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Lasala C, Schteingart HF, Arouche N, Bedecarrás P, Grinspon RP,
Picard JY, Josso N, di Clemente N, Rey RA. SOX9 and SF1 are involved
in cyclic AMP-mediated upregulation of anti-Müllerian gene expression in
the testicular prepubertal Sertoli cell line SMAT1. Am J Physiol Endocrinol
Metab 301: E539–E547, 2011. First published June 21, 2011;
doi:10.1152/ajpendo.00187.2011.—In Sertoli cells, anti-Müllerian hormone
(AMH) expression is upregulated by FSH via cyclic AMP (cAMP),
although no classical cAMP response elements exist in the AMH
promoter. The response to cAMP involves NF-�B and AP2; however,
targeted mutagenesis of their binding sites in the AMH promoter do
not completely abolish the response. In this work we assessed whether
SOX9, SF1, GATA4, and AP1 might represent alternative pathways
involved in cAMP-mediated AMH upregulation, using real-time RT-
PCR (qPCR), targeted mutagenesis, luciferase assays, and immuno-
cytochemistry in the Sertoli cell line SMAT1. We also explored the
signaling cascades potentially involved. In qPCR experiments, Amh,
Sox9, Sf1, and Gata4 mRNA levels increased after SMAT1 cells were
incubated with cAMP. Blocking PKA abolished the effect of cAMP
on Sox9, Sf1, and Gata4 expression, inhibiting PI3K/PKB impaired
the effect on Sf1 and Gata4, and reducing MEK1/2 and p38 MAPK
activities curtailed Gata4 increase. SOX9 and SF1 translocated to the
nucleus after incubation with cAMP. Mutations of the SOX9 or SF1
sites, but not of GAT4 or AP1 sites, precluded the response of a
3,063-bp AMH promoter to cAMP. In conclusion, in the Sertoli cell
line SMAT1 cAMP upregulates SOX9, SF1, and GATA4 expression
and induces SOX9 and SF1 nuclear translocation mainly through
PKA, although other kinases may also participate. SOX9 and SF1
binding to the AMH promoter is essential to increase the activity of the
AMH promoter in response to cAMP.

adenosine 5=-monophosphate; follicle-stimulating hormone; gonado-
tropin; GATA

IN THE MALE, ANTI-MÜLLERIAN HORMONE (AMH), also known as
Müllerian inhibiting substance, is a specific marker of the
immature Sertoli cell activity. AMH, secreted by the testis
from the time of gonadal differentiation in early fetal life, is
responsible for the regression of the Müllerian ducts, the
anlagen of the fallopian tubes, the uterus, and the upper vagina
(reviewed in Ref. 48). In early fetal life, AMH expression is
triggered in Sertoli cells by SOX9, which binds to a specific
response element on the AMH gene proximal promoter (4, 16,
39). Subsequently, other transcription factors like SF1,

GATA4, WT1, and DAX1 also regulate AMH expression
either by direct binding to specific response elements in the
AMH proximal promoter or by protein-protein interaction (4,
16, 24, 38, 50, 55, 58, 59, 61, 64). These initial steps of fetal
testicular AMH expression, conserved from birds to mamma-
lian species (4, 39), are independent of gonadotropins (48).

Although AMH exerts its best-characterized physiological
effect in male sex differentiation very early during fetal life
(56), Sertoli cells continue to synthesize large amounts of
AMH until puberty (2, 26). With the advent of sensitive and
highly specific immunoassays for its determination in serum in
the 1990s, AMH became a useful circulating marker of Sertoli
cell functional activity in diverse physiological and patholog-
ical conditions in humans and other mammals (26, 30, 43, 52).
For instance, in humans, serum AMH increases progressively
in the first months after birth following the neonatal activation
of pituitary FSH secretion (1, 8). Accordingly, serum AMH is
lower than expected in rodents with an inactivation of the FSH
�-subunit gene (2) as well as in patients with congenital
hypogonadotropic hypogonadism, a condition characterized by
extremely low pituitary FSH secretion (9, 67), and increases in
response to FSH administration in both rodents (2) and humans
(9, 66). On the other hand, AMH is abnormally high in
prepubertal boys with an activating mutation of the Gs� protein
involved in FSH receptor signaling in Sertoli cells (14, 34, 47)
and in rams overexpressing the FSH receptor (51). These
observations prompted us to study a potential regulation of
testicular AMH production by FSH in late fetal life and after
birth.

In previous studies (29, 32), we showed that FSH, signaling
through its classical pathway involving cyclic AMP (cAMP)
and protein kinase A (PKA), induces an increase in AMH
expression. Unexpectedly, no classical cAMP response ele-
ment (CRE) is present on the AMH promoter. The objective of
this work was to identify alternative pathways not involving a
classical CRE that mediate the increase of the AMH promoter
activity in response to cAMP. Canonical sites for SOX9, SF1,
GATA4, and AP1 are present within the proximal AMH
promoter sequences, and all of these factors are involved in
cAMP-mediated regulation of target genes in other cell types
(13, 25, 41, 60). Therefore, using quantitative real-time PCR,
immunocytochemistry, targeted mutagenesis, and luciferase
assays in a previously characterized prepubertal Sertoli cell
line named SMAT1 (17, 32), we assessed whether SOX9, SF1,
GATA4, and AP1 are involved in cAMP-mediated upregula-
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tion of the AMH promoter. Beyond the classic PKA-dependent
pathway, additional signaling cascades involving the cAMP-
regulated guanine nucleotide exchange factor (cAMP-GEF)-
regulated phosphatidylinositol 3-kinase (PI3K)-protein kinase
B (PKB/Akt) pathway (27, 35–37, 49) and the MAPK cascades
(15, 35) have been identified in Sertoli cells. Therefore, we also
explored the signaling cascades downstream of cAMP poten-
tially involved in the upregulation of the AMH promoter.

MATERIALS AND METHODS

Cell culture, transfection, and luciferase assays. SMAT1 cells, an
immortalized immature Sertoli cell line (17, 32), were cultured in
DMEM (GIBCO Invitrogen, Grand Island, NY) supplemented with
10% fetal calf serum, 1� amino acid mix (GIBCO Invitrogen), 100
U/ml penicillin, and 100 �g/ml streptomycin (GIBCO Invitrogen).
Cells were plated at 2 � 105 cells/well in six-well plates and
transiently transfected with 1 �g of luciferase reporter plasmids, or at
0.5 � 105 cells/well in 24-well plates, and with 0.5 �g of DNA using
the LipofectAMINE PLUS Reagent package (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. In brief, 1 day after
initial plating, DMEM with fetal calf serum was changed for DMEM
without serum. Twenty-four hours later, transfections were per-
formed in DMEM without serum. Dibutyryl cAMP (dbcAMP;
Sigma, St. Louis, MO) was added at 1 mM. Kinase inhibitors H89,
LY-294002, SB-203580, and PD-98059 (all from Merck-Calbiochem,
Darmstadt, Germany) were used at 10, 25, 20, and 10 �M, respec-
tively. Firefly luciferase activity was determined with the Dual Lu-
ciferase Reporter Gene Assay kit (Roche Diagnostics, Indianapolis,
IN), using Lumat LB95507 and Junior LB9509 luminometers
(Berthold Technologies, Bad Wilbad, Germany), and normalized for
renilla luciferase activity.

