Review Article

Sexual Development

Sex Dev

DOI: 10.1159/000518273

Received: March 3, 2021
Accepted: May 14, 2021
Published online: August 31, 2021

AMH and AMHR2 Involvement in
Congenital Disorders of Sex Development

Franco G. Brunello®*® Rodolfo A. Rey® ¢

aCentro de Investigaciones Endocrinoldgicas “Dr. César Bergada” (CEDIE), CONICET - FEI - Division de Endocrinologia,
Hospital de Nifios Ricardo Gutiérrez, Buenos Aires, Argentina; PInstituto de Quimica Bioldgica de la Facultad de Ciencias
Exactas y Naturales (IQUIBICEN), CONICET, Buenos Aires, Argentina; “Departamento de Histologia, Embriologia, Biologia
Celular y Genética, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina

Keywords

Disorders of sex development - Fallopian tubes -
Hypogonadotropic hypogonadism - Ovary - Persistent
Mullerian duct syndrome - Sertoli cell - Testis - Uterus

Abstract

Anti-mullerian hormone (AMH) is 1 of the 2 testicular hor-
monesinvolved in male development of the genitalia during
fetal life. When the testes differentiate, AMH is secreted by
Sertoli cells and binds to its specific receptor type Il (AMHR2)
on the miillerian ducts, inducing their regression. In the fe-
male fetus, the lack of AMH allows the miillerian ducts to
form the fallopian tubes, the uterus, and the upper part of
the vagina. The human AMH gene maps to 19p13.3 and con-
sists of 5 exons and 4 introns spanning 2,764 bp. The AMHR2
gene maps to 12q13.13, consists of 11 exons,and is 7,817 bp
long. Defects in the AMH pathway are the underlying etiol-
ogy of a subgroup of disorders of sex development (DSD) in
46,XY patients. The condition is known as the persistent miil-
lerian duct syndrome (PMDS), characterized by the existence
of a uterus and fallopian tubes in a boy with normally viril-
ized external genitalia. Approximately 200 cases of patients
with PMDS have been reported to date with clinical, bio-
chemical, and molecular genetic characterization. An updat-
ed review is provided in this paper. With highly sensitive

techniques, AMH and AMHR2 expression has also been de-
tected in other tissues, and massive sequencing technolo-
gies have unveiled variants in AMH and AMHR2 genes in hith-
erto unsuspected conditions. ©2021 S. Karger AG, Basel

Introduction

Anti-millerian hormone (AMH), formerly also called
miillerian inhibiting substance (MIS) or factor (MIF), is
1 of the 2 testicular hormones that drive the sexually di-
morphic process of genital differentiation during fetal life
(Fig. 1). Although chromosomal sex, 46,XX or 46,XY in
mammals, becomes fixed at fertilization and depends on
the sex chromosome present in the spermatozoon, a pe-
riod elapses before the first signs of sex differentiation are
evident in the developing embryo. For instance in hu-
mans, during the first 6 weeks of gestation, the gonads
and the primordia of the internal and external genitalia
are identical in 46,XX and 46,XY embryos. When the tes-
tes differentiate in the 7th week, Sertoli cells start produc-
ing AMH, which binds to the specific receptor type II
(AMHR2) on the miillerian ducts, thus provoking their
regression before the 10th week. In the absence of AMH,
the miillerian ducts form the fallopian tubes, the uterus,
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Fig. 1. Hormonal control of fetal sex differentiation. a In the hu-
man embryo, before the 7th week, the primordia of the gonads and
of the external genitalia are undifferentiated and sexually bipoten-
tial, while 2 duct systems coexist, the miillerian and the wolffian
ducts, which are unipotential. b In the male, the testes secrete anti-
miillerian hormone (AMH), responsible for miillerian duct regres-
sion, and androgens, responsible for wolffian duct differentiation
into the epididymis, vas deferens, and seminal vesicle, as well as for
the virilization of the external genitalia. ¢ In the female, the ovaries

and the upper part of the vagina. The second testicular
hormone is testosterone, responsible for the differentia-
tion of the wolffian ducts into the epididymides, the vasa
deferentia, and the seminal vesicles, and the virilization
of the external genitalia [Josso, 2019; Moses and Behring-
er, 2019; Grinspon et al., 2020].

