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Background: Anti-Mullerian hormone (AMH) is a member of the TGF-B family, which limits follicle
maturation. Recently serum AMH has been recognized as a useful diagnostic and prognostic tool
in human reproductive endocrinology.

Objective: The aim of this study was to investigate the regulation of human ovarian AMH by
estradiol and FSH.

Methods: AMH mRNA were quantified by real time RT-PCR in human granulosa cells (GC). AMH
transcription was studied in KK1 GC cotransfected with estrogen receptors (ER)-B or ERq, and
normal human AMH promoter-luciferase construct (hAMH-luc) or mutated AMH promoter re-
porter constructs. Binding sites for estradiol (estrogen response element half-site) and steroido-
genic factor 1 were disrupted by targeted mutagenesis. The level of ER in GC was determined by
quantitative RT-PCR and Western blotting.

Results: In KK1 cells, estradiol up-regulated and inhibited hAMH-luc in the presence of ERa and ERf3
respectively. Disruption of estrogen response element half-site and/or steroidogenic factor 1 binding
sites did not modify ERB-mediated effect of estradiol on hAMH-luc, whereas it affected that conveyed
by ERa. The FSH enhancement of hAMH-luc was abolished by estradiol in cells overexpressing ERB.
When both ER were transfected, estradiol inhibited hAMH-luc or had no effect. Estradiol repressed
AMH mRNAs in human GC, which express a little more ERa than ERB mRNA.

Conclusions: Our results show that AMH expression can be differentially regulated by estradiol
depending on the ER and suggest that its decrease in GC of growing follicles, which mainly express
ERB, and during controlled ovarian hyperstimulation is due to the effect of estradiol. (J Clin En-
docrinol Metab 97: E1649-E1657, 2012)
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genic factor 1; WB, Western blotting.
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nti-Miillerian hormone (AMH), also called Miille-
A rian-inhibiting substance, is a member of the trans-
forming growth factor-B family expressed almost exclu-
sively by gonadal somatic cells (1). In males, AMH is
expressed by Sertoli cells and is responsible for the regres-
sion of Miillerian ducts, the anlagen of uterus, and tubes
in females (1). In females, AMH is secreted by granulosa
cells (GC) of growing follicles from the beginning of fol-
liculogenesis to menopause (2), and it limits follicle mat-
uration (3). AMH expression is initiated in primary folli-
cles, is strongest in preantral and small antral follicles, and
decreases up to ovulation, except in cumulus cells (2). Re-
cently serum AMH has been recognized as a useful diag-
nostic and prognostic tool, as an early indicator of relapse
of ovarian GC tumors (4) and a reliable marker of the
ovarian follicular status and predictor of the ovarian re-
sponse to controlled ovarian hyperstimulation (3).

The regulation of ovarian AMH is still poorly docu-
mented, and studies on the effect of FSH and estradiol have
yielded conflicting results (6-11). The decreased AMH
expression during late follicular maturation and the fall of
serum AMH during controlled ovarian hyperstimulation
using exogenous FSH have been interpreted as an inhib-
itory effect of FSH on AMH secretion by GC without
taking into account the possible role of estradiol on AMH
regulation. However, several reports are consistent with a
positive effect of FSH upon ovarian AMH expression: go-
nadotropin suppression results in a drop of AMH serum
level in women (12) and injection of a GnRH antagonist
decreases AMH expression in the marmoset (11), whereas
increased AMH production by isolated human follicles
(13) and enhanced AMH promoter activity in GC cultures
have been observed after the addition of FSH (8). The
objective of this work was to explore whether estrogens,
whose production is stimulated by FSH, might be involved
in the regulation AMH production. Because the in vivo
effect of a treatment by estradiol can be obscured by the
presence of other hormones or factors acting individually
or in concert, we used two complementary models of cul-
tured GC to study the effect of estradiol alone or in com-
bination with FSH: primary cultures of human granulosa-
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luteal cells (hGC) to study the effect of estradiol on
endogenous AMH mRNA, and the KK1 mouse luteinized
GC line (14) in which we transfected a human AMH re-
porter gene, to highlight modest effects not detectable by
conventional expression studies, and to investigate the
mechanism of action of estradiol on the AMH promoter.