Plasmids. A 3,078-bp fragment of the 5=-flanking region of the
human AMH gene (position �3,068/�10 relative to the major tran-
scriptional initiation site) (20) was obtained from pGAMH1 construct
(17) by restriction enzyme digestion using SacI and AvrII. AvrII site
was rendered blunt using the Klenow fragment of DNA polymerase I,
and the resulting construct was subcloned between SacI and BglII
sites of luciferase vectors pGL2B (Promega, Madison, WI) to obtain
�3,068 5=hAMH-luc plasmids, as already described (32). The FSH
receptor expression vector pcDNA-FSH-R and its control pcDNA-
CAT were kindly provided by Drs. W. Tribley and M. Griswold
(Pullman, WA). The use of these vectors has already been validated in
SMAT1 cells (32).

Targeted mutagenesis. Plasmids with mutations in binding sites for
SOX9, SF1, GATA4, or AP1 of the human AMH promoter were
generated using the Altered Sites II In Vitro Mutagenesis Systems
(Promega, Madison, WI) or the QuikChange II XL Site-Directed Mu-
tagenesis Kit (Stratagene, La Jolla, CA). One SOX9 binding site was
mutated (CTTTGAGA ¡ GGTACCGA) at position �141, two SF1

binding sites were mutated (CAAGG ¡ GGTAC) at positions �92 and
�218, three GATA binding sites were mutated (AGATAG ¡
GGTACC) at positions �74, �168, and �408, and one AP1 binding site
was mutated (TTGACACATC ¡ TGCGCGCAC) at position �203.
Mutagenic oligonucleotide primers (Table 1) were synthesized by Euro-
gentec (Liège, Belgium).The introduction of a KpnI restriction site in
SOX9, SF1, and GATA binding elements and of a BssHII restriction site
in AP1 binding element helped in identifying the mutated plasmids.
Sequence changes were verified by direct sequencing.

Quantitative real-time RT-PCR. Levels of gene expression were
examined by a reverse transcription real-time quantitative PCR
method using a LightCycler 480 Real-Time PCR System (Roche
Applied Science, Mannheim, Germany) and the TaqMan method.
cDNA was prepared from SMAT1 cells submitted to the various
experimental conditions, and each cDNA was assayed in duplicate
PCRs. Briefly, 2 �g of total RNA was treated with deoxyribonu-
clease I and reverse transcribed using the Omniscript Reverse
Transcription system (Qiagen, Courtaboeuf, France) in a reaction
volume of 20 �l as recommended by the manufacturer. Specific
reverse and forward oligonucleotide primers for each gene were
designed using Probe Finder Version 2.44 for mouse (Roche
Applied Science). The sequences of oligonucleotide primers used
were the following: mouse Amh: forward 5=-GGCTAGGG-
GAGACTGGAGAA-3=, reverse 5=-AGGTGGAGGCTCTTG-
GAACT-3=; mouse Sox9: forward 5=CAGCAAGACTCTGG-
GCAAG-3=, reverse 5=-TCCACGAAGGGTCTCTTCTC-3=;
mouse Sf1: forward 5=-AGAATTCTCCTTCCGTTCAGC-3=, re-
verse 5=-TCACCACACACTGGACACG-3=; mouse Gata4: for-
ward 5-GGAAGACACCCCAATCTCG-3=, reverse 5=-CATGGC-
CCCACAATTGAC-3=. Real-time PCR was performed in a 96-well plate
using the previously synthesized cDNA as template. The PCR contained
about 5–10 ng of cDNA, 1� LightCycler 480 Probes Master (Roche
Applied Science), and 500 nM of each specific reverse and forward
primer. The PCR protocol used an initial denaturating step at 95°C for 10
min followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for
15 s, with a transition rate of 20°C/s. Quantification of gene expression is
based on a standard curve for each gene, constructed with known
amounts of copies of amplification products of SMAT1 cDNAs, which
was included in each real-time PCR experiment. Products of mock
reverse transcription reactions for each of the SMAT1 RNA samples
were included as negative controls to verify the absence of amplification
signal attributable to contamination by genomic DNA.

Immunocytochemistry. SMAT1 cells, cultured on four-chamber
Lab-Tek Permanox slides (Nunc, Naperville, IL) at 2–5 � 104

cells/chamber, were fixed in 4% paraformaldehyde and submitted to
immunocytochemistry without antigen retrieval. Primary antibodies
were rabbit anti-SOX9 affinity purified polyclonal antibody 0.85
�g/ml (no. AB5535; Chemicon, Temecula, CA), rabbit anti-SF1
ligand-binding domain affinity-purified polyclonal antibody diluted
1:1,000 (no. 18443-5; kindly provided by Drs. N. Stallings and K.

Table 1. Sequences of oligonucleotide primers used for site-directed mutagenesis

Mutation Sequences Mutagenesis Protocol

SOX9 �141 ACA GAA AGG GCT GGT ACC GAA GGC CAC TCT G B
CAG AGT GGC CTT CGG TAC CAG CCC TTT CTG T

SF-1 �92 CGG GCA CTG TCC CGC GCG CAC GCG GCA GAG GAG B
CTC CTC TGC CGC GTG CGC GCG GGA CAG TGC CCG

SF1 �218 GGG GAT GGC CCT GGT ACC CGG CAT GTT GAC ACA TC B
GAT GTG TCA ACA TGC CGG GTA CCA GGG CCA TCC CC

GATA �74 AGG TCG CGG CAG AGG GTA CCG GGG TCT GTC CTG C A
GATA �168 GCT CTA TCA CTG GGG AGG GGG TAC CGC TGC CAG GGA CAG B

CTG TCC CTG GCA GCG GTA CCC CCT CCC CAG TGA TAG AGC
GATA �408 TCC TTG GGG TCT CCG GTA CCC CCA CCA GGG GTG G A
AP1 �203 CAA GGA CAG CAT GTG CGC GCA CAG GCC CAG CTC T A

The following mutagenesis kits were used: A, Altered Sites II In Vitro Mutagenesis Systems kit; B, QuikChange II XL Site-Directed Mutagenesis kit.
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Parker, University of Texas Southwestern Medical Center, Dallas,
TX), rabbit anti-SF1 COOH-terminal domain affinity-purified poly-
clonal antibody diluted 1:1,000 (no. 4803-2; kindly provided by Drs.
N. Stallings and K. Parker), goat anti-GATA4 polyclonal antibody 2
�g/ml (no. sc-1237; Santa Cruz Biotechnology, Santa Cruz, CA), and
rabbit anti-FOG2 polyclonal antibody 2 �g/ml (no. sc-10755; Santa
Cruz Biotechnology). A negative control reaction was performed by
replacing the primary antibody with nonimmune rabbit or goat serum.
The reaction was revealed using peroxidase Vectastain Universal Elite
ABC kit PK-6200 (Vector Laboratories, Burlingame, CA) and DAB
Reagent D-3939 (Sigma). The intensity of the immunocytochemical
reaction was measured in the nuclei and the cytoplasm of SMAT1
cells submitted to the different experimental conditions using the
“mean intensity” tool of the NIS Elements BR Version 3 software for

image analysis (Nikon Instruments, Melville, NY). Results are given
in arbitrary units after background subtraction.