AMH and AMHR2 in Sex Development

AMH Production by the Gonads

Because of its short and sexually dimorphic window of
action in early fetal life, AMH production needs to be
tightly regulated. In the testis, AMH expression is trig-
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do not secrete AMH or testosterone during the sex differentiation
window, which leads the miillerian ducts to form the fallopian
tubes, the uterus, and the upper portion of the vagina, the wolffian
ducts to regress, and the external genitalia to feminize. d In 46,XY
individuals with mutations resulting in impaired expression of
AMH or the AMH receptor type I, the miillerian duct derivatives
develop, leading to the persistent miillerian duct syndrome
(PMDS). Modified, with permission, from Josso and Rey [2020].

gered by SOX9 and upregulated by SF1, GATA4, and
WT1, independently of gonadotropins [Valeri et al,
2020]. Later in fetal life and after birth, testicular AMH
production is increased by the action of FSH [Al-Attar et
al., 1997; Grinspon and Urrutia, 2020], signaling through
its 7transmembrane receptor and the pathway involving
the Gsa subunit [Rey et al., 2006], cyclic AMP, protein
kinase A, and transcription factors SOX9, SF1, AP2, and
NF«B [Lukas-Croisier et al., 2003; Lasala et al., 2011]. Se-
rum AMH is high during fetal life [Josso et al., 1993] and
although it declines transiently at birth, it remains dis-
tinctly higher than in females and increases again during
the first month [Bergada et al., 2006] to reach its peak in
the second year of life [Aksglaede et al., 2010; Grinspon et
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al., 2011]. Circulating levels remain high during child-
hood and decrease from the onset of puberty (Fig. 2)
when AMH production is downregulated by the increas-
ing intratesticular concentration of testosterone [Rey,
2021], which acts through the androgen receptor that
hinders SF1 regulation at the AMH promoter [Edelsztein
etal,, 2018]. Interestingly, during the fetal period and ear-
ly infancy, Sertoli cells are insensitive to the high levels of
testosterone produced by the testis because they do not
express the androgen receptor [Chemes et al., 2008; Bou-
kari et al., 2009; Grinspon et al., 2013].

In the ovary, AMH is produced by the granulosa cells
of primary and small antral follicles [Vigier et al., 1984;
Rajpert-De Meyts et al., 1999; Rey et al., 2000], starting
from the 25th week of fetal life [Kuiri-Hanninen et al.,
2011], when miillerian ducts are already insensitive to
AMH. Serum AMH is 50-fold lower in girls than in boys
atbirth [Bergadd et al., 2006] and remains relatively stable
from childhood through young adulthood [Long et al.,
2000; Codner et al., 2007; Hagen et al., 2010; Kelsey et al.,
2011], declining from the 4th decade until menopause,
when it becomes undetectable as ovarian follicles are
completely lost [Long et al., 2000; van Rooij et al., 2004;
Kelsey et al., 2011; Nelson et al., 2011].

AMH Action on Miillerian Ducts

AMH signals through 2 distinct membrane-bound re-
ceptors. The AMH receptor type I (AMHR?2) is a specific
receptor to which AMH binds and triggers its action in the
miillerian ducts, the most physiologically relevant target
organ. The consequence of AMH action is ductal epithe-

AMH and AMHR?2 in DSD

lial regression involving a paracrine mechanism initiated
in the miillerian mesenchyme and consisting of apoptosis
and epithelial-to-mesenchymal transition [Allard et al.,
2000]. AMHR? recruits 1 of 2 non-specific type I recep-
tors, either BMPR1A or ACVRI, thus inducing the phos-
phorylation of intracellular proteins SMAD1, SMADS5,
and SMADS (also called SMAD?9) and their translocation
to the nucleus, where they regulate target gene expression
[Josso, 2019; Moses and Behringer, 2019]. Osterix (OSX)
isinduced by AMH and involved in miillerian duct regres-
sion [Mullen et al., 2018]. B-catenin is required for AMH
action [Kobayashi et al., 2011]. Matrix metallopeptidase 2
(MMP2) and WNT inhibitory factor 1 (WIF1) are 2 other
factors that are expressed in the fetal male, but not the fe-
male, miillerian mesenchyme following AMH action
[Roberts et al., 2002; Park et al., 2014].