Estrogens mainly mediate their effects through recep-
tors (ER) that act as ligand-dependent transcription fac-
tors (15). In the classic nuclear or genomic pathway of
estrogen action, ligand binding to the ER induces a change
in receptor conformation, dissociation of the ER-chaper-
one complex, dimerization, and binding to an estrogen-
response element (ERE) or a steroidogenic factor 1 (SF-1)
response element (16, 17). Additionally, ligand-bound ER
can interact with other transcription factors like activator
protein-1 and specificity protein-1 (18), thereby regulat-
ing transcription but not through direct DNA binding, or
use nongenomic mechanisms of action and rapidly acti-
vate protein kinase pathways (19). Two forms of the ER
have been identified, ERa (20) and ERB (21), which have
both overlapping and distinct mechanisms of action. Both
ER are expressed in the ovary, ERa being predominant in
thecal cells and ERB in GC (22). The human AMH pro-
moter contains an ERE half-site ('/,-ERE) at —1772 bp
(23) and two SF-1 binding sites at —218 bp and —92 bp
(24). To investigate the mechanism of action of estradiol
on AMH expression, we studied the effects conveyed by
each ER and the importance of '/,-ERE and SF-1 binding
sites.

Materials and Methods

Reagents

Recombinant human FSH (rhFSH) (Gonal-F) was obtained
from Serono Pharmaceuticals (Boulogne, France), and 17-
estradiol, 2,3-bis(4-hydroxyphenyl)propionitrile (DPN) and
1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole (PPT) were
from Sigma-Aldrich (Saint Quentin Fallavier, France). Mono-
clonal antibodies against ERa (sc-8002), ERB (ab16813), and
a-tubulin (T5168) were purchased, respectively, from Santa
Cruz Biotechnology (Santa Cruz, CA), Abcam (Cambridge, UK),

TABLE 1. Sequence of the primers and probes used for real-time RT-PCR experiments
Nucleotides sequence written Nucleotides sequence written
Genes 5’ to 3’ sense 5’ to 3’ antisense UPL probes
Human AMH CGCCTGGTGGTCCTACAC GAACCTCAGCGAGGGTGTT 69
Human RPL13a CTGGACCGTCTCAAGGTGTT GCCCCAGATAGGCAAACTT 74
Human SDHA GGACCTGGTTGTCTTTGGTC CCAGCGTTTGGTTTAATTGG 80
Human ERa TCCTAACTTGCTCTTGGACAGG GTAGCCAGCAGCATGTCG 22
Human ERB GCTCCTGTCCCACGTCAG AAGCACGTGGGCATTCAG 67
Mouse HPRT TGATAGATCCATTCCTATGACTGTAGA AAGACATTCTTTCCAGTTAAAGTTGAG 22
Mouse ERa TCCTAACTTGCTCCTGGACAGG GTAGCCAGCAACATGTCA 22
Mouse ERB TTCTTTCTCATGTCAGGCACA CTCGAAGCGTGTGAGCATT 67
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and Sigma-Aldrich, and peroxidase-labeled antimouse antibody
was from Jackson ImmunoResearch Laboratories (West Grove,
PA). The human ER« isoform 1 and ERB isoform 1 ¢cDNA in
pSGS vector were a generous gift of Dr. Martinez (Unité Mixte
de Recherche 6247, Clermont-Ferrand, France).

Targeted mutagenesis

The —3068-bp human AMH promoter reporter construct
human AMH promoter-luciferase construct (hAMH-luc), and
the same construct with mutations in the two binding sites for
SF-1 were obtained as previously described (8, 25). Mutation of
the '/,-ERE (—1772 bp) was generated using the QuikChange I
XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). Mu-
tagenic oligonucleotide primers 5’-GAT GGT CGC CCT GAG
GGC GGT ACC ACG AGG AGC CCT CTC TGT C-3’ and
5'-GACAGAGAGGGCTCCTCGTGGTACCGCCCT CAG
GGC GAC CAT C-3’ were synthesized by Eurogentec (Liége,
Belgium).

