miillerian duct derived structures, including a
complete uterus and oviducts (7, 8). Further, mutations of either
the AMH or AMHR?2 genes in human males result in Persistent
Mullerian Duct Syndrome (PMDS). Like mouse models with
Amh and Amhr2 loss, patients with PMDS have testes and male
secondary sex characteristics but retain female reproductive tract
organs associated with their male reproductive tract (9-11). A
mutation in Amhr2 in dogs is also known to result in PMDS
(12). Males of these species with loss of either AMH or AMHR2
also have subfertility likely due to a combination of the effects of
cryptorchidism (observed in humans and dogs) and the presence
of superimposed Miillerian duct-derived tissues impeding sperm
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passage (mouse, human and dog) (9, 12). AMH alone is also
sufficient for Miillerian duct regression in female embryos.
Transgenic female mice with widespread expression of human
AMH have complete regression of the Miillerian ducts and lack a
uterus and oviducts (13).

Few downstream effectors of AMH have been identified. In
mice, loss of the signaling molecule beta-catenin encoded by
Ctnnbl in the Miillerian duct mesenchyme results in the
complete retention of the Miillerian duct in newborn males
(14). In a recent RNA-seq study we compared male and female
mouse Miillerian duct mesenchyme transcriptomes soon after
the initiation of AMH signaling in males to identify potential
AMH-induced target genes. In that study we identified the BMP
target Osterix/Sp7 (Osx) (15, 16). We found that AMH signaling
is necessary and sufficient for Osx expression. Osx null male mice
have a delay in Miillerian duct regression but later Miillerian
duct derived tissues are eliminated (16).

This transcriptome analysis also revealed differential
upregulation of BMP target genes DIx5 and DIx6 in the
Miillerian mesenchyme of males in comparison to females.
Based on this transcriptome data and that the BMP pathway
shares multiple signaling components with the AMH
signaling pathway, we further characterize DIx5 and DIx6
expression and function during Miillerian regression. We
show that AMH signaling is necessary for DIx5 and DIx6
expression in Miillerian duct mesenchyme. Loss of DIx5 or
DIx6 results in partial retention of the Miillerian ducts in male
mice, whereas double mutant males consistently retain more
Miillerian tissue. This study identifies Dix5 and DIx6 as
redundant downstream effectors of AMH signaling for
Miillerian regression.

Materials and methods
Mice

Swiss outbred mice were obtained from Taconic
Biosciences. C57BL/6] mice were obtained from the Jackson
Laboratory. DIx6"”" mice were obtained from the MMRRC
(Mutant Mouse Resource and Research Center). Amhr2!™3(re
BT [Amhr2-Cre (17),], Amhr2"5"" (Amhr2-lacZ (18),
DIx5"™ 1" [Dix5-lacZ (19),], Dix6"" " (DIx6-lacZ (20), DIx5/
Dix6'™!L¢v [DIx5-6 (21),] mice were maintained on a
predominantly C57BL/6] genetic background. Amhr2-Cre,
Amhr2-lacZ, Dlx5-lacZ, Dix6-lacZ, and DIx5-6 mice were
genotyped by PCR as described previously. All animal
procedures were approved by the Institutional Animal Care
and Use Committee of the University of Texas MD Anderson
Cancer Center. Studies were performed consistent with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.
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B-galactosidase staining

Dlix5-lacZ and DIx6-lacZ heterozygous males were bred with
Swiss females to establish timed matings for 3-galactosidase (j3-
gal) staining as previously described (16).

Immunofluorescence

Immunofluorescence was performed as previously described
(22). Rabbit anti-DLX5 polyclonal antibody (Sigma-Aldrich Cat#
HPA005670, RRID : AB_1078681, 1:50). Rabbit anti-PAX2
polyclonal antibody (Thermo Fisher Scientific Cat# 71-6000,
RRID : AB_2533990, 1:100). Primary antibodies were detected
with goat anti-rabbit IgG (H+L) Alexa Fluor Plus 488 rabbit
(Thermo Fisher Scientific Cat# A32731TR, RRID : AB_2866491,
1:200). At least three specimens of each genotype were analyzed.

Microscopy and image analyses

Z-stack images of wholemount immunofluorescent staining
for PAX2 were acquired using an Al Nikon confocal
microscope. Linear length in microns of Wolffian duct
epithelium and retained Miillerian duct epithelium marked by
PAX2 immunofluorescent staining in 3D volume rendered
confocal images were measured in Imaris (Bitplane). Length of
Wolffian duct epithelium was measured from point of fusion
with seminal vesicle to start of coiling in epididymis on left and
right sides. Retained Miillerian duct epithelium lengths were
measured along the Wolffian duct epithelium on left and right
sides beginning at the point of Miillerian duct fusion at the
urogenital sinus.

Statistical analyses

Measurements of retained Miillerian duct epithelium length to
Wolffian duct epithelium length ratios in DIx5-6 homozygous
mutant and control males were subjected to a Welch’s t-test (t-
test; two-sample assuming unequal variances) using Microsoft Excel.
A P value of less than .05 was considered statistically significant.

Results

DIx5 and DIx6 expression in the
developing reproductive organs is
sexually dimorphic

Previously, we generated transcriptomes by RNA-seq of

FACS-purified Miillerian duct mesenchyme cells from E14.5
male and female embryos to identify candidate genes induced by
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AMH that mediate Miillerian duct regression (16). At this stage
of development, male mesenchymal cells are responding to
AMH secreted by the testes, whereas in female embryos these
cells are naive to AMH because the fetal ovaries do not express
AMH. Analysis of the bulk RNA-seq results showed that Dix5
transcripts were 6.7-fold higher in males compared to females
and DIx6 transcripts were found only in males, suggesting these
genes may respond to AMH signaling to mediate Miillerian duct
regression (Table 1).

Previous studies in the mouse showed that Dix5 is expressed
in the epithelium of the E18.5 uterus and subsequently in the
luminal and glandular epithelia of the postnatal and adult uterus
(23). In that study, expression was also detected earlier in the
Miillerian ducts at E15.5 and E16.5. We examined DLX5
expression in the Miillerian ducts of E14.5 male and female
embryos by immunofluorescence (Figure 1). In males, DLX5
was detected in the mesenchymal cells surrounding the
Miillerian duct epithelium (Figure 1A). In contrast, but
consistent with previous studies (23), DLX5 expression was
detected in the epithelial cells of the Miillerian duct of E14.5
female embryos (Figure 1B).

