
Anti-Müllerian hormone inhibits growth of AMH
type II receptor-positive human ovarian granulosa
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Ovarian granulosa cell tumors (GCTs) are sex cord stromal tumors that constitute 3–5% of all ovarian cancers. GCTs usually
present with an indolent course but there is a high risk of recurrence, which associates with increased mortality, and
targeted treatments would be desirable. Anti-Müllerian hormone (AMH), a key factor regulating sexual differentiation
of the reproductive organs, has been implicated as a growth inhibitor in ovarian cancer. GCTs and normal granulosa
cells produce AMH, but its expression in large GCTs is usually downregulated. Further, as the lack of specific AMH-
signaling pathway components leads to GCT development in mice, we hypothesized that AMH inhibits growth of
GCTs. Utilizing a large panel of human GCT tissue samples, we found that AMH type I receptors (ALK2, ALK3 and
ALK6) and type II receptor (AMHRII), as well as their downstream effectors Smad1/5, are expressed and active in GCTs.
AMHRII expression was detected in the vast majority (96%) of GCTs and correlated with AMH mRNA and protein
expression. AMH mRNA level was low in large GCTs, confirming previous findings on low-AMH protein expression in
large human as well as mouse GCTs. To study the functional role of AMH in this peculiar ovarian cancer, we utilized
a human GCT cell line (KGN) and 10 primary GCT cell cultures. We found that the AMH–Smad1/5-signaling pathway was
active in these cells, and that exogenous AMH further activated Smad1/5 in KGN cells. Furthermore, AMH treatment
reduced the number of KGN cells and primary GCT cells, with increasing amounts of AMH leading to augmented
activation of caspase-3 and subsequent apoptosis. All in all, these data support the premise that AMH is a growth
inhibitor of GCTs.
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Granulosa cell tumors (GCTs) are sex cord stromal tumors
representing 3–5% of all ovarian cancers, with two distinct
subtypes: the rare juvenile and the more common adult
subtype (reviewed in Schumer and Cannistra1). Adult GCTs
are characterized by a point mutation c.402C-G (codon
C134W) in the gene coding for FOXL2,2–5 a transcription
factor crucial for ovarian differentiation and function.6 GCT
often presents in an early stage (Ia), and the overall prognosis
is favorable. However, recurrences occur in up to 25% of
patients,7,8 presenting even decades after primary diagnosis,

and mortality in recurrent disease is high.9 The poor prog-
nosis of recurrent GCTs or those primarily presenting in an
advanced stage has warranted the search for new biologically
targeted treatment modalities.

Anti-Müllerian hormone (AMH), also referred to as
Müllerian inhibiting substance, is a key factor for proper
sexual differentiation. In the male fetus, the Sertoli cell-
produced AMH induces the regression of the Müllerian duct
partially through apoptosis, whereas the lack of AMH in
the female fetus allows the development of Müllerian duct
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derivates (oviduct, uterus, cervix and the upper part of
vagina10,11). Postnatally, AMH produced by the ovarian
granulosa cells becomes a regulator of female reproductive
function (reviewed in Visser and Themmen12). AMH belongs
to the transforming growth factor-b (TGF-b)/bone morpho-
genic protein (BMP) family of signaling molecules, and exerts
its effects by binding to a heterodimeric cell surface receptor
complex consisting of type I (ALK2, ALK3 and ALK6)
and type II (AMHRII) receptors.13,14 After binding the
ligand, AMHRII acts downstream by phosphorylating Smads
1, 5 and 8.15 The activation leads to altered gene transcrip-
tion, apoptosis,16 and embyonic regression of the Müllerian
duct in the male.14

AMHRII expression has been detected in gynecological
cancers, including human GCTs,17,18 as well as in breast
and prostate cancer.19,20 Ovarian epithelial carcinoma cells,
originating from the coelomic epithelium/Müllerian duct,
express AMHRII17 and AMHRII positivity is also associated
with prolonged overall survival.19 AMH has been indicated as
a growth inhibitor of AMHRII-positive ovarian cancer cells
in vitro20–23 and in vivo,24–27 and this growth-inhibitory
effect is characterized by a block in the cell cycle progression
and subsequent apoptosis.20,22 Although AMH has been
indicated as a tissue marker for GCTs,28 AMH
immunoreactivity in a series of 80 primary GCTs was low
or negative in the tumors larger than 10 cm in diameter.29

This suggests that the lack of AMH may give these tumors
growth potential, but the role of AMH signaling in human
GCTs remains unraveled.