Subjects

Twenty patients, 20—40 yr of age, undergoing in vitro fertil-
ization-embryo transfer, were studied prospectively. The inclu-
sion criteria and the ovarian stimulation protocol were the same
as previously described (8). An informed consent was obtained
from all women, and this investigation received the approval of
our internal institutional review board.

Collection and culture of hGC

After oocyte isolation, follicular fluids from each patient were
centrifuged separately to isolate hGC as previously described (8),
and seeded at 3 X 107 cells/well in six-well plates in DMEM/F-12
(Invitrogen, Carlsbad, CA) containing 10% fetal calf serum
(FCS) (Invitrogen), and antibiotics (100 U/ml penicillin and 100
wug/ml streptomycin) (Invitrogen). The next day, hGC were
treated for 48 h with estradiol (stock solution at 6 X 107> M in
ethanol, diluted in the culture medium to the desired final con-
centration), or the same volume of ethanol, in DMEM/F-12
without phenol-red (Invitrogen) and antibiotics (Invitrogen).

KK1 cells culture and transfection assays

The mouse KK1 GC line (14) was cultured in DMEM/F-12
containing 10% FCS and antibiotics. Twenty-four hours after
seeding in six-well plates in the same medium except that FCS
was charcoal stripped (Invitrogen), subconfluent KK1 cells were
transiently transfected with 1 pg/well of the different AMH re-
porter genes with or without 100 ng/well of ERa, ERB, FSH
receptor cDNA, or the same amount of the corresponding vec-
tors, using the Lipofectamine Plus kit (Invitrogen). At the end of
the transfection, cells were treated during 48 h with estradiol
and/or rhFSH in DMEM/F-12 without phenol-red containing
10% charcoal-stripped FCS and antibiotics.

Western blotting

Lysates from hGC or KK1 cells were prepared as previously
described (8). Protein concentration was determined using the
BCA assay (Pierce, Rockford, IL). Thirty micrograms were sub-
jected to SDS-PAGE (Bio-Rad Laboratories, Hercules, CA) and
transferred onto a Protran BA85 nitrocellulose membrane
(Whatman, Dassel, Germany). Membranes were incubated with
antibodies against ER« (1:1,000), ERB (1:1,000), or a-tubulin
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(1:10,000). Then blots were probed with a peroxidase-labeled
antimouse at 1:5000. Bands were visualized with the ECL Plus
detection reagent (GE Healthcare, Buckinghamshire, UK).

RNA extraction and reverse transcription

Total RNA were extracted from hGC and KK1 cells with the
RNA Plus extraction kit (QIAGEN, Valencia, CA). Reverse tran-
scription was performed with the Omniscript reverse transcrip-
tion kit (QIAGEN) using 1 ug RNA.