We also used a DIx5-lacZ knock-in allele to examine DIx5
expression in the developing reproductive organs (19, 20). Dlx5-
lacZ expression was detected at E14.5 in the Miillerian ducts of
both male and female embryos (Figures 1C, D). In male and
female embryos, B-gal staining was observed throughout the
entire length of the Miillerian ducts. At E15.5 and E16.5, DIx5-
lacZ expression persisted in the residual Miillerian ducts of male
embryos (Figures 1E, G). Consistent with earlier studies, in
Dix5-lacZ female embryos at E15.5 and E16.5, 3-gal staining was
detected throughout the entire length of the Miillerian ducts
with strongest staining caudally (Figures 1E, G) (23). These data
indicate that DIx5 is expressed in the male Miillerian duct
mesenchyme and female Miillerian duct epithelium. Thus,
Dlx5 exhibits a sexually dimorphic pattern of expression in the
developing Miillerian system.

We used a DIx6-lacZ knock-in allele (20) to examine DIx6
expression in the developing reproductive organs (Figure 2).
Dix6-lacZ expression in male embryos was detected at E14.5 and
E15.5 throughout the entire length of the Miillerian ducts and
later at E16.5 as the Miillerian duct was regressing (Figures 2A-
C). Histological analysis showed that [-gal expression was
localized to the Miillerian duct mesenchyme (Figure 2B’). No

TABLE 1 DIx5 and DIx6 RNA-Seq mean of counts normalized for
sequencing depth and DIx5 Log2foldchange.

Gene Mean Count Mean Count  Log2FoldChange
Male Female

Dix5 715.73 6.95 6.69

DIx6 160.00 0.00 NC

DIx6 Log2foldchange not calculated (NC) because Dix6 female mean counts are zero
[Data from Mullen et al., 2018 (16)].
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FIGURE 1

Sexually dimorphic expression of DLX5 in the male Mullerian
duct mesenchyme and female Mullerian duct epithelium.
Immunofluorescent staining of DLX5 in cross sections of the
mesonephros from E14.5 male (A) and female (B) embryos.
Dotted lines surround MD and Wolffian duct (WD) epithelium
Scale bars = 50 pm. DIx5-lacZ expression in male MD is lost as
MD regresses. B-gal-stained urogenital organs from E14.5 to 16.5
DIx5-lacZ heterozygous male (C, E, G) and female (D, F, H)
embryos. Dashed square boxes show location of higher
magnification insets. Arrowheads, Mullerian ducts. MD, Mdllerian
duct; WD, Wolffian duct; B, bladder; K, kidney; O, ovary; T, testis
Scale bars = 500 pm. (C'- H') Higher magnification insets
Arrowheads, Mullerian ducts. MD. Dotted lines surround MD
Each sex and genotype analyzed n>3.

B-gal staining was detected in the Miillerian ducts of female
embryos at each time point examined (E14.5 to E16.5)
(Figures 2D-F). These results show that DIx6 is expressed in
the male Miillerian duct mesenchyme. The male-specific
expression of DIx6 in the developing reproductive organs
demonstrates that it is expressed in a sexually dimorphic
pattern. These findings also show that DIx5 and DIx6 are co-
expressed in the male Millerian duct mesenchyme at the
initiation and during ductal regression.

AMH is necessary for DIx5 and DIx6
expression in the Mullerian
duct mesenchyme

The temporal and spatial patterns of expression for DIx5

and DIx6 in the developing male Miillerian duct mesenchyme
are consistent with the idea that they are induced by AMH

Frontiers in Endocrinology

10.3389/fendo.2022.916173

signaling. AMH is expressed in the fetal testis at ~E12.0 (24).
At ~E13.5 Amhr2 expression is activated in the Miillerian duct
mesenchyme initiating AMH signaling (18). We first observe
DlIx5 and DIx6 expression in the Miillerian duct mesenchyme at
~E14.5, a timing consistent with their activation by the AMH-
signaling pathway. To test this idea, we performed genetic
experiments examining DIx5 and DIx6 expression in the
absence of AMH signaling in male embryos.

To determine if AMH signaling is required for DIx5
expression, we performed DLX5 immunostaining of the
Miillerian ducts of Amhr2 Cre/lacZ mutant males at E14.5
(Figure 3). Amhr2-Cre and Amhr2-lacZ are knock-in alleles
that are also loss-of-function alleles (17, 18). Thus, Amhr2 Cre/
lacZ mutants lack Amhr2 function, blocking AMH signaling,
resulting in males with a retained and fully developed
Miillerian system (8). DLX5 positive Miillerian duct
mesenchyme cells were detected in wild-type male controls
(Figure 3A). No DLX5 immunostaining was detected in the
Miillerian duct mesenchyme of Amhr2 Cre/lacZ mutant males
(Figure 3B). This suggests that DLX5 expression requires
AMH signaling.

To determine if AMH signaling was required for DIx6
expression, we generated E15.5 DIx6-lacZ/+; Amhr2-Cre/Cre
male embryos (Figure 4). B-gal staining was detected in the
residual Millerian duct tissue of DIx6-lacZ/+ embryos
(Figure 4A). However, no B-gal staining was observed in the
Miillerian ducts of E15.5 DIx6-lacZ/+; Amhr2-Cre/Cre male
embryos that retained a complete Miillerian system due to the
block in AMH signaling (Figure 4B). This suggests that DIx6-
lacZ expression requires AMH signaling.

DIx5 and DIx6 regulate Mullerian
duct regression

DlIx5-lacZ homozygotes die shortly after birth with
craniofacial defects (19). In wild-type male embryos, most of
the Miillerian duct is regressed at E16.5 and regression is
complete by E18.5. We initially screened for the presence of
residual Miillerian duct-derived tissues (uterus) by histological
analysis of DIx5-lacZ homozygous mutants at E18.5
(Figures 5A, B). None of the 4 Dix5-lacZ homozygous
mutant males screened by histological sectioning had uterine
tissue (Figure 5B). We next examined Millerian duct
regression in Dix5-lacZ homozygous mutant males and
controls at E16.5, using lacZ expression to mark the
Miillerian duct. Five of 6 DIx5-lacZ homozygous mutant
males analyzed had Miillerian duct regression like controls
(Figure 5C). However, one of the mutants retained a
significant amount of Miillerian duct (Figure 5D). These
results indicate that DIx5 contributes to Miillerian
duct regression.

frontiersin.org


https://doi.org/10.3389/fendo.2022.916173
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mullen et al.