Statistical analyses. Data distribution was tested for normality
using the D’Agostino-Pearson test. Quantitative results were analyzed
using a paired Student’s t-test for comparisons between means of two
experimental conditions when data distribution passed the normality
test or the Mann-Whitney test when distribution was not Gaussian.
For comparisons between more than two experimental conditions, we
used one-way analysis of variance (ANOVA), when distribution was
normal, or the Kruskal-Wallis test, when distribution did not pass the
normality test. As posttest, we used Dunnett’s test to compare one
experimental condition against all others and Bonferroni’s test to
compare between all experimental conditions when data distribution
was normal or Dunn’s test when the distribution was not Gaussian. A

Fig. 1. Intracellular kinases involved in cyclic AMP
(cAMP)-dependent increase in mRNA levels of
anti-Müllerian hormone (Amh) and of its trans-
activators Sox9, Sf1, and Gata4. A: FSH-mediated
upregulation of target genes via cAMP may involve
protein kinase A (PKA) or more recently described
signaling pathways involving cAMP-regulated gua-
nine nucleotide exchange factors (cAMP-GEFs),
which could be involved in the increase of Amh
gene expression through the upregulation of Sox9,
Sf1, and/or Gata4. Different inhibitors can be used
to specifically block each of the various pathways:
H-89 to block PKA-dependent pathways, SB-20358
to block p38 MAPK, PD-98059 to block MEK1/2-
ERK1/2 pathway, and LY-294002 to block phos-
phatidylinositol 3-kinase (PI3K)-PKB (Akt) path-
way. B: SMAT1 cells were incubated for 24 h in
basal medium or in medium containing 1 mM
dibutyryl cAMP (dbcAMP) alone or with either 10
�M H-89, 25 �M LY-294002, 20 �M SB-203580,
or 10 �M PD-98059. Total mRNA was extracted,
and levels of Amh, Sox9, Sf1, and Gata4 were
assessed by real-time RT-PCR. Results are ex-
pressed in copy numbers normalized by hypoxan-
thine-guanine phosphoribosyltransferase gene ex-
pression and analyzed by ANOVA followed by
Dunnett’s test to compare all conditions against
dbcAMP. Data shown correspond to the mean �
SD of 3 experiments (samples in duplicate in each
experiment). *P 	 0.05, **P 	 0.01.
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difference was considered statistically significant when the P value
was 	0.05. All calculations were made using GraphPad Prism version
5.01 for Windows (GraphPad Software, San Diego, CA).

RESULTS

cAMP increases Amh gene expression in SMAT1 cells
through the PKA pathway. To verify that endogenous AMH
expression is responsive to cAMP in SMAT1 cells, we per-
formed quantitative real-time RT-PCR experiments and as-
sessed Amh mRNA levels after incubating SMAT1 cells under
basal or 1 mM dbcAMP-stimulated conditions. Signaling path-
ways described as intracellular targets of cAMP include PKA,
which can be blocked by H-89, PI3K-mediated PKB (Akt)
phosphorylation, which can be blocked by LY-294002, and
p38 MAPK and MEK1/2 cascades, which can be blocked by
SB-203580 and PD-98059, respectively (57). We used these
blocking agents to also assess which signaling pathways were
involved (Fig. 1A). As shown in Fig. 1B, Amh levels were

increased after incubation with dbcAMP. Coincubation with
the PKA inhibitor H-89 resulted in a complete abolition of
dbcAMP effect, whereas coincubation with the PI3K/PKB
inhibitor LY-294002 provoked a partial inhibition. SB-203580
and PD-98059 had no significant effect. From these results, we
conclude that cAMP increases Amh expression in SMAT1 cells
involving mainly the PKA pathway but also PI3K/PKB. We
further hypothesized that this was the result of an increased
availability of transcription factors with proven trans-activat-
ing capacity of the AMH promoter, like SOX9, SF1, and
GATA4. We tested two hypotheses: 1) dbcAMP upregulates
Sox9, Sf1, and/or Gata4 expression, and 2) dbcAMP increases
SOX9, SF1, and/or GATA4 nuclear translocation.

Sox9, Sf1, and Gata4 expression is upregulated in SMAT1
cells in response to cAMP. To test the first hypothesis, we
performed quantitative real-time RT-PCR experiments to as-
sess Sox9, Sf1, and Gata4 mRNA levels after incubating
SMAT1 cells under basal or 1 mM dbcAMP-stimulated con-

Fig. 2. cAMP-dependent nuclear translocation of AMH gene trans-activators SOX9, SF1, and GATA4 and the effect of blocking intracellular kinases. SMAT1
cells were incubated for 24 h in basal medium or in medium containing 1 mM dbcAMP alone or with either 10 �M H-89 (blocks PKA), 25 �M LY-294002
(LY; blocks PI3K-PKB), 20 �M SB-203580 (SB; blocks p38 MAPK), or 10 �M PD-98059 (PD; blocks MEK1/2-ERK1/2). A: immunocytochemistry was
performed with antibodies against SOX9, SF1, COOH-terminal domain, or GATA4. A negative control reaction was performed by replacing the primary antibody
with nonimmune rabbit or goat serum (not shown). The reaction was revealed using horseradish peroxidase and diaminobenzidine, yielding a brownish color
reaction. B: mean intensity of the immunocytochemical reaction was assessed with the NIS Elements BR Version 3 software for image analysis. Data shown
correspond to the mean � SD of 10 samples. *P 	 0.05 and ***P 	 0.001 for comparisons between the intensity in the nuclei (N) and the cytoplasm (C), as
analyzed by ANOVA followed by Bonferroni’s test.
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ditions in the presence or absence of H-89, LY-294002, SB-
203580, or PD-98059. The mRNA levels of Sox9, Sf1, and
Gata4 were increased in response to dbcAMP (Fig. 1B). Sox9
increase in response to dbcAMP was abolished by the PKA
blocking agent H-89, but not by the other kinase inhibitors. Sf1
increase was curtailed by H-89 and the PI3K/PKB blocking
agent LY-294002, whereas Gata4 increase was inhibited by all
kinase blocking agents tested. We concluded that cAMP in-
creases the availability of the AMH gene trans-activators
SOX9, SF1, and GATA4 in SMAT1 cells. SOX9 upregulation
involves exclusively PKA, whereas SF1 upregulation also
involves the PI3K/PKB pathway, and GATA4 involves
MEK1/2 and p38 MAPK as well.