The complex regulation of the TGF-b/BMP signaling
relies on the phosphorylation of different Smads by specific
ligand–receptor binding (reviewed in Schmierer and Hill30).
The TGF-b/BMP signaling can be divided into Smad2/3
activating ligands (TGF-b, activin, and nodal) and Smad1/5/
8 activating ligands (BMPs, growth and differentiation
factors, and AMH), but a more specific split is downstream
of the type I receptors; ALK4, ALK5 and ALK7 activate
Smad2/3 whereas ALK1, ALK2, ALK3 and ALK6 activate
Smad1/5/8. The balance between these signaling cascade
components has been emphasized in GCT pathogenesis.
In mice, a-inhibin deficiency leads to overactive activin
signaling and development of sex cord stromal tumors of
granulosa cell origin,31 but the additional deletion of
downstream Smad3 delays tumor formation.32,33 The loss
of the Smad1/5 signaling in mouse granulosa cells leads
to overactivity of the TGF-b-type Smad2/3 signaling and
formation of aggressive GCTs of the juvenile type.34,35

Further, deletion of BMP type I receptors ALK3 and ALK6 in
mouse granulosa cells leads to GCT development36 putatively
through overactivity of the TGF-b pathway, suggesting that
the BMP (AMH)-type pathway acts as a tumor suppressor in
granulosa cells.

Given these previous data, we now utilized a large tissue
sample series,7 a human GCT cell line and primary cell
cultures of human GCTs37 to analyze the expression of

AMH-signaling components in human GCTs and to test a
hypothesis that AMH is a growth inhibitor of human GCTs.

MATERIALS AND METHODS
Human Tissue Samples
For expression analysis, we utilized the previously charac-
terized29 GCT tissue microarray of quadruple core samples
from 80 primary and 12 recurrent GCTs, and freshly frozen
samples of 34 GCTs.7,29,37,38 The latter were verified to
possess the c.402C-G (p.C134W) mutation in FOXL25 and
the mutation frequency of 95% corresponds to other pub-
lished GCT series.2–4 All histological diagnoses were carefully
reevaluated,29 patient charts were reviewed to obtain clinical
data and recurrences were updated as of September 2009.7

For the tumor size, a cutoff of tumor diameter 10 cm
was chosen based on earlier GCT studies.39–41 For controls,
we utilized three normal ovarian tissue samples from three
pre-menopausal women operated upon for cervical cancer.
From July 2008 to December 2010, we obtained 10 fresh
tumor samples (7 primary and 3 recurrent GCTs) for
primary cell cultures (see below). Informed patient consent
was obtained, and the ethical committee of Helsinki
University Central Hospital and the National Supervisory
Authority for Welfare and Health in Finland approved
the study.

mRNA and Protein Isolation and Expression Analyses
RNA and protein were extracted from tissue and cell cultures
with Nucleospin RNA/Protein kit (#740 933.250, Macherey-
Nagel, Düren, Germany) and the RNA samples were purified
with RNA purification kit (Nucleospin RNA Clean up kit,
#740 948.50). Semiquantitative PCR was carried out as
described.42 Quantitative PCR was performed using
SYBR GREEN according to instructions (Applied Biosystems,
Foster City, CA, USA) with an ABI PRISM 7700 detector
(Applied Biosystems). Primers listed in Table 1 were designed
with IDT SciTools software or as previously described.43,44

Western blotting of the protein samples was performed as
described38 with antibodies and dilutions listed in Table 1.

Immunohistochemistry
Immunohistochemical staining of GCT tissue microarray
and normal ovarian samples was performed as described29

with primary antibodies in dilutions listed in Table 1; the
monoclonal AMHRII-12G4 antibody was kindly provided by
Dr Isabelle Navarro-Teulon (INSERM U896, Montpellier,
France).18 The stainings for all the antigens were classified
into two groups based on the number of positive cells and
intensity of staining: high representing 420% of positive
cells with intermediary or strong intensity (comparable to the
staining of the normal granulosa cells for all the antigens
studied), and low representingo20% of positive cells or very
low intensity or negative even if detected in 100% of the cells.
Two researchers (MA and AF) independently performed
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the evaluation, and disagreements were resolved by a joint
review.

Cell Cultures and Treatments
The KGN cell line (kindly provided by Dr T Yanase, Kyushu
University, Fukuoka, Japan) was cultured as previously
described in Dulbecco’s modified Eagle’s medium and Ham’s
F-12 medium containing 10% fetal bovine serum.45 The
primary GCT cell cultures were established as described;37 in
brief, the fresh tumor tissue was mechanically minced and
treated with 0.5% collagenase (Sigma-Aldrichs, St Louis,
MO, USA), filtered through a 140-mm mesh, and the single
cells were plated in the KGN culture medium. All the used
primary GCT cells harbored the c.402CG mutation in
FOXL2. The primary culture and KGN cells were stained with
primary antibodies listed in Table 1 as described.37