10.3389/fendo.2022.916173

DIx6 lacZ/+

MALE

|
B-galactosidase

FEMALE

FIGURE 2
DIx6-lacZ expression in male Mullerian duct mesenchyme but not in female Mullerian ducts. Wholemount B-gal-stained urogenital organs from
E14.5 to 16.5 DIx6-lacZ heterozygous male (A-C) and female (D-F) embryos. Arrowheads, Mullerian ducts. MD, Mullerian ducts; O, ovary; T,
testis. Dashed square boxes show location of higher magnification insets. Scale bars = 500 ym. (A’-F’) Higher magnification insets. Arrowheads,
Mullerian ducts. MD, Mullerian duct. Dotted white lines surround MD. (B"*) Eosin counterstained paraffin section (10 um) of wholemount B-gal-
stained E15.5 Dix6-lacZ heterozygous male. Asterisk denotes location of paraffin cross section. Arrowheads, Mullerian ducts. MD; Wolffian ducts,

WD. Dotted lines surround MD and WD epithelium. Scale bars = 50 um. Each sex and genotype analyzed n>3

Dix6-lacZ homozygous mutants die within a day after birth
also with craniofacial abnormalities (20). Like the DIx5-lacZ
mutants, we examined Miillerian duct regression by lacZ
expression in mutants and controls at E16.5 and E18.5. At
E16.5, control males showed very small 3-gal positive regions,
indicating residual Miillerian duct tissue (Figures 6A, C). In
contrast, in E16.5 DIx6-lacZ homozygous mutant male embryos

there were still significant stretches of -gal staining notably in
the Miillerian ducts adjacent to the testes (Figures 6B, D).
However, by E18.5, Miillerian duct regression in DIx6-lacZ
homozygous mutant male embryos was comparable to control
males (Figures 6E, F). These results suggest that loss of DIx6
results in a delay in Miillerian duct regression and DIx6
contributes to Miillerian duct regression.

MALE E14.5

WILD TYPE

Amhr2 Cre/lacZ

FIGURE 3

AMH signaling is required for DLX5 expression. Immunofluorescent staining of DLX5 in cross sections of the mesonephros from E14.5 wild-type
(A) and Dix5-lacZ/+; Amhr2-Cre/lacZ (B) male embryos. DLX5 is not expressed in Amhr2-Cre/lacZ males, indicating AMH signaling is required
for DLX5 expression in the male Mullerian duct (MD). Yellow dotted lines surround the MD epithelium; white dotted lines surround the Wolffian
duct epithelium (WD). MD, Mullerian duct; WD, Wolffian duct. Scale bars = 50 pm. Each genotype analyzed n=3
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| MALE E15.5 |
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| DIx6 lacZ/+ ” DIx6 lacZ/+; Amhr2 Cre/Cre |

FIGURE 4

AMH signaling is required for DIx6-lacZ expression in the Mdillerian duct. Wholemount B-gal-stained urogenital organs from E15.5 Dix6-lacZ/+
(A) and DIx6-lacZ/+; Amhr2-Cre/Cre (B) male embryos. Arrow in (A), residual B-gal-stained Mullerian duct (MD) tissue. Arrow in (B), absence of
B-gal-stained Mullerian duct tissue in fully retained Mullerian duct caused by loss of Amhr2. Dashed square boxes show location of higher
magnification insets. MD, Mullerian duct; T, testis; WD, Wolffian duct. Scale bars=1000 um. (A", B) Higher magnification insets. Arrowheads,
Mullerian ducts, MD; Wolffian ducts, WD. Dotted lines surround MD (black) and WD (red). Each genotype analyzed n=3.

Miillerian duct regression in DIx5 male homozygous together for Miillerian duct regression. Therefore, we examined
mutants was variable, whereas in DIx6 male homozygous Miillerian duct regression in DIx5-6 homozygous mutant males.
mutants it was delayed. DIx5 and DIx6 are co-expressed in the The DIx5-6 allele (DIx5/DIx6"™1*") is a deletion of both Dix5
male Millerian duct mesenchyme, suggesting that they may act and DIx6 coding regions that also contains a lacZ reporter (21).

| MALE |

| DIx5 lacZ/+ || DIx5 1acz/ DIx5 lacZ |

&
E18.5

B-galactosidase
E16.5

FIGURE 5

Defects in Mullerian regression are observed in some DIx5 mutants at E16.5 but are resolved by E18.5. Hematoxylin (H) and Eosin (E) stained
cross sections of the vas deferens (v) adjacent to the testis (T) from E18.5 Dix5-lacZ/+ (A) and DIx5-lacZ/DIx5-lacZ (B) male embryos. Yellow
dotted lines surround the vas deferens epithelium. Scale = 100 um. Wholemount B-gal-stained urogenital organs from E16.5 DIx5-lacZ/+ (C)
and DIx5-lacZ/DIx5-lacZ (D) male embryos. Yellow arrowheads, Mullerian ducts. T, testis; MD, Mdllerian duct. Scale bars = 500 uym. (C’, D)
Higher magnification insets. Arrowheads, Mdllerian ducts, MD; Wolffian ducts, WD. Dotted lines surround MD (black) and WD (red). E18.5 each
genotype analyzed (n=4); E16.5 Dix5-lacZ/+ (n=5); E16.5 DIx5-lacZ/lacZ (n=6).
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However, the lacZ reporter in this allele is not functional. Pax2 is
expressed in the developing Miillerian duct epithelium (25).
Therefore, we followed Miillerian duct regression by
wholemount immunostaining for PAX2. At E16.5, much like
the DIx5 male homozygous mutants, one DIx5-6 homozygous
mutants had near complete retention of the Miillerian duct
epithelium while others were comparable to wild type
(Figures 7A, B). To quantify the portion of Miillerian duct
epithelium retained in DIx5-6 homozygous mutants and controls
we calculated the ratio of the length of retained Miillerian duct
epithelium to Wolffian duct epithelium from the whole mount
images (Figure 8). Ratios for DIx5-6 homozygous mutants were
0.70 (Figure 7B), 0.32 and 0.27 in comparison to ratios of
controls 0.38, 0.22, 0.24 and 0.19 (Figure 7A). At E18.5 ratios of
retained uterine epithelium to vas deferens epithelium for DIx5-6
homozygous mutants were significantly increased in comparison
to controls (Figure 7C (ratio 0.03), Figure 7D (ratio 0.35) and
Figure 8). Consistent with these results, initial histology at E18.5