Nuclear translocation of SOX9 and SF1 is increased in
SMAT1 cells in response to cAMP via PKA activation. To test
whether dbcAMP regulates nuclear translocation of the tran-
scription factors that mediate AMH promoter activation, we
performed immunocytochemistry for SOX9, SF1, and GATA4
in SMAT1 cells incubated under basal or 1 mM dbcAMP-
stimulated conditions in the presence or absence of H-89,
LY-294002, SB-203580, or PD-98059. SOX9 was predomi-
nantly nuclear in all experimental conditions; dbcAMP signif-
icantly further increased its presence in the cell nuclei, which
was impaired by coincubation with H-89 but not with the other
kinase inhibitors (Fig. 2). SF1 localization increased in the cell
nuclei after incubation with dbcAMP; this effect was abolished
by coincubation with H-89 and impaired by LY-294002, SB-
203580, and PD-98059. GATA4 was evenly distributed in all
conditions. Altogether, these results indicate that cAMP in-
creases nuclear translocation of SOX9 and mainly SF1 involv-
ing predominantly the PKA pathway, although PI3K/PKB,
MEK1/2, and p38 MAPK might also be involved in SF1
traslocation.

cAMP increases FOG2 expression in SMAT1 cells through
the PKA pathway. In granulosa cells, GATA4-dependent trans-
activation of the AMH promoter is inhibited by FOG2 (3).
Therefore, we tested whether dbcAMP also regulates FOG2
expression and nuclear localization. SMAT1 cells were incu-
bated for 24 h in basal medium or in medium containing 1 mM
dbcAMP (3 experiments, with samples in duplicate in each

experiment). Total mRNA was extracted, and levels of Fog2
were assessed by real-time RT-PCR. Fog2 mRNA expression
was significantly increased by dbcAMP (mean � SE mRNA
copy number � 106: basal 56.60 � 7.85 vs. dbcAMP 300.72 �
106.71, P 	 0.05). To assess the effect of dbcAMP on FOG2
intracellular localization, SMAT1 cells were incubated for 24 h
in basal medium or in medium containing 1 mM dbcAMP.
Immunocytochemical studies performed with an anti-FOG2
antibody showed that FOG2 protein localization was persis-
tently nuclear (results not shown). From these results, we
conclude that the concomitant increase of FOG2 together with
GATA4 in response to cAMP may oppose any effect of GATA
on AMH transcription.

SOX9 and SF1 mediate AMH promoter trans-activation in
response to cAMP. We next tested whether the canonical
sequences in the AMH promoter known to be responsive to
SOX9, SF1, or GATA4 are essential for AMH promoter
trans-activation in response to cAMP, using luciferase assays.
The prepubertal mouse Sertoli cell line SMAT1 was transfected
with luciferase constructs containing the 3,063-bp AMH promoter,
either wild type or with mutations in the sites for SOX9 at position
�141, SF1 at positions �92 and �218, or GATA at positions
�74, �168, and �408, and incubated in basal medium or
medium with 1 mM dbcAMP (Fig. 3A). Since there is an AP1
consensus site at position �203, and AP1 has been shown to be
regulated by cAMP in other cells (53), we also mutated this site.
As expected, the basal activity of the 3,063-bp AMH promoter
was lower, although not completely abolished, when mutations of
the SOX9 or the two SF1 sites were present in the prepubertal
Sertoli cell line SMAT1 (Fig. 3B). Conversely, mutation of the
GATA sites did not affect the basal activity of the 3,063-bp AMH
promoter. The response to dbcAMP observed with the wild-
type promoter was abolished by mutations in the SOX9- or
SF1-binding sites but not by mutations of the GATA sites.
When the AP1 site was mutated, an increase in basal AMH
promoter activity was observed, and response to dbcAMP
was not disturbed. These observations indicate that, like in
the fetal Sertoli cell (4, 16, 55), in postnatal Sertoli cells
SOX9 and SF1 are also the major regulators of basal AMH
transcription. AP1 seems to act as an inhibitor of basal AMH

Fig. 3. cAMP enhancement of the AMH promoter
activity involves SOX9 and SF1 binding sites in
the proximal AMH promoter. A: SMAT1 cells
were transfected with 1 �g of the full-length
�3,068–5=hAMH-luc construct with wild-type or
mutated response elements for SOX9 (1 element
at position �141), SF1 (2 elements at �92 and
�218), or GATA4 (3 elements at �74, �168,
and �408), and luciferase activity was assessed
48 h later. B: effect of the incubation with 1 mM
dbcAMP during the last 24 h. Results are given as
fold induction (mean � SE of 4 experiments),
considering as 1 the luciferase activity of the
pGL2B backbone vector incubated under basal
conditions. Results were analyzed using a Student
t-test to compare basal condition against dbcAMP
for each construct. *P 	 0.05.
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promoter activity. Finally, the existence of functional bind-
ing sites for SOX9 and SF1, but not for GATA4 or AP1, is
essential for AMH upregulation in response to cAMP.

DISCUSSION

Serum AMH levels increase in humans and mice in response
to FSH (2, 9, 29, 32, 66, 68) or to an abnormally hyperactive
Gs� protein (14, 47). This is due to both an increase in the
Sertoli cell mass, since FSH induces immature Sertoli cell
proliferation (2, 28, 32, 42), and an upregulation of AMH
expression in each Sertoli cell in response to FSH signaling
through its Gs�-coupled receptor via activation of the classical
adenylyl cylcase-cAMP pathway, although no classical CRE is
present in the AMH promoter (29, 32). In this work, we show
that cAMP upregulates SOX9 and SF1 expression and induces
their nuclear translocation in the prepubertal Sertoli cell line
SMAT1, suggesting that these well-known AMH gene trans-
activators are more available in Sertoli cell nuclei after cAMP
levels increase in the cytoplasm. We also show that PKA is the
main responsible kinase, whereas the PI3K/PKB, p38 MAPK,
and MEK1/2-ERK1/2 pathways may also underlie SF1-in-
creased availability. Finally, results from our luciferase assays
indicate that SOX9 and SF1 induction of the AMH promoter
seems to be critical in mediating cAMP response, since muta-
tions in their response elements completely abolish the effect.
Our results also indicate that GATA4 increases its availability
in Sertoli cell nuclei in response to cAMP, but its action is not
essential for the cAMP mediation of the AMH gene promoter
activity, as shown by mutations in GATA elements.

To identify alternative pathways not involving a classical
CRE that mediate the increase of the AMH promoter activity in
response to cAMP in Sertoli cells of the prepubertal testis, we
used a previously characterized established cell line. Immor-
talized cell lines are practical tools for transcriptional regula-
tion studies, especially when they are easily transfectable.
However, the process of immortalization may result in perma-
nent phenotypic changes that undermine the ability of the
experimental model to reflect the physiological condition in
vivo. We wished to assess the regulation of AMH expression
by the FSH receptor second messenger cAMP in the postnatal
immature (i.e., prepubertal) Sertoli cell because this is the
period of life where FSH is capable of increasing testicular
AMH output (48, 66). SMAT1 cells, used as our experimental
model, originate from a clonal Sertoli cell line derived from a
6.5-day-old mouse testis. These cells conserve most of the
characteristics of the prepubertal Sertoli cell, including the
expression of the transcription factors needed for basal AMH
production (17). Although SMAT1 cells have lost the expres-
sion of the FSH receptor, they keep downstream signaling
pathways, and FSH responsiveness is fully recovered when the
receptor is transfected (32).