Quantitative real-time PCR

Quantification of AMH, ERa, ERB, ribosomal protein L13a
(RPL13a), succinate dehydrogenase complex subunit A (SDHA)
and hypoxanthine-guanine phosphoribosyltransferase (HPRT)
mRNA was performed by real-time PCR using the TagMan PCR
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FIG. 1. Estradiol down-regulates AMH mRNA levels in primary cultures
of hGC. A, Real-time RT-PCR analysis of AMH expression in hGC after
48 h of treatment with estradiol (E2) 10~ M (n = 7) or E2 107 ®m (n =
9). Data were normalized to the housekeeping genes SDHA and
RPL13a. Because AMH expression was variable among women, results
were expressed as percentages =+ sem and compared with the effect
obtained in control medium (arbitrarily fixed at 100%). Results were
analyzed by the Wilcoxon test for paired comparisons between control
and treated hGC. B, Real-time RT-PCR analysis of ERa and ERB
expression in hGC (n = 5) when they were collected (0 h) and when
E2 was added (24 h). Data were normalized to the housekeeping
genes SDHA and RPL13a. Results were expressed in copy number and
the levels of ERa and ERB mRNAs were compared using a Mann-
Whitney U test. C, Western blotting analysis of ERa and ERB
expression in two preparations (1 and 2) of hGC, at collection (0 h)
and after 24 h exposure to estradiol (24 h). *, P < 0.05; **, P < 0.01.
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FIG. 2. Differential regulation of AMH transcription by estradiol through ERa and ERB in KK1
GCs. A, Real-time RT-PCR analysis of ER expression in KK1 GC. Data were normalized to the
housekeeping gene HPRT. Results were expressed in copy number and the levels of ERa and
ERB mRNA were compared using a Mann-Whitney U test. B, Western blotting analysis of ER«
and ERB in KK1 GC. C, Effect of overexpression of ERa or ERB or/and ER agonists on hAMH-
luc. KK1 cells were transfected with 1 ug/well of hAMH-luc and 100 ng/well of either ERa or
ERB. Luciferase activity was analyzed after 48 h of culture in control medium or with estradiol
(E2) (107 m), PPT (10 nm), or DPN (10 nm). The relative light units of the first triplicate in
control medium for hAMH-luc (hRAMH-luc + ERa and hAMH-luc + ERpB) were fixed at one for
each experiment, and the other results were normalized to this value (relative luciferase
activity). Data shown correspond to the mean = sem of at least three experiments, each done
in triplicate. Comparisons of means between different treatments were made by repeated
measures ANOVA, followed by Dunnett post hoc test to compare all vs. controls (hAMH-luc,
hAMH-luc + ERa, or hAMH-luc + ERB in control medium). a, Significantly different from
hAMH-luc; b, significantly different from hAMH-luc + ERe; ¢, significantly different from
hAMH-luc + ERB. D and E, Dose-response curves of estradiol effect on AMH transcription
through ERa (D) or ERB (E). KK1 cells were transfected with 1 ug/well of hAMH-luc and 100
ng/well of either ERa (D) or ERB (E) plasmids. Luciferase activity was analyzed after 48 h of
culture with increasing concentrations of estradiol (E2). The relative light units of the first
triplicate in control medium for hAMH-luc + ERa or hAMH-luc + ERB were fixed at one for
each experiment, and the other results were normalized to this value (relative luciferase
activity). Data shown correspond to the mean =+ sem of at least three experiments, each done
in triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

method. The primers (Eurogentec) and the Universal Probe Li-
brary (UPL) probes (Roche Diagnostics, Indianapolis, IN) used
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divided by a correction factor correspond-
ing to the difference between the mean of
HPRT copy numbers for all samples and the
HPRT copy number of each sample.

Reporter assays

Forty-eight hours after the transfection
of KK1 cells, firefly luciferase activity was
measured as previously described (8) using
a Lumat LB95507 luminometer (EG&G
Berthold, Thoiry, France). Data shown cor-
respond to the mean = SEm of at least three
experiments each done in triplicate. To take
into accountall the experiments, the relative
light units of the first triplicate obtained for
each different DNA mixture in control me-
dium were fixed at one, and the other results
were normalized to this value (relative lu-
ciferase activity).

Statistics

Control and estradiol conditions were
compared using the Wilcoxon paired test for
hGC, and the Student’s unpaired # test, or the
nonparametric Mann-Whitney test for KK1
cells. When more than two conditions were
tested for the same DNA transfection mix-
ture, comparisons were made by repeated-
measures ANOVA followed by Tukey’s mul-
tiple comparison test or a nonparametric
Kruskal-Wallis test followed by Dunn’s mul-
tiple comparison posttests.

Results

Estradiol down-regulates AMH
expression in primary cultures of
human granulosa cells

Regulation of ovarian AMH by es-
tradiol was analyzed in hGC obtained
from women undergoing in vitro fertil-
ization. We studied the cells from each
woman separately to take into account
interindividual variability. As shown in
Fig. 1A, AMH mRNA levels decreased
significantly after 48 h of culture in the
presence of 10~7 or 10~ ° M of estradiol.

to amplify these genes are indicated Table 1. Real-time PCR was
performed with one fifth dilution of the cDNA using the Light-
cycler 480 probes master kit (Roche Diagnostics) as previously
described (8). To generate external standard curves, different
concentrations of the purified and quantified PCR products were
amplified. The amplication efficiency was 100% for all genes.
For human genes, the effect of treatment or time in culture on
RPL13a and SDHA was expressed as correction factors and
copy numbers were divided by the mean of RPL13a and SDHA
corrections factors. For mouse genes, each copy number was