[ MALE |
|[_DIx6 lacZ/ Dix6 lacZ ]

[ Dix6 lacZ/+

B-galactosidase
I E16.5

E18.5

FIGURE 6

Loss of DIx6 results in a delay in Mullerian duct regression.
Wholemount B-gal-stained urogenital organs from E16.5 DIix6-
lacZ/+ (A) and DIx6-lacZ/DIx6-lacZ (B) male embryos. Higher
magnification of testis and adjacent Mullerian duct from E16.5
DIx6-lacz/+ (C) and DIx6-lacZ/DIx6-lacZ (D) male embryos.
Wholemount B-gal-stained urogenital organs from E18.5 Dix6-
lacZ/+ (E) and Dix6-lacZ/DIx6-lacZ (F) male embryos
Arrowheads, residual Mullerian ducts (A-D) and uterus (E, F)
Yellow dotted lines surround Mullerian ducts (C,D). T, testis; MD,
Mullerian duct; u, uterus. E16.5 DIx6-lacZ/+ (n=5); E16.5 DIx6-
lacZ/lacZ (n=4); E18.5 DIx6-lacZ/+ (n=5); E18.5 DIx6-lacZ/lacZ
(n=4). Scale bars = 500 um (A, B, E, F), 100 um (C,D)
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DIx5-6/ + |

Immunofluorescence

H&E

FIGURE 7

DWx5-6 mutant males retain significant portions of uterine tissue
at E18.5 compared to controls. Wholemount PAX2
immunofluorescent staining of E16.5 DIx5-6/+ (A) and DIx5-6/
DIx5-6 (B) male embryos and E18.5 DIx5-6/+ (C) and DIx5-6/
DIx5-6 (D) male embryos. Yellow arrowheads, Mullerian ducts (A,
B) and uterus (C, D). White arrowheads, Wolffian ducts (A, B) and
vas deferens (C, D). MD, Mullerian duct; WD, Wolffian duct; T,
testis; v, vas deferens; u, uterus. Scale bars = 500 pm
Hematoxylin (H) and Eosin (E) stained cross sections of the vas
deferens (v) adjacent to the testis (T) from E18.5 DIx5-6/+ (E) and
DIx5-6/DIx5-6 (F) male embryos. u, uterus. Scale bars =100 ym.
E16.5 DIx5-6/+ (n=4); E16.5 DIx5-6/DIx5-6 (n=3); E18.5 DIx5-6/+
(whole mount n=6, histology n=4); E18.5 DIx5-6/DIx5-6 (whole
mount n=3, histology n=3)

detected retained uterine tissue in 1 of 4 DIx5-6 homozygous
mutant males examined (Figures 7E, F). These results suggest
that DIx5 and DIx6 contribute to Miillerian duct regression and
may be functioning redundantly.

Discussion

Previously, we compared the transcriptomes of FACS-isolated
E14.5 male and female Miillerian duct mesenchyme cells in a
screen for AMH-induced genes that mediate Miillerian duct
regression during male differentiation (16). In our initial
analysis, we identified Osx as an AMH-induced gene that is
expressed in the male Miillerian duct mesenchyme to regulate
Miillerian duct regression. Upon further analysis of the
transcriptomes, we found that the distal-less homeobox genes
DlIx5 and DIx6 were upregulated in males relative to females. We
found that both genes are expressed in the male Miillerian duct
mesenchyme and are dependent on AMH signaling. The DlIx5-
null and DIx6-null male embryos (19, 20) showed variable
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Proportion of Retained Miillerian Duct
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FIGURE 8

* [ DIx5-6/ +
| Dbix5-6/Dix5-6
n=3
n=6
]
E18.5

Proportion of retained Mullerian duct in DIx5-6 mutant males is increased at E18.5 in comparison to controls. Quantification of the ratio of
retained Mullerian duct epithelium length to Wolffian duct epithelium length in DIx5-6/+ and DIx5-6/DIx5-6 males at E16.5 and E18.5. Data are
presented as mean + standard deviation. Asterisk (*) indicates statistically significant difference (p < 0.05).

retention of the Miillerian ducts and a delay in Miillerian duct
regression, whereas the DIx5-6-null male embryos (21) retained
more Miillerian duct tissue compared to each single mutant.
These findings place a new pair of transcription factors that act
together in the gene regulatory network to mediate AMH-induced
Miillerian duct regression during male differentiation (26).

AMH signaling is required for DIx5 and
DIx6 expression in the male Mdullerian
duct mesenchyme

We found that both DIx5 and DIx6 are expressed in the male
Miillerian duct mesenchyme during the embryonic stages
coinciding with the initiation and progression of Miillerian
duct regression. Dix genes are organized as linked pairs in the
mammalian genome (27). These Dix gene pairs are typically co-
expressed in various tissues, suggesting common cis regulation.
Perhaps Dix5 and DIx6 share Miillerian duct mesenchyme-
specific regulatory elements that respond to AMH signaling.

Previously, we discovered that Osx was expressed in the male
but not in female Miillerian duct mesenchyme (16). Our
observations of DIx5 and DIx6 expression add to a growing list
of genes that exhibit sexually dimorphic patterns of expression in
the Miillerian ducts. We found that the expression of DIx5, and
DIx6 in the Miillerian duct mesenchyme was dependent upon
AMH signaling through AMHR?2. Similar results were found for
Osterix expression (16). Amhr2 is expressed in the Miillerian
duct mesenchyme of both male and female embryos (6, 17, 18).
The female Miillerian duct mesenchyme is competent to
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respond to AMH because ectopic AMH can induce Miillerian
duct regression, eliminating the development of the uterus and
oviducts (13). Thus, the sexually dimorphic expression of Osx,
DIx5, and DIx6 expression in the Miillerian duct mesenchyme
mirrors the sexually dimorphic expression of fetal AMH.