SOX9 and SF1 are transcription factors involved in several
steps of gonadal development and function. Both factors are
necessary for testicular differentiation from the gonadal ridge
in early fetal life (65) and are expressed in Sertoli cells with
changing levels through postnatal maturation (18, 23). SOX9
and SF1 are expressed in basal conditions in the SMAT1 cell
line used in our experiments. In the newly differentiated fetal
Sertoli cell, SOX9 binding to its response element in the
proximal AMH promoter is essential for the initiation of AMH

expression (4). SF1 binding to its two sites in the proximal
AMH promoter enhances SOX9-mediated AMH transcription,
but its absence does not preclude AMH expression (4, 16).
Most of the studies on the relevance of SOX9, SF1, and GATA
regulatory sequences on the AMH promoter have been per-
formed using less than 500 bp of the AMH 5=-sequences (5, 22,
55, 58, 61, 64). Interestingly, the AMH proximal promoter
sequences involved in the initiation of AMH expression in the
early fetal period are not sufficient for the maintenance of
AMH expression later in fetal and postnatal life, suggesting
that other promoter sequences, likely present far more up-
stream, are also involved in the regulation of AMH expression
in the testis (6). In a previous study, we showed that sequences

Fig. 4. Schematic model to explain the increase of testicular AMH production
following FSH stimulation. In basal conditions, i.e., in early fetal life when the
gonadotrope is not yet active and during infancy and childhood, AMH
expression depends on the trans-activating potential of nuclear factors SOX-9,
SF-1, and GATA-4 (4, 16, 19, 55, 58, 64). Upon gonadotrope activation,
increasing FSH binds to its G protein-coupled receptor. The �-subunit of the
heterotrimeric Gs protein induces adenylyl cyclase (AC) activity, resulting in
an increase of cAMP concentration that may activate several kinases like PKA,
PI3K-PKB, p38 MAPK, and MEK1/2-ERK1/2. We had shown previously that
PKA enhances AMH gene expression by inducing AP2 and NF-�B binding to
their response elements in the distal AMH promoter (32). Here we show that
PKA is also involved in SOX9 and SF1 upregulation as well as SF1 nuclear
translocation, resulting in an increased AMH expression by binding to their
cognate response elements in the proximal AMH promoter. Furthermore,
PI3K-PKB, p38 MAPK, and MEK1/2-ERK1/2 may also mediate FSH-depen-
dent AMH expression upregulation by increasing SF1 and GATA4 availability
in the Sertoli cell nucleus, yet these pathways do not seem essential. FSH-
dependent PKA activity is also known to induce cell proliferation (54).
Together, the increase in Sertoli cell number and the enhancement of AMH
transcription in each Sertoli cell results in an increase of testicular AMH
production and secretion to the circulation.

E544 cAMP-MEDIATED AMH UPREGULATION IN SERTOLI CELLS

AJP-Endocrinol Metab • VOL 301 • SEPTEMBER 2011 • www.ajpendo.org

 on A
ugust 25, 2011

ajpendo.physiology.org
D

ow
nloaded from

 

http://ajpendo.physiology.org/


present between 423 and 3,063 bp upstream of the transcription
start site result in a twofold increase of the AMH promoter
basal activity in the prepubertal Sertoli cells SMAT1 (32). Our
present results using more the construct encompassing 3 kb of
the AMH 5=-sequences confirm the uppermost role described
for SOX9 in shorter AMH promoters. However, mutation of
SOX9 response element did not fully abolish the 3-kb AMH
promoter activity, indicating that a minor AMH transcription
can be observed even in the absence of the SOX9 stimulus.
This is in line with the observation that AMH is secreted by
mammalian granulosa cells of the ovary (45, 62), which do not
express SOX9 (21). SF1 and GATA4, which are potent trans-
activators of the AMH gene in a 200-bp AMH promoter context
(55, 64), play a less relevant role in a longer promoter context,
as shown by our present results. Futhermore, persistent, albeit
reduced, AMH activity is observed in vivo in mice with a
mutated SOX9 binding site in the endogenous Amh gene
promoter generated using a Cre recombinase/loxP gene target-
ing strategy (4). On the other hand, this elegant experimental
approach clearly proved that, in a physiological context, the
SOX9 site present in the proximal Amh promoter is the major
site responsible for basal promoter activity.

SOX9 expression is high in fetal Sertoli cells, decreases after
birth, and increases again during pubertal development (18).
This expression pattern observed in vivo is compatible with
regulation by FSH, whose circulating levels are high in fetal,
neonatal, and pubertal periods of life, with a decline in the
infantile phase. Accordingly, in our experimental model, the
cognate FSH second messenger cAMP provoked an increase in
SOX9 expression and nuclear translocation, thus likely result-
ing in an increased availability for binding to the AMH pro-
moter. Our previous studies had identified a region in the distal
AMH promoter, with response elements to AP2 and NF-�B,
involved in the upregulation of AMH expression in response to
cAMP (32). Directed mutagenesis of AP2 and NF-�B sites
resulted in a decrease, but not a complete abolition, of the
response. Those results indicated that other sequences were
involved in AMH promoter activation by the cAMP pathway.
Our present data strongly suggest that SOX9 is the most
important factor, with other factors likely playing less potent
effects, in the increase of AMH expression in response to FSH
via Gs� protein-cAMP-PKA signaling.

Hormonal regulation of Sertoli cell AMH production is
complex (48), and its comprehension may require multiple
observational and experimental strategies. The stimulating ef-
fect of FSH on testicular AMH production, via its second
messenger cAMP, is now clearly established (2, 9, 29, 32, 63,
66, 68). However, during puberty, AMH levels decline in
negative correlation with FSH increase (48). The explanation
for this unexpected negative association is that during pubertal
development there is also an increase in intratesticular testos-
terone, which behaves as a potent inhibitor of AMH expression
(48). The negative effect of testosterone prevails over the
positive effect of FSH, resulting in a downregulation of AMH
expression. The positive effect of FSH can be observed only in
physiological or pathological conditions, when androgen ac-
tion on Sertoli cells is absent. For instance, in the fetal and
early postnatal periods of life, the high intratesticular androgen
levels are unable to inhibit AMH expression because Sertoli
cells physiologically lack androgen receptor expression (2, 7,
10, 12, 33). Similarly, AMH is not downregulated at pubertal

age in 46,XY patients (31, 40, 44, 46) or mice (2, 11) with
androgen insensitivity due to androgen receptor-inactivating
mutations or in subjects with impaired androgen synthesis due
to steroidogenic enzyme defects (31, 40, 44, 46). Interestingly,
in patients with androgen insensitivity or steroidogenic defects,
circulating AMH is higher than normal during the early post-
natal period and at puberty, in coincidence with high FSH
levels (44).

In summary, we have provided further insight into the
intracellular mechanisms underlying the upregulation of AMH
expression in response to increased cAMP levels in prepubertal
Sertoli cells. Schematically, upon binding to its Gs�-coupled
receptor, FSH induces an adenylyl cyclase-dependent increase
in cAMP levels, which activate several kinases (Fig. 4). PKA
is the main kinase involved in the upregulation of AMH
transcription by increasing the nuclear levels of SOX9, SF1,
and GATA4, which bind to response elements present in the
proximal promoter, as well as of AP2 and NF-�B, which bind
to distal promoter sequences. Although SOX9, SF1, AP2, and
NF-�B pathways are essential for attaining full response to
cAMP, GATA4 pathway does not seem to be indispensable. In
addition, cAMP promotes prepubertal Sertoli cell proliferation.
The increase in Sertoli cell number together with the enhanced
AMH expression in each Sertoli cell result in an increased
testicular AMH output in response to FSH, which can be
observed in physiological conditions in humans and most
mammals during the second half of fetal life, early postnatal
life, and the onset of puberty as well as in pathological
conditions where the FSH pathway is abnormally activated and
the androgen pathway is abrogated.