Because estradiol effects are mediated by ERa and ERS,
we then studied the relative level of these receptors in hGC.
Using real-time RT-PCR, we observed thathGC expressed
a 3-to 18-fold excess (mean = 9) of ERa mRNA compared
with ER B the day the cells were collected and a 2- to 5-fold
excess (mean = 3) of ERa compared with ERB 24 h after
seeding, when estradiol was added to the culture medium
(Fig. 1B). Results of Western blotting (WB) analysis of ER
expression was in line with RT-PCR results (Fig. 1C).
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FIG. 3. Differential regulation of AMH reporter constructs by estradiol through ERa and ERB.
A, Schematic representation of the 3068-bp human AMH gene promoter-luciferase
constructs. Localization and nucleotide positions of binding sites for nuclear factor-«B (NF«xB),
activating protein 2 (AP2), SF-1, activator protein-1 (AP1), ERE, Sry-type high-mobility-group
box transcription factor (SOX), and GATA-4 in the human promoter are according to a
published report (25). Targeted mutagenesis (black rectangles) was performed on hAMH-luc
to disrupt the "/,-ERE (-ERE hAMH-luc), the SF1 binding sites (-SF1 hAMH-luc), or both the
1/,-ERE and the SF-1 binding sites (-SF1-ERE-hAMH-luc). B to E, KK1 cells were transfected
with 1 pg/well of the different AMH promoter reporter constructs and 100 ng/well of either
ERa (B and C) or ERB (D and E) plasmids. Luciferase activity was analyzed after 48 h of culture
in control medium or with estradiol (E2) 10~° m. Data shown correspond to the mean * sim
of at least three experiments, each done in triplicate. B and D, The relative light units of the
first triplicate in control medium for hAMH-luc were fixed at one for each experiment, and
the other results were normalized to this value (relative luciferase activity). Comparisons of
means between different constructs were made by repeated-measures ANOVA followed by a
Tukey’s multiple comparison test (B) or a nonparametric Kruskal-Wallis test followed by
Dunn’s multiple comparison posttests (D). C and E, The relative light units of the first triplicate
in control medium for each construct were fixed at one for each experiment, and the other
results were normalized to this value (relative luciferase activity). Results were analyzed using
unpaired t tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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5) of ERB mRNA compared with ERa.
Only the ER 8 protein was detectable by
WB (Fig. 2B). We then transfected KK1
cells with a hAMH-luc comprising
3068 bp of the 5’ flanking region of the
human AMH gene driving the expres-
sion of the luciferase gene (25) (Fig.
3A). Both estradiol and DPN, a prefer-
ential ERB modulator, inhibited
hAMH-luc (Fig. 2C). In contrast, PPT,
an ERa agonist, had no effect. To de-
termine which ER mediated estradiol
effects on AMH transcription, we then
separately overexpressed human ER«
or ERB in KK1 cells and studied the
effect of estradiol and ER agonists on
hAMH-luc. When ERa was overex-
pressed, both estradiol and PPT acti-
vated hAMH-luc (Fig. 2C), the effect of
estradiol being dose dependent with a
maximal effect of +96% at 1077 M
(Fig. 2D). In contrast, in the presence of
ERp, estradiol and DPN down-regu-
lated hAMH-luc (Fig. 2C), with a max-
imal inhibition of —29% obtained for
estradiol 10~® m (Fig. 2E). Further ex-
periments in KK1 cells were then per-
formed with estradiol 107¢ M, which
corresponds to the concentration pres-
ent in the fluid of mature follicles (Figs.
3and 4).