Interestingly, DIx5 is also expressed in the Miillerian duct of
female embryos. However, in contrast to mesenchymal
expression in male embryos, expression in female embryos was
localized to the Miillerian duct epithelium. This epithelial
expression persists at later stages of embryogenesis and
postnatally in the luminal and glandular epithelium of the
uterus (23). We found that DIx6 expression in the Miillerian
duct was only in male embryos; no expression was detected in
female embryos. However, DIx6 expression is detected later in
the postnatal uterine epithelium (23). These observations
suggest that the expression of DIx5 in the epithelium of the
female Miillerian duct is independent of AMH signaling,
suggesting that other factors direct expression in this
tissue compartment.

DIx5 and DIx6 mediate Mullerian
duct regression

Simultaneous deletion of DIx5 and DIx6 in the postnatal
uterus leads to alterations in uterine adenogenesis and infertility,
suggesting that they act redundantly for epithelial
morphogenesis in the uterus (23). In addition to the postnatal
uterus, redundant functions for DIx5 and DIx6 have also been
reported for limb and craniofacial development (19-21, 28, 29).
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The overlapping expression patterns of Dix5 and DIx6 suggested
that they functioned redundantly in the male Miillerian duct
mesenchyme. Male homozygotes for each single mutation retain
variable amounts of Miillerian tissue and male homozygous
double mutants retain more Miillerian tissue. Interestingly, the
Dix5-6 double mutant males did not show complete retention
and differentiation of the Miillerian system like Amh and Amhr2
mutant males (7, 8). The incompletely penetrant Miillerian duct
regression phenotypes in the DIx5-6 double mutant male
embryos suggests that there are other mediators of AMH-
induced Miillerian duct regression that act together with DIlx5-
6 (e.g. Osx). Previous studies suggest that there are significantly
excess levels of AMH produced for Miillerian duct regression
because Amh levels must be reduced to ~10% of wild type to
uncover partial Miillerian duct regression phenotypes (18).
Perhaps downstream target genes of AMH signaling must be
collectively inactivated for a complete block to Miillerian duct
regression (30,31).

Dix genes are known targets of BMP signaling (26).
Interestingly, AMH signal transduction shares receptors
(BMPRIA and ACVRI1) and downstream R-SMAD proteins
(SMADI, 5, 8) with BMP signaling (4, 5). Considering the
temporal and spatial expression of DIx5 and DIx6 in the
Miillerian duct mesenchyme requires AMH signaling it is
possible that they are direct transcriptional targets. Osx was
discovered as a BMP-induced gene (15). Osx, DIx5, and DIx6
each have roles in skeleton development and Miillerian duct
regression (15, 16, 19-21, 28, 29). Do these transcription factor
genes regulate the same downstream effectors in skeleton-forming
and Miillerian duct mesenchyme cells, or do they regulate
different sets of target genes? This question can be addressed by
identifying tissue specific cis regulatory elements that are bound
by OSX, DLXS5, and DLX6 and regulate transcription.
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Sexual dimorphism through
androgen signaling; from
external genitalia to muscles
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Sexual dimorphisms can be seen in many organisms with some exhibiting
subtle differences while some can be very evident. The difference between
male and female can be seen on the morphological level such as discrepancies
in body mass, presence of body hair in distinct places, or through the presence
of specific reproductive structures. It is known that the development of the
reproductive structures is governed by hormone signaling, most commonly
explained through the actions of androgen signaling. The developmental
program of the male and female external genitalia involves a common
anlage, the genital tubercle or GT, that later on develop into a penis and
clitoris, respectively. Androgen signaling involvement can be seen in the
different tissues in the GT that express Androgen receptor and the different
genes that are regulated by androgen in the mesenchyme and endoderm
component of the GT. Muscles are also known to be responsive to androgen
signaling with male and female muscles exhibiting different capabilities.
However, the occurrence of sexual dimorphism in muscle development is
unclear. In this minireview, a summary on the role of androgen in the sexually
dimorphic development of the genital tubercle was provided. This was used as
a framework on analyzing the different mechanism employed by androgen
signaling to regulate the sexual dimorphism in muscle development.

KEYWORDS

androgen, muscle, external genitalia, sexual dimorphism, developmental mechanism

Introduction

Biological differences are evident in extant species to date, accounting for great diversity
in physiology, reproductive strategies, anatomy, and morphology. Initially, dimorphic
organs have similar precursor structures that undergo the same early developmental
program which includes mitotic growth and cellular differentiation. This will then be
followed by a stage of divergent developmental process which usually involves sex
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hormones, androgens and estrogens, which leads to sexual
dimorphism. This sexual dimorphism is important in
establishing male- and female-specific organs to ensure greater
reproductive success. Among the apparent manifestations of
sexual dimorphism can be determined morphologically in terms
of size, shape, colors, and development of appendages (1). In
many mammalian species such as elephants, sea lions, and
kangaroos, adult males are larger than females. Neck crests are
also prominent in male bulls and stallions due to greater muscle
build-up in the head, neck, and shoulder regions as compared to
their female counterparts and has been attributed to androgen-
facilitated muscle deposition patterns (2). However, the
developmental program underlying sexual dimorphisms are not
yet fully understood.

One of the most notable sexually dimorphic structures in
mice are the features of the external genitalia (ExG) and the
anogenital distance (AGD) in the perineum, area between the
anus and genitals (3). Male mice have longer and more
pronounced ExG and AGD as compared to female mice. Some
distinguishing features of the ExG between the males and
females include the presence of erectile tissue (diffused in
clitoris), organ size (larger for the penis), bone (larger for the
penis), cartilage (absent in the clitoris), surface spines (absent in
the clitoris), urethral position (completely within the penis for
males), and cross-sectional shape (U-shaped for the clitoris and
circular for the penis) (4). The penis and clitoris of the ExG both
develop from the ambisexual genital tubercle (GT), from
embryonic day 11 or E 11, and become sex-specific at E 16 in
mice (5). The longer AGD is used in sexing mice pups as early as
E16.5. The perineum region is longer in male mice which may be
attributed to the presence of well-developed bulbocavernosus/
levator ani (BC/LA) muscle complex (3).