GRANTS

This work was partially financed by grants PICT-2008-0521 of the Agencia
Nacional de Promoción Científica, Argentina (to R. A. Rey), PIP-
11220090100615 of the Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET), Argentina (to R. A. Rey), and Institut National de la
Sante et de la Recherche Medicale-CONICET International Cooperation
Agreement 2007–2008 (to J. -Y. Picard and R. A. Rey). R. P. Grinspon has a
research fellowship, H. F. Schteingart and R. A. Rey are established research-
ers, and P. Bedecarrás is a staff member of CONICET.

DISCLOSURES

The authors have no conflicts of interest to disclose.

REFERENCES

1. Aksglaede L, Sørensen K, Boas M, Mouritsen A, Hagen CP, Jensen
RB, Petersen JH, Linneberg A, Andersson AM, Main KM, Skakke-
bæk NE, Juul A. Changes in anti-Müllerian Hormone (AMH) throughout
the life span: a population-based study of 1027 healthy males from birth
(cord blood) to the age of 69 years. J Clin Endocrinol Metab 95:
5357–5364, 2010.

2. Al-Attar L, Noël K, Dutertre M, Belville C, Forest MG, Burgoyne PS,
Josso N, Rey R. Hormonal and cellular regulation of Sertoli cell anti-
Müllerian hormone production in the postnatal mouse. J Clin Invest 100:
1335–1343, 1997.

3. Anttonen M, Ketola I, Parviainen H, Pusa AK, Heikinheimo M.
FOG-2 and GATA-4 are coexpressed in the mouse ovary and can mod-
ulate mullerian-inhibiting substance expression. Biol Reprod 68: 1333–
1340, 2003.

4. Arango NA, Lovell-Badge R, Behringer RR. Targeted mutagenesis of
the endogenous mouse Mis gene promoter: in vivo definition of genetic
pathways of vertebrate sexual development. Cell 99: 409–419, 1999.

5. Beau C, Rauch M, Joulin V, Jégou B, Guerrier D. GATA-1 is a
potential repressor of anti-Müllerian hormone expression during the es-
tablishment of puberty in the mouse. Mol Reprod Dev 56: 124–138, 2000.

E545cAMP-MEDIATED AMH UPREGULATION IN SERTOLI CELLS

AJP-Endocrinol Metab • VOL 301 • SEPTEMBER 2011 • www.ajpendo.org

 on A
ugust 25, 2011

ajpendo.physiology.org
D

ow
nloaded from

 

http://ajpendo.physiology.org/


6. Beau C, Vivian N, Münsterberg A, Dresser DW, Lovell-Badge R,
Guerrier D. In vivo analysis of the regulation of the anti-Müllerian
hormone, as a marker of Sertoli cell differentiation during testicular
development, reveals a multi-step process. Mol Reprod Dev 59: 256–264,
2001.

7. Berensztein EB, Baquedano MS, Gonzalez CR, Saraco NI, Rodriguez
J, Ponzio R, Rivarola MA, Belgorosky A. Expression of aromatase,
estrogen receptor alpha and beta, androgen receptor, and cytochrome
P-450scc in the human early prepubertal testis. Pediatr Res 60: 740–744,
2006.

8. Bergadá I, Milani C, Bedecarrás P, Andreone L, Ropelato MG,
Gottlieb S, Bergadá C, Campo S, Rey RA. Time course of the serum
gonadotropin surge, inhibins, and anti-Müllerian hormone in normal
newborn males during the first month of life. J Clin Endocrinol Metab 91:
4092–4098, 2006.

9. Bougnères P, François M, Pantalone L, Rodrigue D, Bouvattier C,
Demesteere E, Roger D, Lahlou N. Effects of an early postnatal treat-
ment of hypogonadotropic hypogonadism with a continuous subcutaneous
infusion of recombinant follicle-stimulating hormone and luteinizing hor-
mone. J Clin Endocrinol Metab 93: 2202–2205, 2008.

10. Boukari K, Meduri G, Brailly-Tabard S, Guibourdenche J, Ciampi
ML, Massin N, Martinerie L, Picard JY, Rey R, Lombès M, Young J.
Lack of androgen receptor expression in Sertoli cells accounts for the
absence of anti-Müllerian hormone repression during early human testis
development. J Clin Endocrinol Metab 94: 1818–1825, 2009.

11. Chang C, Chen YT, Yeh SD, Xu Q, Wang RS, Guillou F, Lardy H,
Yeh S. Infertility with defective spermatogenesis and hypotestosteronemia
in male mice lacking the androgen receptor in Sertoli cells. Proc Natl Acad
Sci USA 101: 6876–6881, 2004.

12. Chemes HE, Rey RA, Nistal M, Regadera J, Musse M, González-
Peramato P, Serrano A. Physiological androgen insensitivity of the fetal,
neonatal, and early infantile testis is explained by the ontogeny of the
androgen receptor expression in Sertoli cells. J Clin Endocrinol Metab 93:
4408–4412, 2008.

13. Chen C, Guo IC. Effect of cAMP on protein binding activities of three
elements in upstream promoter of human CYP11A1 gene. Life Sci 67:
2045–2049, 2000.

14. Coutant R, Lumbroso S, Rey R, Lahlou N, Venara M, Rouleau S,
Sultan C, Limal JM. Macroorchidism due to autonomous hyperfunction
of Sertoli cells and G(s)alpha gene mutation: an unusual expression of
McCune-Albright syndrome in a prepubertal boy. J Clin Endocrinol
Metab 86: 1778–1881, 2001.

15. Crépieux P, Marion S, Martinat N, Fafeur V, Vern YL, Kerboeuf D,
Guillou F, Reiter E. The ERK-dependent signalling is stage-specifically
modulated by FSH, during primary Sertoli cell maturation. Oncogene 20:
4696–4709, 2001.

16. de Santa Barbara P, Bonneaud N, Boizet B, Desclozeaux M, Moniot B,
Sudbeck P, Scherer G, Poulat F, Berta P. Direct interaction of SRY-
related protein SOX9 and steroidogenic factor 1 regulates transcription of
the human anti-Müllerian hormone gene. Mol Cell Biol 18: 6653–6665,
1998.

17. Dutertre M, Rey R, Porteu A, Josso N, Picard JY. A mouse Sertoli cell
line expressing anti-Müllerian hormone and its type II receptor. Mol Cell
Endocrinol 136: 57–65, 1997.

18. Fröjdman K, Harley VR, Pelliniemi LJ. Sox9 protein in rat Sertoli cells
is age and stage dependent. Histochem Cell Biol 113: 31–36, 2000.