Transcription factor binding sites
involved in ERa- and ERB-
mediated effects of estradiol on
AMH transcription

The main mechanism of action of es-
trogens to regulate their target genes in-
volves ER binding to ERE or to SF-1
binding sites, which resemble to ERE
(17). To test the implication of these
sequences in mediating the effect of es-
tradiol on AMH expression, we dis-
rupted those present on hAMH-luc
(Fig. 3A) and cotransfected these mu-
tated reporters in KK1 cells with either

Differential regulation of AMH transcription by
estradiol through ERa and ERpB

To investigate the mechanism of action of estradiol on
AMH expression, we used the easily transfectable mouse
KK1 GC line. We first studied the ER isoforms content of
these cells using real-time RT-PCR (Fig. 2A), and we de-
termined that they expressed a 2- to 7-fold excess (mean =

ERa- or ERB-expressing plasmids. The AMH promoter
activity was not affected by the disruption of '/,-ERE
and/or SF-1 binding sites, except in cells overexpressing
ERa, in which ERE-SF1-hAMH-luc activity was reduced
(Fig. 3, B and D). The stimulatory effect of estradiol
through ERa was abolished or reduced when the '/,-ERE
or SF-1 binding sites were mutated (Fig. 3C). This was
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FIG. 4. Effect of estradiol and FSH on AMH transcription in presence
of various combinations of ERa and ERB. A, Effect of estradiol on AMH
transcription in the presence of various combinations of ERa and ERB.
Different amounts (10 or 100 ng/well) and ratios (ER«a to ERB: 0.1, 1,
or 10) of ERa and ERB were cotransfected with 1 ug/well of hRAMH-luc
in KK1 cells, and luciferase activity was analyzed after 48 h of culture
in control medium or with estradiol (E2) 10~ M. The relative light
units of the first triplicate in control medium for each ratio were fixed
at one for each experiment, and the other results were normalized to
this value (relative luciferase activity). Comparison of means were
made using the nonparametric Mann-Whitney U test. B and C, Effect
of estradiol and FSH on AMH transcription. KK1 cells were
cotransfected with 1 pg/well of hAMH-luc and 100 ng/well of FSH
receptor and 100 ng/well of ERa (B) or ERB (C) plasmids, and luciferase
activity was assessed 48 h after treatment with FSH (50 or 500 miU/ml)
with or without E2 107 m. The relative light units of the first triplicate
in control medium were fixed at one for each experiment, and the
other results were normalized to this value (relative luciferase activity).
Comparisons of means between different treatments were made by a
nonparametric Kruskal-Wallis test followed by Dunn’s multiple
comparison posttests (B) or repeated-measures ANOVA followed by
Tukey's multiple comparison test (C). a, Significantly different from
control; b, significantly different from FSH 50 mIU/ml. Data shown
correspond to the mean = sem of at least three experiments, each
done in triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

reversed when the '/,-ERE and SF-1 binding sites were
disrupted simultaneously. In contrast, none of these mu-

tations affected ERB-mediated inhibitory effect of estra-
diol on the AMH promoter (Fig. 3E).
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Effect of estradiol on AMH transcription in the
presence of various combinations of ERa and ERB

Because both ERa and ER are expressed physiologi-
cally in GC, we then cotransfected different amounts (10
or 100 ng/well) and/or ratios (ERa:ERB, 1:10, 1:1, 10:1)
of the two ER-expressing plasmids with hAMH-lue, and
we treated KK1 cells with estradiol for 48 h. The amount
of each ER isoform was controlled by WB (Fig. 2B). The
intensity of the band corresponding to ERa was propor-
tional to the amount of transfected cDNA. Surprisingly,
this was not the case for ERB. However, cotransfection of
ERp reduced in a dose-dependent manner the expression
of ERa protein. Estradiol inhibited hAMH-luc when 10 ng
of ERa were transfected but had no effect in cells trans-
fected with 100 ng of ERa, whatever the amount of ER3
(Fig. 4A).

Combined effects of estradiol and FSH on AMH
transcription

Because in vivo, FSH stimulates estrogen production by
GC, we then tested the combined effect of FSH and estra-
diol on AMH transcription. Because KK1 cells lose their
responsiveness to FSH after several passages (8), we
cotransfected KK1 cells with hAMH-luc and vectors driv-
ing the expression of the human FSH receptor and ER
c¢DNA and cultured the cells during 48 h with rhFSH
and/or estradiol. As previously shown (8), a significant
stimulation of hAMH-luc was observed when cells were
treated by 50 and 500 mIU/ml of FSH (Fig. 4, B and C).
Treatment of cells overexpressing ERa with both FSH and
estradiol did not further increase hAMH-luc activity (Fig.
4B). Interestingly, in the presence of ERp, estradiol re-
duced the stimulatory effect of FSH to a level lower than
that observed in absence of FSH (Fig. 4C).