Recombinant human AMH was purified and tested for
bioactivity as described.25 The cells were treated with AMH at
different concentrations in 10% female fetal calf serum
(FFCS; ie, no AMH in the control medium) for 1–10 days,
followed by MTT, bromodeoxyuridine (BrdU), caspase acti-
vation, and DAPI staining assays (see below), or protein

extraction. The used AMH concentrations (0–25 mg/ml or
0–179 nm) were similar to those used in epithelial ovarian
carcinoma cell studies and in AMH bioactivity assays
utilizing this particular AMH stock20,22,46–49 that is only
partially cleaved (ie, activated) compared with fully cleaved
AMH stocks that were recently established.50,51 The Kd of
AMH binding to AMHRII in ovarian carcinoma cell lines
(OVCAR5 and OVCAR8) was calculated to be 10.2 nM and
12 nM, respectively,20,22 and we estimated the Kd to be similar
in this study. AMH levels in the culture medium of the
control samples with 10% FFCS were analyzed with sensitive
enzyme-linked immunosorbent assay (DSL-10–14400),
according to instructions (Beckman Coulter, Webster,
TX, USA).

Cell Number and Apoptosis Assays
MTT-based cell growth determination kit (#CGD1, Sigma-
Aldrich), Cell Proliferation Reagent WST-1 (Cat. No.
05015944001, Roche Applied Science, Indianapolis, IN,
USA), and Bromodeoxyuridine (BrdU) Staining Kit
(Invitrogen, Carlsbad, CA, USA) were utilized according to
instructions. BrdU-labelling solution was added on treated

Table 1 Antibodies and primers used in the expression analyses

Factor size Antibody Dilution:
WB/IHC

Primers 50–30 PCR product

AMH Goat IgG, sc-6886, Santa Cruz

Biotechnology

–/1:100 qPCR F: CGCCTGGTGGTCCTACAC

R: GAACCTCAGCGAGGGTGTT

60bp

AMHRII Mouse monoclonal IgG 1:5000/1:50 qPCR F: TGTGTTTCTCCCAGGTAATCCG

R: AATGTGGTCGTGCTGTAGGC

164 bp

PCR F: TTTGGGGCTTTGGGCATTAC

R: GATGCCGAGACAGTGAT

238 bp

ALK2 PCR F: TTAAAAGGCGCAACCAAGA

R: CGTACAACGATCCCATTTCA

423 bp

ALK3 PCR F: TTTATGGCACCCAAGGAAAG

R: TGGTATTCAAGGGCACATCA

156 bp

ALK6 PCR F: CTCAGGGAGCGACCTGGGCA

R: GCGGCCCCAAATGCAGGGAT

437 bp

Smad1 Mouse IgG ab55437, Abcam 1:1000/1:50 PCR F: GCGGCATATTGGAAAAGGAG

R: CCTGGGGCCATTTAAGAT

429 bp

Smad5 Rabbit IgG, ab40771, Abcam 1:2500/1:50 PCR F: GCGAAAAGGAAGCTGTTG

R: ACCTTGTTTCCAGCCCA

320 bp

Beta-actin qPCR F: CTGACGGCCAGGTCATCAC

R: CAGACAGCACTGTGTTGGC

174 bp

Phospho-Smad1/5 Rabbit IgG, #9511S, Cell Signaling Technology 1:2500/1:100

Cleaved caspase-3 Rabbit IgG, #9661L, Cell Signaling Technology 1:500/–

Bcl2 Mouse IgG, MO887, DAKO Denmark 1:500/–

Cyclin D2 Rabbit IgG, sc598, Santa Cruz Biotechnology 1:1000/–
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cells 24 h before the staining, and the proportion of BrdU-
positive cells was counted in 2000–3000 cells. Caspase-3/7
activation was measured using Caspase-Glos 3/7 assays
(Promega, Madison, WI, USA) following the instructions,
and/or western blotting for cleaved caspase-3. DAPI staining
was performed as described.37

Data Analysis and Statistics
The immunohistochemical expression data and the clinico-
pathological data were analyzed with Contingency tabling
(2� 2) and w2 or Fisher’s exact tests. RNA expression levels
and clinicopathological data were analyzed with one-way
ANOVA and Student’s t-test when appropriate. The Kaplan–
Meier analysis was performed according to the methodo-
logy.7 The cell culture data were analyzed with one-way
ANOVA. Po0.05 was considered significant. The analyses
were carried out with JMPs 7.0.1 (SAS Institute, Cary, NC,
USA) software.