19. Giuili G, Shen WH, Ingraham HA. The nuclear receptor SF-1 mediates
sexually dimorphic expression of Mullerian Inhibiting Substance, in vivo.
Development 124: 1799–1807, 1997.

20. Guerrier D, Boussin L, Mader S, Josso N, Kahn A, Picard JY.
Expression of the gene for anti-Müllerian hormone. J Reprod Fertil 88:
695–706, 1990.

21. Guigon CJ, Coudouel N, Mazaud-Guittot S, Forest MG, Magre S.
Follicular cells acquire sertoli cell characteristics after oocyte loss. Endo-
crinology 146: 2992–3004, 2005.

22. Haqq CM, King CY, Donahoe PK, Weiss MA. SRY recognizes con-
served DNA sites in sex-specific promoters. Proc Natl Acad Sci USA 90:
1097–1101, 1993.

23. Hatano O, Takayama K, Imai T, Waterman MR, Takakusu A,
Omura T, Morohashi K. Sex-dependent expression of a transcription
factor, Ad4BP, regulating steroidogenic P-450 genes in the gonads during
prenatal and postnatal rat development. Development 120: 2787–2797,
1994.

24. Hossain A, Saunders GF. Role of Wilms tumor 1 (WT1) in the tran-
scriptional regulation of the Mullerian-inhibiting substance promoter. Biol
Reprod 69: 1808–1814, 2003.

25. Huang W, Zhou X, Lefebvre V, de Crombrugghe B. Phosphorylation of
SOX9 by cyclic AMP-dependent protein kinase A enhances SOX9’s
ability to transactivate a Col2a1 chondrocyte-specific enhancer. Mol Cell
Biol 20: 4149–4158, 2000.

26. Josso N, Legeai L, Forest MG, Chaussain JL, Brauner R. An enzyme
linked immunoassay for anti-Müllerian hormone: a new tool for the
evaluation of testicular function in infants and children. J Clin Endocrinol
Metab 70: 23–27, 1990.

27. Khan SA, Ndjountche L, Pratchard L, Spicer LJ, Davis JS. Follicle-
stimulating hormone amplifies insulin-like growth factor I-mediated acti-
vation of AKT/protein kinase B signaling in immature rat Sertoli cells.
Endocrinology 143: 2259–2267, 2002.

28. Kumar TR, Wang Y, Lu N, Matzuk MM. Follicle stimulating hormone
is required for ovarian follicle maturation but not male fertility. Nat Genet
15: 201–204, 1997.

29. Lasala C, Carré-Eusèbe D, Picard JY, Rey R. Subcellular and molec-
ular mechanisms regulating anti-Mullerian hormone gene expression in
mammalian and nonmammalian species. DNA Cell Biol 23: 572–585,
2004.

30. Lee MM, Donahoe PK, Silverman BL, Hasegawa T, Hasegawa Y,
Gustafson ML, Chang YC, MacLaughlin DT. Measurements of serum
Müllerian inhibiting substance in the evaluation of children with nonpal-
pable gonads. N Engl J Med 336: 1480–1486, 1997.

31. Lee MM, Misra M, Donahoe PK, MacLaughlin DT. MIS/AMH in the
assessment of cryptorchidism and intersex conditions. Mol Cell Endocri-
nol 211: 91–98, 2003.

32. Lukas-Croisier C, Lasala C, Nicaud J, Bedecarrás P, Kumar TR,
Dutertre M, Matzuk MM, Picard JY, Josso N, Rey R. Follicle-
stimulating hormone increases testicular anti-Müllerian hormone (AMH)
production through Sertoli cell proliferation and a nonclassical cyclic
adenosine 5=-monophosphate-mediated activation of the AMH gene. Mol
Endocrinol 17: 550–561, 2003.

33. Majdic G, Millar MR, Saunders PT. Immunolocalisation of androgen
receptor to interstitial cells in fetal rat testes and to mesenchymal and
epithelial cells of associated ducts. J Endocrinol 147: 285–293, 1995.

34. Mamkin I, Philibert P, Anhalt H, Ten S, Sultan C. Unusual phenotyp-
ical variations in a boy with McCune-Albright syndrome. Horm Res
Paediatr 73: 215–222, 2010.

35. McDonald CA, Millena AC, Reddy S, Finlay S, Vizcarra J, Khan SA,
Davis JS. Follicle-stimulating hormone-induced aromatase in immature
rat Sertoli cells requires an active phosphatidylinositol 3-kinase pathway
and is inhibited via the mitogen-activated protein kinase signaling path-
way. Mol Endocrinol 20: 608–618, 2006.

36. Meroni SB, Riera MF, Pellizzari EH, Cigorraga SB. Regulation of rat
Sertoli cell function by FSH: possible role of phosphatidylinositol 3-ki-
nase/protein kinase B pathway. J Endocrinol 174: 195–204, 2002.

37. Meroni SB, Riera MF, Pellizzari EH, Galardo MN, Cigorraga SB.
FSH activates phosphatidylinositol 3-kinase/protein kinase B signaling
pathway in 20-day-old Sertoli cells independently of IGF-I. J Endocrinol
180: 257–265, 2004.

38. Miyamoto Y, Taniguchi H, Hamel F, Silversides DW, Viger RS. A
GATA4/WT1 cooperation regulates transcription of genes required for
mammalian sex determination and differentiation. BMC Mol Biol 9: 44,
2008.

39. Morais da Silva S, Hacker A, Harley V, Goodfellow P, Swain A,
Lovell-Badge R. Sox9 expression during gonadal development implies a
conserved role for the gene in testis differentiation in mammals and birds.
Nat Genet 14: 62–68, 1996.

40. Morel Y, Rey R, Teinturier C, Nicolino M, Michel-Calemard L,
Mowszowicz I, Jaubert F, Fellous M, Chaussain JL, Chatelain P,
David M, Nihoul-Fékété C, Forest MG, Josso N. Aetiological diagnosis
of male sex ambiguity: a collaborative study. Eur J Pediatr 161: 49–59,
2002.

41. Muller U, Roberts MP, Engel DA, Doerfler W, Shenk T. Induction of
transcription factor AP-1 by adenovirus E1A protein and cAMP. Genes
Dev 3: 1991–2002, 1989.

42. Plant TM, Marshall GR. The functional significance of FSH in sper-
matogenesis and the control of its secretion in male primates. Endocr Rev
22: 764–786, 2001.

E546 cAMP-MEDIATED AMH UPREGULATION IN SERTOLI CELLS

AJP-Endocrinol Metab • VOL 301 • SEPTEMBER 2011 • www.ajpendo.org

 on A
ugust 25, 2011

ajpendo.physiology.org
D

ow
nloaded from

 

http://ajpendo.physiology.org/


43. Rey R. Assessment of seminiferous tubule function (anti-müllerian hor-
mone). Baillieres Best Pract Res Clin Endocrinol Metab 14: 399–408,
2000.

44. Rey R, Mebarki F, Forest MG, Mowszowicz I, Cate RL, Morel Y,
Chaussain JL, Josso N. Anti-müllerian hormone in children with andro-
gen insensitivity. J Clin Endocrinol Metab 79: 960–964, 1994.