Discussion

In this study, we demonstrate that in GC, as reported for
other cell types (26, 27), estradiol has opposite effects
through ERa and ERB on AMH transcription. In partic-
ular, we show that estradiol represses AMH expression in
GC when ERB is in excess compared with ER«, the most
common situation encountered in vivo. We also reconcile
data in the literature regarding the effect of FSH on AMH
expression, showing that the apparent inhibitory effect of
FSH is indirect and mediated by estradiol.

Inhibitory effect of estradiol on AMH expression
through ERB

Using KK1 cells transfected with a 3068-bp human pro-
moter AMH reporter gene, we show that AMH transcrip-
tion is inhibited by estradiol and DPN, an ERf agonist,
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threshold, it is capable of completely
inhibiting AMH expression. This is

\AMH

. J

I—

supported by our results showing an in-
hibiting effect of estradiol via ERB on
the AMH promoter, which is enhanced
in the presence of FSH (Fig. 4C). Con-
sistent with our model, most of the clin-
ical studies report a negative correla-
tion between follicular fluid AMH and
estradiol (30) or aromatase expression

Small antral follicle

whereas PPT, an ERa agonist, has no effect (Fig. 2C).
Because KK1 cells express an excess of ERB compared
with ERa« (Fig. 2, A and B), these results demonstrate that
the inhibitory effect of estradiol on AMH transcription is
mediated by ER . Overexpression of both ER isoforms in
KK1 cells abolished the inhibitory effect of estradiol on
AMH transcription only when 100 ng of ERa was trans-
fected (Fig. 4A) and a high amount of ER«a protein was
expressed (Fig. 2B). In keeping with this result, we ob-
served an inhibitory effect of estradiol on AMH mRNA in
hGC, which expressed a small excess of ERe mRNA com-
pared with ERB (Fig. 1, A and B). Because ER is pre-
dominant in GC of growing follicles (22) and the pheno-
types of ER null mice indicate the ERB but not ERa is
critical for mediating the effects of estradiol during follicle
maturation (28), our results strongly suggest that estradiol
mainly inhibits AMH expression by GC during folliculo-
genesis. Our results are consistent with those of Baarends
et al. (6), who observed a decrease of AMH expression in
some, but not all, preantral and small antral follicles in
prepubertal rats treated with a GnRH antagonist and es-
tradiol benzoate.

Regulation of AMH expression by FSH and
estradiol

In vivo, AMH expression is high from primary to small
antral follicles and then falls at the subsequent stages of
follicular development. Our hypothesis (Fig. 5) is that un-
til the antral stage, AMH secretion is stimulated by dif-
ferent factors like bone morphogenetic proteins (29) and
FSH (8). In parallel, estradiol production also increases
under the influence of these factors, but its negative effect
on AMH expression through ER 3, which predominates in
growing follicles, is overcome by that of stimulatory fac-
tors. When estradiol concentration reaches a certain

Large antral follicle

FIG. 5. Schematic diagram of AMH regulation by FSH and estradiol in GC of small and large
antral follicles. Until the small antral stage, AMH secretion is stimulated by different factors
like FSH. In parallel, estradiol (E2) production also increases under the influence of FSH, but its
negative effect on AMH expression through ERB, which predominates in growing follicles, is
overcome by that of stimulatory factors. When estradiol concentration reaches a certain
threshold in large antral follicles, it is capable of completely inhibiting AMH expression.