Androgen signaling has been identified as the primary factor
that establishes male characteristics. The ligands for androgen
signaling are testosterone (T) and dihydrotestosterone (DHT). T
is the primary circulating androgen that is secreted by the Leydig
cells of the testis while DHT is a product of the conversion of T
via 5a-reductase in several reproductive tissues (6). The
androgen receptor (Ar) is composed of different functional
domains: N-terminal domain, DNA-binding domain, hinge
region and C-terminal or ligand binding domain (7).
Androgen signaling is initiated by the binding of androgens,
(T) or dihydrotestosterone (DHT) to androgen receptor
resulting to the dimerization of Ar and its nuclear
translocation. The Ar can bind to the DNA of target genes
through androgen response elements (ARE) (8). Ar is known to
regulate transcription of different genes and more recently, non-
genomic functions of AR have been evident (ADD 2 here).

The developmental program of the ExG formation has been
explained through the dominant effect of androgen signaling.
Muscle development and physiology is known to be responsive
to the effect of testosterone. The understanding of the
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masculinization process of the external genitalia and AGD
might help in identifying the occurrence of sexually dimorphic
muscle development.

The study of sexual dimorphism in
the external genitalia

The development of the ExG starts with a common anlage
known as the genital tubercle or GT (Figure 1) which will later
develop into the penis and clitoris. The GT is composed of
different tissues originating from the ectoderm, endoderm, and
mesoderm. The epidermis of the GT is mainly comprised of
ectodermal cells while the urethral tube is of endodermal origin.
The mesenchyme of the GT is derived from the pericloacal
mesenchyme which is primarily from the mesoderm. Each of
these tissue types contribute to the development of the GT and
towards a sexual dimorphic structure of a penis or clitoris. One
of the most notable structure that distinguish the male and
female GT is the fusion of urethral folds. Failure of urethral folds
fusion leads to hypospadias, a human penile condition wherein
the urethral opening is not located at the tip of the penis. This
condition can be replicated in mice when androgen signaling is
disrupted during the stage of urethral tube fusion (9, 10).
Additionally, exclusive dysregulation of signaling in the
ectoderm, endoderm,or mesenchyme exhibits a hypospadias-
like phenotype, in varying degree, due to the failure in the proper
fusion of the urethral folds (10-13). This shows that each of this
tissue contributes to GT masculinization.

Androgen signaling has been a consistent variable in the
study of a masculinized GT. Androgen receptor (AR) expression
is observed in the mesenchyme of the urethral folds and the
urethral tube while its expression in the ectoderm is not detected
(10, 12). Only the mesenchyme -specific knock-out (KO) of AR
results to hypoplasia of the urethral folds. This indicates that the
influence of androgen signaling during male-specific GT
development may depend on which AR-expressing tissue is
most important in the masculinization process (ADD 10 or
12). A microarray analysis comparing the GT ventral
mesenchyme and urethra of male and female shows some
genes that are differentially expressed at the onset of sexually
dimorphic features. Cyp1bl, Fkbp51 (FK506 binding protein 5)
and Mafb (v-maf masculoaponeurotic fibrosarcoma oncogene
family protein B) are differentially expressed in male and female
GTs (14). Mafb is more prominently expressed in the male GT
mesenchyme than in females. Additionally, exogenous exposure
to androgen induced Mafb expression in females while ArKO
(Androgen receptor knockout) mice downregulated its
expression. Interestingly, androgen exposure in the absence of
Mafb resulted to failed masculinization of the urethra and Mafb
KO mice exhibited defective urethra which is similar to
hypospadias (10). This implies that androgen is essential in
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The genital tubercle or GT is the common anlage of the penis and clitoris. The GT has cells from 3 embryonic layers, ectoderm, mesoderm, and
endoderm. At early embryonic stage, the male GT is distinguished from female GT through the fusion of the urethral folds (UF) which can be
viewed histologically through a cross-section of the GT (dotted line). The masculinization of the male GT is attributed to the active androgen
signaling in the endoderm and mesoderm tissues of the GT. Unfused UF in males, hypospadias-like phenotype, are due to disruptions in the

signaling of the endoderm and mesoderm of the GT.

inducing and regulating Mafb action in the masculinization of
the urethral folds. Another signaling pathway that is influenced
by androgen signaling is the Wnt signaling. Beta-catenin (B-cat),
a downstream effector of Wnt-signaling, is found to be highly
expressed in the male ventral mesenchyme. Such expression
pattern can be replicated in the female through the
administration of testosterone propionate, a testosterone
analogue. KO of Ar and B-cat in the urethral ventral
mesenchyme both leads to hypospadias-like phenotype (12).
From the studies of GT development mentioned above, there
are some investigative strategies that can be used as a framework
in identifying sexually dimorphic muscle formation. First, it is
important to identify which cell or tissues are necessary for the
proper sexually dimorphic development of tissues or organs.
And also, which of these tissues express Ar and which tissue-
specific Ar deletion results to drastic changes in phenotype.
Second, all the above-mentioned studies include comparison
between male and female structures and differential gene
expression patterns. This method is necessary to elucidate
which developmental mechanism is necessary for general
development of structures and which is necessary for male- or
female- specific developmental program. It is important that
identified mechanism may be used to manipulate the female GT
development which will result to structures or expression
pattern that will resemble that of the male, or vice versa. And
lastly, genes that are differentially expressed between male and
females need to be validated on how androgen signaling might
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influence its expression pattern. This can be done by using
different hormonal modulation experiments (see Diff review
paper) and analyze how gene expression patterns are affected.

Muscle development

Muscle development starts with the specification of a somite
region known as dermomyotome which leads to primary
myotome formation. The myotome contains muscle cells or
myoblasts that migrate to different parts of the body to serve as
muscle precursor cells for the rib and back muscles, body walls,
limbs and tongue. This process occurs between E9 — E12 in mice
(15). During this time, the development of the muscles is not
observed to be androgen-dependent nor is it different between
male and female embryos.