Experimentally induced overexpression or disruption of
the AMH pathway in mice provided the conclusive proof
of the main role of the “miillerian inhibitor” suggested by
Prof. Jost in his pioneering experiments in the mid-20th
century [Jost, 1953]. Transgenic female mice overexpress-
ing AMH lack a uterus and oviducts [Behringer et al., 1990].
Male mice with a homozygous knockout of the Amh gene
[Behringer et al., 1994] or of SOX9- or SF1-response ele-
ments on the Amh promoter [Arango etal., 1999] have per-
sistent miillerian derivatives but normal male wolffian duct
derivatives and external genitalia and sperm production.
Heterozygotes are phenotypically normal, corroborating
the recessive mode of inheritance of the condition. Male
mice with defective Amhr2 alleles show similar phenotypes
[Mishina et al., 1996; Jamin et al., 2002; Arango et al., 2008].
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Fig. 3. Schematic of the AMH and AMHR?2 genes and proteins. Roman numerals indicate exons, arabic numerals
indicate initial and last base number of each exon. SF1-RE, SF1 response element at position —228 of the AMH
promoter; Extra, extracellular domain of AMHR2; TM, transmembrane domain of AMHR?2. Dots indicate inde-

pendent mutations described. Deletions are not included in this figure.

Other Sites of AMH Production and Action

AMH continues to be produced by the testis after miil-
lerian duct regression, and the ovaries also secrete AMH
when miillerian ducts are no longer sensitive. These ob-
servations suggest that AMH might have other physio-
logical roles. In the testis, AMHR2 is expressed in Sertoli
[Dutertre et al., 1997] and Leydig cells [Racine et al,
1998]. AMH overexpression inhibits Leydig cell differen-
tiation and steroidogenesis, whereas deficiency of AMH
action results in Leydig cell hyperplasia. In the ovary,
AMH overexpression results in follicle disruption [Beh-
ringer et al., 1990]. Female mice with homozygous dis-
ruption of Amh or Amhr2 genes exhibit morphologically
normal uteri and ovaries and are fertile, but primordial
follicle recruitment rate is increased, resulting in early de-
pletion [Durlinger et al., 1999]. AMH also inhibits aro-
matase, resulting in decreased estrogen production [di
Clemente et al., 1992].

Using very sensitive experimental tools, AMH and
AMHR? expression have also been described in the brain
[Lebeurrier et al.,, 2008; Wang et al., 2020], cerebellum
[Wittmann and McLennan, 2011], and the hypothalamic-
pituitary axis [Cimino et al., 2016; Garrel et al., 2016]. The
(patho)physiological relevance of these findings is incipi-
ent as compared to that related to AMH action on miille-
rian duct regression during fetal sex differentiation. In-
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deed, AMH cannot be detected in blood in the anorchid
male [Lee et al., 1997] or in the castrated or menopausal
female [Long et al., 2000], and no major phenotype apart
from the existence of uterus and fallopian tubes has been
described in patients with PMDS or in their female rela-
tives with inactivating mutations of both alleles of AMH or
AMHR?2, as described in detail below. Subtle phenotypes
might have gone underdiagnosed, and the reverse pheno-
typing approach derived from the use of massive parallel
sequencing could help to shed light on this question.

AMH and AMHR2: Genes and Proteins

AMH

The human AMH gene (OMIM 600957) is autosomal,
mapping to 19p13.3 (GRCh38: 2,249,309-2,252,073) [Co-
hen-Haguenauer et al., 1987], and consists of 5 exons and
4 introns spanning 2,764 bp (Fig. 3). Like for other mem-
bers of the TGFp superfamily, the 3" end of the last exon
encodes the bioactive C-terminal domain [Cate et al.,
1986]. Unlike the bovine, rat, and mouse, the human
AMH promoter lacks a classical TATA-box and exhibits
several transcription initiation sites. Response elements
for SOX9, SF1, and GATA4 are present within the proxi-
mal 500 bp.
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Human AMH is synthesized as a 140-kD glycoprotein
homodimer, each monomer composed of 560 amino ac-
ids. Prior to secretion, a 24-amino acid signal peptide is
removed. The full-length secreted pro-protein must be
cleaved — most probably in target organs — at a site locat-
ed 109 amino acids upstream from the C-terminus. The
resulting 25 kD C-terminal dimeric fragment is the bioac-
tive moiety, whereas the 110-kD N-terminal fragment en-
hances the bioactivity of the C-terminal domain [Wilson
etal., 1993].