(31) in small antral follicles but not in
larger ones (30). In small follicles that
strongly express AMH, its inverse rela-
tionship with estradiol concentration
could be due to both a negative effect of
estradiol on AMH expression and a re-
pressive effect of AMH on aromatase
(32). In larger follicles, the very low
AMH concentration compared with that of estradiol may
explain the lack of correlation between the two hormones.
No relationship was found between AMH and estradiol
concentrations in the serum except during controlled
ovarian hyperstimulation cycles with FSH (10), in which
a negative correlation was found between the two hor-
mones. This might be due to the fact that, in such condi-
tions, the pool of follicles that account for hormone pro-
duction is more homogenous than in natural cycles. Thus,
the decreased expression of AMH during late follicle mat-
uration and the fall of serum AMH levels during con-
trolled ovarian hyperstimulation with FSH, which both
have been interpreted as supporting a negative effect of
FSH on AMH expression (6, 10), are likely due to the
increased levels of estradiol during these processes.

Stimulatory effect of estradiol on AMH expression
through ER«

When ERa was overexpressed alone in KK1 cells,
AMH transcription was increased in basal conditions and
in the presence of both estradiol and PPT (Fig. 2C). Chen
et al. (33) also observed an activation of a 273-bp AMH
promoter reporter in NT2/D1 cells overexpressing ERa.
Whether the activating effect of estradiol through ER« is
physiologically relevant cannot be evaluated with our ex-
perimental design. Indeed, the critical ER isoform in me-
diating the synergistic effect of FSH and estradiol during
follicle maturation is ERB (34). ERa becomes predomi-
nant in GC only when they luteinize. One in vivo study has
shown a positive relationship between estradiol and AMH
(7). The influence of other hormones or growth factors
locally present might also be involved and could explain
the results. Consistent with this hypothesis, ERa expres-
sion can be induced by the hormonal environment in cul-
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tured mice follicles (35). Conversely, ER is repressed by
the LH surge (28), likely explaining why in controlled
ovarian hyperstimulation cycles, serum AMH rises be-
tween the moment of human chorionic gonadotropin ad-
ministration and ovarian puncture (36). The estradiol ef-
fect through ER Bis inhibited in GC cancers (28), and ER3
expression is reduced in GC of women with a polycystic
ovarian syndrome (37), two conditions in which serum

AMH is high.

Mechanism of action of estradiol on AMH
expression

Targeted mutagenesis of the '/,-ERE or SF-1 binding
sites of the human AMH promoter respectively prevented
or reduced estradiol stimulation of AMH transcription via
ERa (Fig. 3C), showing that this effect is mediated through
classical DNA binding. In contrast, the disruption of '/,-
ERE and/or SF-1 binding sites did not modify ERB-medi-
ated repression of the AMH promoter by estradiol (Fig.
3E), suggesting that ERB does not directly bind to these
sites in the AMH promoter and uses other genomic or
nongenomic mechanisms. Consistent with this result, the
affinity of ERB for '/,-ERE or SF-1 sites is low (15). The
absence of effect of estradiol via ERB on the 273-bp AMH
reporter promoter in NT2/D1 cells (33) probably indicates
that ERB along with a cofactor interacts with upstream
promoter sequences, uses a nongenomic pathway or that
NT2/D1 cells, which are derived from a human testicular
embryonal cell carcinoma, lack the cofactors necessary for
mediating the ERB effect. The reason that transfection of
various amounts of ERB-expressing plasmid did not sig-
nificantly modify the amount of ER B protein in KK1 cells
is unknown (Fig. 2B). Despite this observation, overex-
pression of ERB cDNA significantly decreased hAMH-luc
activity in control medium (Fig. 2C) and inhibited ER«
expression (Fig. 2B), in keeping with other studies report-
ing an antagonism between ER (38, 39).

In conclusion, our results provide insights into the reg-
ulation of AMH by estradiol alone or in interaction with
FSH, particularly in growing follicles where ER is pre-
dominant. We demonstrate that estradiol represses AMH
expression in this situation, and we also provide evidence
regarding the effect of FSH on AMH expression, showing
that the apparent inhibitory effect of FSH is indirect and
mediated by estradiol. In pathological conditions such as
GC tumors or polycystic ovarian syndrome, the increased
secretion of AMH might be partly due to a lack of ERB-
mediated inhibitory effect or an increase of ERa-mediated
stimulatory effect of estradiol on AMH expression.
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