The regulation of myogenesis is dependent on the expression
of members of the basic helix-loop-helix domain-containing
myogenic regulatory factors (MRFs) (Figure 2A). MRFs include
myogenic factor 5 (Myf5) and 6 (Myf6), myogenic differentiation
1 (MyoD), and myogenin (Myog) (16). Myf5 and MyoD are
suggested to act redundantly and upstream of both Myf6 and
Mpyog. Myf5 mutants exhibit initial delayed muscle development
which was rescued once MyoD begins to be expressed resulting
in an overall normal myogenesis (17, 18). Similarly, MyoD
mutants possess normal skeletal muscle development with a
notable persistent expression of Myf5, which is normally down-
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(A) Muscle embryonic development is highly regulated by the MRFs (Myf5, Myf6,MyoD and Myog). Precusor myoblast from the myotome travel
to different parts of the body to establish the different muscle groups. These precursors or myoblast, expressing MyoD, will proliferate, fuse, and
differentiate to form syncytial myofibers. During regeneration, the resident stem cells of the muscles, satellite cells, are activated and begin to
express MyoD. It will then follow the same steps as in the embryonic muscle development. (B) A cross-section of the muscle shows the
different cell population found in the muscles. Some of these cells express AR and are instrumental to the androgen-responsive nature of some
muscle groups. (C) A scheme showing the effects of androgen signaling based on ArKO studies on different muscle groups.

regulated after day 14 of gestation (18). This suggests that some
functional redundancy between MyoD and Myf5 exists. Myog
null mutation results in normal initiation of myogenesis but
defects in myocyte differentiation and myotube formation were
observed (19, 20). These MRFs act downstream of the paired
domain and homeobox-containing transcription factors paired
box gene 3 (Pax3) and 7 (Pax7) (21, 22). Pax3 mutants display
failure in the proper specification of the dermamyotome and
myotome compartments of the somite which may lead to
defective body wall musculature development (23). Pax 7
could substitute for some of the function of Pax3 in somite
development but not the functions on myogenic specification
(24). The primary role of Pax7 is suggested to be implicated with
the specification of myogenic satellite cells (22). The satellite cells
contribute to the development, growth and repair of muscles.
During development and muscle regeneration, the satellite cells
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are activated and start to express MyoD (Figure 2A). Activated
satellite cells become the myoblasts and undergo proliferation.
Post-mitotic myoblasts will further differentiate and express
Myog or Myf6. These transcription factors will regulate the
terminal differentiation of myocytes and myotube formation
(25, 26). The regulatory mechanism of myogenesis is considered
as one of the active areas of research and more findings are being
accumulated that could specify the exact hierarchy and players
during muscle development.

Androgen effects on
muscle development

The most recognized effect of androgens on muscles is
studied through physiological changes on athletes taking
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testosterone (T) and other related steroids. It was discovered that
intramuscular injection of T results in an increase in the net
protein synthesis followed by enlargement of the muscle fibers
(27). The mechanism of hypertrophy is explained through the
concepts of nuclear domain and ceiling theory. A muscle fiber
contains numerous myonuclei that sustain protein synthesis
over a finite number of cytoplasm (nuclear domain). Upon T
treatment, the protein synthesis becomes too high to be
sustained by one myonuclei (ceiling theory) hence promoting
myonuclear accretion. This process will create an enlargement of
the muscle fiber leading to muscle hypertrophy (28-30). This
could possibly be attributed to the ability of testosterone,
through the androgen receptor, to increase the expression of
Myog and mTOR and decrease the expression of myostatin, a
negative regulator of muscle mass (31). Additionally, it has been
reported that androgen can regulate the expression of polyamine
biosynthesis genes such as Odcl and Amdl. This may also
mediate the anabolic actions of androgens on muscle mass (32).

To understand the effect of androgen on the sexual
dimorphism in muscle development, the points discussed in
studying sexual dimorphism in GT can be used as perspective for
summarizing the role of androgen on muscles. First is to identify
the type of tissues that are necessary for muscle development and
how Ar is expressed and utilized in those cells. A summary of
this can be seen in Supplementary Table 1. The effect of
androgen signaling is very diverse since the muscle cell
population is also composed of different types of cells
(Figure 2B, C). A cross section of a skeletal muscle will reveal
the presence of different cell such as myofibers, satellite cells,
connective tissues, pericytes, endothelial cells, and other
mesenchymal cells.

Satellite cells (SC) are the resident stem cells of the muscles
and testosterone treatment results in the increase of SC number
in humans, rats and pigs leading to muscle hyperthrophy (33-
36). SC are described as targets of androgen actions since Ar
expression is evident on SC in the LA muscle (37). In a study
using depletion of satellite cells and testosterone treatment, it
was discovered that muscle hypertrophy occurred in
testosterone-treated female mice regardless if the mice were
depleted with SC (Pax7“"FR/CrER . Rosa26”TAPT4) or with the
normal number of SC (38). This was further confirmed when
satellite cell-specific AR KO (Pax7CeERT2 ¢ AR female mice
exhibited increased mass upon testosterone treatment (39). In
the same study, a myofiber-specific ArKO or mArKO (A%,
HSA-Cre) was observed to have increased muscle mass upon
testosterone treatment while there was a loss in grip strength.
This indicates that muscle mass is not controlled by AR in the
myofiber or satellite cell but muscle strength is directly affected
by androgen signaling. An RNA seq of the mARKO suggests that
glucose/amino acid metabolism and muscle sarcomeric gene
regulation, such as Mpylk4, is regulated by androgen
signaling (39).
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Aside from satellite cells, a population of uncommitted
progenitor cells of mesenchymal (40) and adipocytes origin (41)
acts as reservoir of satellite cells during muscle regeneration or
hypertrophy. Ar deletion targeted to mesenchymal stem cells
resulted in upreglation of key adipogenic transcription factors
such as Peroxisome proliferator-activated receptor gamma
(PPARy) and CCAAT/enhancer binding protein alpha (C/
EBPo) (42). Additionally, testosterone treatment of CH3 10T1/2
cells result in the upregulation of myogenic differentiation
markers such as MyoD and myosin heavy chain II (MyHC) and
downregulation of markers for adipogenic differentiation such as
PPARyand C/EBPo (43). These studies suggest that androgen can
shift the commitment of cells from adipocytes or vascular fate to
myogenic cells (44). Other cells found in the interstitial
compartment such as connective tissues may play a role in
regulation of muscle development. A ligament known as
gubernaculum which connects the gonad to the future inguinal
canal is known to work with the cremaster muscle in the proper
descent of the testis. Gubernaculum-specific Ar deletion resulted
in increased Pax7 expression and decreased expression of skeletal
muscle actin suggesting defective development of the cremaster
muscle. However, cremaster muscle-specific Ar deletion did not
show any observable phenotypes. The authors suggested that the
deficiency in AR results in the loss of Ar-induced paracrine signals
from the gubernacular cells to the myoblasts (45).