45. Rey R, Sabourin JC, Venara M, Long WQ, Jaubert F, Zeller WP,
Duvillard P, Chemes H, Bidart JM. Anti-Müllerian hormone is a
specific marker of Sertoli- and granulosa-cell origin in gonadal tumors.
Hum Pathol 31: 1202–1208, 2000.

46. Rey RA, Belville C, Nihoul-Fékété C, Michel-Calemard L, Forest MG,
Lahlou N, Jaubert F, Mowszowicz I, David M, Saka N, Bouvattier C,
Bertrand AM, Lecointre C, Soskin S, Cabrol S, Crosnier H, Léger J,
Lortat-Jacob S, Nicolino M, Rabl W, Toledo SP, Bas F, Gompel A,
Czernichow P, Josso N. Evaluation of gonadal function in 107 intersex
patients by means of serum antimüllerian hormone measurement. J Clin
Endocrinol Metab 84: 627–631, 1999.

47. Rey RA, Venara M, Coutant R, Trabut JB, Rouleau S, Sultan C,
Limal JM, Picard JY, Lumbroso S. Unexpected mosaicism of R201H-
GNAS1 mutant-bearing cells in the testes underlie macro-orchidism with-
out sexual precocity in McCune-Albright syndrome. Hum Mol Genet 15:
3538–3543, 2006.

48. Rey R, Lukas-Croisier C, Lasala C, Bedecarrás P. AMH/MIS: what we
know already about the gene, the protein and its regulation. Mol Cell
Endocrinol 211: 21–31, 2003.

49. Riera MF, Meroni SB, Pellizzari EH, Cigorraga SB. Assessment of the
roles of mitogen-activated protein kinase and phosphatidyl inositol 3-ki-
nase/protein kinase B pathways in the basic fibroblast growth factor
regulation of Sertoli cell function. J Mol Endocrinol 31: 279–289, 2003.

50. Robert NM, Tremblay JJ, Viger RS. Friend of GATA (FOG)-1 and
FOG-2 differentially repress the GATA-dependent activity of multiple
gonadal promoters. Endocrinology 143: 3963–3973, 2002.

51. Rojas-García PP, Recabarren MP, Sarabia L, Schön J, Gabler C,
Einspanier R, Maliqueo M, Sir-Petermann T, Rey R, Recabarren SE.
Prenatal testosterone excess alters Sertoli and germ cell number and
testicular FSH receptor expression in rams. Am J Physiol Endocrinol
Metab 299: E998–E1005, 2010.

52. Rota A, Ballarin C, Vigier B, Cozzi B, Rey R. Age dependent changes
in plasma anti-Müllerian hormone concentrations in the bovine male,
female, and freemartin from birth to puberty: relationship between testos-
terone production and influence on sex differentiation. Gen Comp Endo-
crinol 129: 39–44, 2002.

53. Salameh A, Krautblatter S, Karl S, Blanke K, Gomez DR, Dhein S,
Pfeiffer D, Janousek J. The signal transduction cascade regulating the
expression of the gap junction protein connexin43 by beta-adrenoceptors.
Br J Pharmacol 158: 198–208, 2009.

54. Santos NC, Kim KH. Activity of retinoic acid receptor-alpha is directly
regulated at its protein kinase A sites in response to follicle-stimulating
hormone signaling. Endocrinology 151: 2361–2372, 2010.

55. Shen WH, Moore CC, Ikeda Y, Parker KL, Ingraham HA. Nuclear
receptor steroidogenic factor 1 regulates the Müllerian inhibiting sub-
stance gene: a link to the sex determination cascade. Cell 77: 651–661,
1994.

56. Taguchi O, Cunha GR, Lawrence WD, Robboy SJ. Timing and
irreversibility of Müllerian duct inhibition in the embryonic reproductive
tract of the human male. Dev Biol 106: 394–398, 1984.

57. Taieb J, Grynberg M, Pierre A, Arouche N, Massart P, Belville C,
Hesters L, Frydman R, Catteau-Jonard S, Fanchin R, Picard JY,
Josso N, Rey RA, di Clemente N. FSH and its second messenger cAMP
stimulate the transcription of human anti-Müllerian hormone in cultured
granulosa cells. Mol Endocrinol 25: 645–655, 2011.

58. Tremblay JJ, Viger RS. Transcription factor GATA-4 enhances Mülle-
rian inhibiting substance gene transcription through a direct interaction
with the nuclear receptor SF-1. Mol Endocrinol 13: 1388–1401, 1999.

59. Tremblay JJ, Viger RS. Nuclear receptor Dax-1 represses the transcrip-
tional cooperation between GATA-4 and SF-1 in Sertoli cells. Biol Reprod
64: 1191–1199, 2001.

60. Tremblay JJ, Viger RS. Transcription factor GATA-4 is activated by
phosphorylation of serine 261 via the cAMP/protein kinase a signaling
pathway in gonadal cells. J Biol Chem 278: 22128–22135, 2003.

61. Viger RS, Mertineit C, Trasler JM, Nemer M. Transcription factor
GATA-4 is expressed in a sexually dimorphic pattern during mouse
gonadal development and is a potent activator of the Müllerian inhibiting
substance promoter. Development 125: 2665–2675, 1998.

62. Vigier B, Picard JY, Tran D, Legeai L, Josso N. Production of
anti-Müllerian hormone: another homology between Sertoli and granulosa
cells. Endocrinology 114: 1315–1320, 1984.

63. Voutilainen R, Miller WL. Human Müllerian inhibitory factor messenger
ribonucleic acid is hormonally regulated in the fetal testis and in adult
granulosa cells. Mol Endocrinol 1: 604–608, 1987.

64. Watanabe K, Clarke TR, Lane AH, Wang X, Donahoe PK. Endoge-
nous expression of Mullerian inhibiting substance in early postnatal rat
sertoli cells requires multiple steroidogenic factor-1 and GATA-4-binding
sites. Proc Natl Acad Sci USA 97: 1624–1629, 2000.

65. Wilhelm D, Palmer S, Koopman P. Sex determination and gonadal
development in mammals. Physiol Rev 87: 1–28, 2007.

66. Young J, Chanson P, Salenave S, Noël M, Brailly S, O’Flaherty M,
Schaison G, Rey R. Testicular anti-mullerian hormone secretion is stim-
ulated by recombinant human FSH in patients with congenital hypogo-
nadotropic hypogonadism. J Clin Endocrinol Metab 90: 724–728, 2005.

67. Young J, Rey R, Couzinet B, Chanson P, Josso N, Schaison G.
Antimüllerian hormone in patients with hypogonadotropic hypogonadism.
J Clin Endocrinol Metab 84: 2696–2699, 1999.

68. Young J, Rey R, Schaison G, Chanson P. Hypogonadotropic hypogo-
nadism as a model of post-natal testicular anti-Müllerian hormone secre-
tion in humans. Mol Cell Endocrinol 211: 51–54, 2003.

E547cAMP-MEDIATED AMH UPREGULATION IN SERTOLI CELLS

AJP-Endocrinol Metab • VOL 301 • SEPTEMBER 2011 • www.ajpendo.org

 on A
ugust 25, 2011

ajpendo.physiology.org
D

ow
nloaded from

 

http://ajpendo.physiology.org/