AMHR2

The human AMHR2 gene (OMIM 600956) is also au-
tosomal and maps to 12q13.13 (GRCh38: 12:53,423,854—
53,431,671) [Imbeaud et al., 1995]. The gene consists of
11 exons (7,817 bp; Fig. 3): exon 1 encodes the signal se-
quence, exons 2 and 3 the extracellular domain with hor-
mone binding capacity, exon 4 the single transmembrane
domain, and exons 5-11 the intracellular domain in-
volved in signal transduction. The AMH type II receptor
is a 573-amino acid protein of 82 kD for the mature form.
The N-terminal extracellular domain binds AMH as the
only ligand, whereas the intracellular domain has serine/
threonine kinase activity.

AMH and AMHR?2 Variants in Congenital Disorders

of the Reproductive Axis

Disorders of sex development (DSD) are congenital
conditions where chromosomal, gonadal, and/or genital
sex are atypical or discordant. This definition includes sex
chromosome disorders, that is, where an individual has
an atypical sex chromosome complement such as
45,X/46,XY,46,XX/46,XY, etc., as well as 46,XX individu-
als with more or less virilized genitalia and 46,XY indi-
viduals with female or ambiguous genitalia [Lee et al.,
2006]. Defects in the AMH pathway represent a subgroup
of 46,XY DSD characterized by the existence of internal
female genitalia but normally differentiated male gonads
[Grinspon et al., 2020].

Persistence of Miillerian Duct Derivatives

As expected, the first phenotype associated with de-
fects in the AMH axis was the existence of a uterus and
fallopian tubes in otherwise normally virilized 46,XY in-
dividuals. Since the initial description of a mutation in the
AMH gene [Knebelmann et al., 1991], approximately 200
cases of patients with PMDS have been reported to date
with molecular genetic characterization, the vast majority
of them by the group led by Nathalie Josso and Jean-Yves
Picard in Paris [Picard et al., 2017]. This condition is typ-

AMH and AMHR?2 in DSD

ically characterized by the unexpected finding of a uterus
and fallopian tubes in an otherwise normally virilized
46,XY patient, generally seeking medical attention due to
cryptorchidism. The clinical presentation may vary from
bilateral cryptorchidism with testes located in an ovarian
position, to unilateral cryptorchidism where the unde-
scended testis is attached to tube and uterus and appears
as an inguinal hernia (hernia uteri inguinalis), and to
transverse testicular ectopia where both testes and part of
the miillerian derivatives have herniated into a single side
[Hutson et al., 2014]. More rarely, the clinical presenta-
tion is in adults with hemospermia, hematuria, or infertil-
ity. Any of these presentations may result from defective
AMH production or to resistance to AMH due to AMHR2
impairment. Serum AMH is low or undetectable in the
vast majority of AMH gene mutations (Fig. 2) [Picard et
al,, 2017], except for a few cases where the resulting pro-
tein was immunologically detected by the AMH assays
but functionally inactive [Belville et al., 2004]. In patients
with AMHR2 defects, serum AMH is usually within the
normal male range (Fig. 2) [Picard etal.,2017]. Malignant
potential seems slightly increased as compared to males
with cryptorchidism not associated with PMDS, which
suggests that factors other than abnormal testicular posi-
tion may play a role. Malignant degeneration of the miil-
lerian derivatives is infrequent. Infertility is a frequent
complication, usually associated with longstanding bilat-
eral cryptorchidism or to involuntary damage of repro-
ductive organ blood vessels during surgery [Picard et al.,
2017].

In females, no evident phenotype has been reported.
Sisters and mothers of boys with PMDS, carrying gene
mutations in both alleles, are normal and fertile. Female
mice with a knockout of the Amh gene show accelerated
ovarian reserve depletion but with no apparent effect on
lifetime fertility [Guo and Pankhurst, 2020].

AMH Gene Variants

A total of 72 different variants have been identified in
89 patients with PMDS; 64 of those variants are included
in the exhaustive review by Picard and colleagues 4 years
ago [Picard et al., 2017]. The remaining 8 have been re-
ported in 7 patients thereafter (online suppl. Table 1; see
www.karger.com/doi/10.1159/518273 for all online sup-
pl. material). Variants are present either at homozygous
or compound heterozygous states, that is, always consis-
tent with an autosomal recessive pattern of inheritance.
All types of variants have been reported, with missense
mutations as the most frequent, in the 5 exons. Variants
are extremely rare in exon 4, whereas they are particu-
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larly frequent in exons 1 and 5. Two variants in intron 1,
2inintron2,and 1inintron 3 have been described [Picard
etal., 2017]. Recently, the first variant in the 5" regulatory
sequences of the AMH gene was identified. The patient
carried a single base deletion at 225 upstream of the trans-
lation start site, significantly decreasing its capacity for
binding the transcription factor SF1 [Schteingart et al.,
2019], which is essential for AMH gene transcriptional
activation [Shen et al., 1994].