Interestingly, another non-myocytic cell is found to be
necessary for the sexually dimorphic development of muscles
in the perineum, the BC/LA muscle. The BC is a striated muscle
complex inserted into the urethral bulb or bulb of the penis (46,
47) which possesses a posterior extension which is the LA. The
functions of these muscles in mouse have not yet been
completely studied but equivalent structures in human are
suggested to be involved for sustaining erection (BC) and
defecation (LA) (48-51). BC/LA complex is known to be
sensitive to androgen signaling (52) which is evident in the
table, BC/LA is the muscle complex that is mostly affected by
muscle-specific AR deletion. A study on the embryonic
development of the BC revealed that the Ar expressed in the
mesenchyme surrounding the BC muscle cells are more
important for masculinized BC and not the Ar in the myoblast
(53). The study mentioned a possible paracrine regulation from
non-myocytic cells to myoblast that controls proliferation of
myoblast leading to a bigger BC in male. Such well-developed
BC in male was feminized after mesenchyme-specific
Ar deletion.

The second point in studying the sexually dimorphic organ
is to identify the inherent difference between male and female
muscle development. There are a few studies that compare the
development of muscles between male and female or even to
compare the difference in muscle markers or gene players in the
normal development of sexually dimorphic muscles. The
formation of BC and LA are more prominent in male than in
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female and ArKO mouse exhibits defective formation in such
muscles (46, 51). A study discovered that there are more satellite
cells in male LA as compared to female and prenatal exposure of
female to exogenous testosterone analogue resulted in the
increase of satellite cells and increased LA muscle mass.
Additionally, a study observed that the formation of BC in
male and female was similar until E.16.5 when the myoblast
number in males become more prominent than in the female.
ArKO in the mesenchyme of the BC resulted into feminized BC
muscles (53). In a later stage (E17), the BC/LA of the female
undergoes higher apoptosis rate which leads to an
underdeveloped perineum muscle in female (51). These studies
show that examining development of BC/LA muscles at
embryonic stage,while comparing male and female, can
provide a clear picture on the role of androgen in the
differential muscle mass of male and female BC/LA.

The male and female difference in the development of other
muscle groups has not been studied at embryonic stages or
whether a sensitive time window of the sexually dimorphism of
muscle exists. Many publications show the control of androgen
on varying processes of myogenesis (CITE here) but not on the
inherent difference between male and female muscle properties.
There are some reports of differences in myogenic properties,
and its dependency on androgen signaling between males and
females that were observed in adult mice. It was identified that
global-KO of Ar affected only the muscle mass of male mice and
not that of the female. A reduction in the muscle mass of the
tibialis anterior (TA) extensor digitorum longus (EDL),
gastronomicus (GAST), and soleus (SOL) was evident in male
ArKO mice and the same muscles were unaffected in female
ARKO (54). Furthermore, muscle contractile strength was also
reduced in the EDL of male ARKO, becoming more similar to
that of the female. There are studies suggesting that the type of
fibers between male and females are inherently different from
each other. Muscle fiber types is distinguished by the (MyHC)
expressed in the fiber and is correlated with the morphology and
abundance of glycolytic enzymes. This translates into contractile
velocity of the muscles with type IIB having a higher relative
velocity than ITA (55) (Resnicow 2010). In mouse masseter, or
muscles of mastication, the female has more Type IIA fibers
(expressing MyHC-IIA) while male exhibit more type IIB fibers.
The expression of MyHC-IIA is higher in males in the SOL and
TA but in the plantaris, ITA is higher in females than in males
(56). Another study reported that Mylk4 is differentially
expressed in fast-type muscles of male and female mice. Mylk4
is a gene implicated with increased muscle strength and it was
found to be more expressed in male fat-type muscles compared
to female. Additionally, Mylk4 expression can be stimulated by
androgen treatment (39).

The third perspective on GT development, confirm the
androgen-responsive nature of the genes that were found to be
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inherently different between male and females, is more difficult
to be applied in this review. There are numerous studies
measuring the androgen responsiveness of varying key players
on myogenesis and muscle physiology,which can be found
elsewhere (57-59). These reports are extremely helpful in
understanding the possible use of androgens on muscle
dystrophy and muscle regeneration. These may be used as
initial candidates in understanding the inherent difference in
male and female muscles. This will require examining the role of
these genes or processes in the natural setting of male and female
muscle development and growth.

Conclusion

In terms of musculature, are males and females created
equal? The investigation on the sexual dimorphism of the
muscles could utilize the perspectives used in discovering the
formation of a gender-specific ExG. It would be helpful to
identify what are the unique properties of male and female
muscles and identify whether these properties are responsive to
androgen. It is also important to recognize the different tissues or
cells involved in the development and/or physiology of muscles.
Each cell type might contribute to the muscle growth through
autocrine and paracrine fashion. However, the muscle, as an
organ, has its own complexity different from the ExG. Muscles
have different muscle fiber types, with each muscle complex
comprised of different ratio of such fiber types. These
contributes to the differential androgen responsiveness/
dependency of numerous muscle groups. Unlike the ExG,
muscles can regenerate and such process, its fruition and
implementation, adds another vantage point in understanding
androgen's influence. Muscles has many other properties that
goes beyond structure such as muscle strength, contractile
velocity, and endurance which cannot be easily distinguished
as dimorphic or not. This makes the study of muscle
development dynamic and,dare I say, exciting.
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