With the advent of next-generation sequencing (NGS)
technologies, 4 novel variants have been described
[Hughes etal., 2019; Ata et al., 2021]. In all cases, the phe-
notype was typically that of PMDS and the mode of in-
heritance autosomal recessive. Consanguinity has been
reported in approximately 40% of families with AMH
variants causing PMDS [Picard et al., 2017].

AMHR?2 Gene Variants

In all, 78 variants have been reported to date in the
AMHR?2 gene in 95 patients with PMDS. Picard and col-
leagues [Picard et al., 2017] reviewed 58 of them, and the
remaining 20, described in 15 patients, are shown in on-
line suppl. Table 2. Like for the AMH gene, variants are
present in homozygous or compound heterozygous
states. Although all types of variants have been described
in exons 1-11 and in introns 2, 5, 7, and 8, a 27-bp dele-
tion in exon 10, ¢.1332_1358del, has been reported in 32
families, representing by far the most frequent variant
found in patients with PMDS. Recently, the first cases re-
sulting from microdeletions of 12q13.13, where AMHR2
maps, were identified using high-resolution array CGH
[Tosca et al., 2020]. In 1 case, a homozygous microdele-
tion of 11.39 kb removed exons 7-11 and extended be-
yond the AMHR2 gene, while in the second case, the
whole AMHR?2 gene was deleted. The recent use of NGS
panels contributed to the detection of 11 variants (9 nov-
el), present in homozygosity or compound heterozygos-
ity, as expected for a condition transmitted as an autoso-
mal recessive trait.

Other Conditions Affecting the Reproductive Axis
Interindividual Variability in the Normal Population
and Female Patients with Polycystic Ovary Syndrome
The increasing access to high throughput technologies
has allowed the scrutiny of AMH and AMHR2 genes in
patients with conditions different from PMDS. Circulat-
ing levels of AMH show high interindividual variability
in the normal population [Aksglede et al., 2010; Grin-
spon et al., 2011]. A recent genome-wide association
study has identified common and low-frequency variants
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in the AMH gene with strong association with circulating
AMH levels in males [Perry et al., 2016]. In female pa-
tients with polycystic ovary syndrome (PCOS), serum
AMH levels may also be very variable, and several AMH
and AMHR?2 variants have been shown to reduce AMH
expression or signaling capacity [Gorsic et al., 2019;
Hoyos et al., 2020].

Pathogenic Association with Hypogonadotrophic

Hypogonadism and Primary Ovarian Insufficiency

In a recent whole exome sequencing study of 136
patients with congenital hypogonadotrophic hypogo-
nadism (HH), 3 heterozygous missense variants were
detected in the AMH gene (online suppl. Table 1) and
1 heterozygous missense variant was found in the
AMHR?2 gene (online suppl. Table 2), all of them show-
ing loss of function in in vitro experiments [Malone et
al., 2019].

Another study of 120 female patients with primary
ovarian insufficiency (POI) identified 14 variants of
AMHR2, 10 of which were novel, and 2 were exonic mis-
sense variants (online suppl. Table 2) with potential im-
pact on protein expression or function as predicted by
bioinformatic tools [Qin et al., 2014].

In both conditions, the variants were found in only 1
allele at variance with those found in patients with PMDS,
in whom both alleles are mutated. Whether these single
allele variants may have a pathogenic role through a dom-
inant mechanism needs to be clarified. The fact that a
large number of point mutations or even large deletions
completely abolishing AMH expression or AMHR2 sig-
naling observed in patients with PMDS do not result in
HH or POI argue against a major role of mutations in the
AMH signaling pathway in the etiology of these condi-
tions. However, a shared role with other pathways may be
envisaged in conditions showing an oligogenic mode of
transmission.

Conclusion

The AMH pathway is clearly involved in the regression
of miillerian ducts in the male fetus, whereas other roles
mightbe redundant or less determinant. Deleterious vari-
ants in AMH or AMHR?2 result in the persistence of miil-
lerian ducts and their differentiation into the uterus and
fallopian tubes in 46,XY patients, who do not have any
other sign of defective virilization. The advent of high
throughput technologies, such as next-generation se-
quencing leading to a reverse phenotyping approach,
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may help to understand other potential roles for AMH
and its signaling pathway by unveiling gene variants in

unsuspected conditions.
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