RESULTS
AMH, AMHRII, and Their Downstream Effectors are
Expressed in Human Granulosa Cell Tumors
The transcript of AMH type II receptor (AMHRII) was
detected in 30/30 of primary GCT, and the type I receptors
were also readily detected: ALK2 in 29/30, ALK3 in 30/30,
and ALK6 in 26/30 GCTs were analyzed (Figure 1a). Quan-
titative PCR revealed varying expression levels of AMH and
AMHRII, and expression of the ligand and the receptor

mRNA correlated in the 28 tumors analyzed (Figure 1b). In
accordance with our previous results on the AMH protein
levels in human GCTs,29 AMH mRNA levels inversely
correlated with the tumor size (Figure 1c).

Tissue microarray analysis revealed that AMHRII
expression was high in 45/79 (57%) primary tumor samples
(Figure 2 and Table 2) and in 7/12 (58%) recurrent tumor
samples (data not shown), compatible with the immuno-
staining in normal reference tissue; western blotting also
revealed AMHRII expression in two normal ovarian lysates
and in the 34/34 GCTs analyzed, of which four were recurrent
tumors (data not shown). AMHRII expression was detected
in all of the 10 GCT primary cell cultures tested and in the
corresponding KGN cells (Figure 2). Given that AMHRII
immunostaining was totally negative in only three (4%) of
the 79 tumors, the results altogether suggest that AMHRII
expression is characteristic for GCTs. AMHRII expression
correlated with AMH expression at the protein level (Table 2).
AMHRII mRNA or protein expression did not correlate with
any analyzed clinicopathological parameters of the primary
tumors, ie, age and menopause status of the patient at diag-
nosis, clinical stage, size of the tumor, tumor subtype, nuclear
atypia, mitotic index, and risk of recurrence.7,29 We also
employed Kaplan–Meier analysis on the 79 primary GCTs for
the correlation of AMHRII expression and recurrence-free
survival, and found similar recurrence probability in tumors
with high or low expression of AMHRII (data not shown), in
contrast to earlier findings in ovarian cancer.19

Figure 1 mRNA expression of AMH, AMHRII, ALK2, ALK3, ALK6, Smad1, and Smad5 in GCTs. Thirty GCTs (recurrent GCTs nos 21, 24–26) were analyzed by

PCR for the expressions of AMHRII, ALK2, ALK3, ALK6, Smad1, and Smad5 mRNAs (a). AMH and AMHRII mRNA expressions were quantified relative to actin

by quantitative PCR in 28 (22 primary and 6 recurrent) GCTs (b, c). AMH mRNA expression correlated positively to AMHRII mRNA expression (b) and

negatively to tumor size (c) (P¼ 0.0391).
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Expression of Phosphorylated Smad1/5 Associates With
AMHRII and AMH Expression in GCTs
In mice, lack of Smad1 and Smad5 in granulosa cells leads to
the development of GCTs resembling the juvenile subtype of

the tumor.34,35 In our series of adult human GCTs, trans-
cripts for Smad1 and Smad5 were detected in 30/30 samples
studied (Figure 1), and protein expression levels of Smad1
and Smad5 correlated positively in the 75 primary tumors

Figure 2 Immunostaining of AMHRII, Smad1, Smad5, and phospho-Smad1/5 in GCTs and normal reference granulosa cells. Examples of expression in

granulosa cell tumor tissue (rows 2–4), and in primary GCT and KGN cell cultures (rows 5–6). Row 3 (b0 , g0 , l 0 , q0) shows higher magnification images of the

tumor tissue in row 2. Tissue slides or fixed cell specimens were subjected to immunostaining for the antigens, with 3,3-diaminobenzidine being used to

visualize the positive staining as brown; nuclei were counterstained with hematoxylin. Normal human ovaries were stained as controls. Asterisks indicate

normal granulosa cells in the lining of an antral follicle in row 1. Scalebars¼ 200 mm.
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(Figure 2 and Table 2). Moreover, immunostaining of
phosphorylated-Smad1/5 (phospho-Smad1/5) (Figure 2)
strongly correlated with Smad5 expression pattern (Table 2),
suggesting that Smad5 is preferably in the active and phos-
phorylated state in GCTs. Smad1 and Smad5 expression
patterns associated with AMH expression pattern and the
phospho-Smad1/5 expression pattern associated with AMH
and AMHRII expression patterns (Table 2). Similar to
AMHRII expression, none of the Smad protein expression
patterns, however, correlated with the clinicopathological
parameters listed above.

Smad1, Smad5, and phospho-Smad1/5 protein expressions
were evident in cultured primary GCT and KGN cells (Figure
2 and Figure 4a). In addition, these GCT cells produced
detectable levels of AMH into the culture medium so that
average AMH levels in the cell culture medium (with 10%
FFCS) were 0.68 ng/ml (range 0.41–1.06 ng/ml) for KGN,
1–3 days after medium change, and 0.77 ng/ml (range
0.43–1.71 ng/ml) for primary tumor cultures (n¼ 5), 1–5
days after medium change. Based on these data, Smad5
signaling can be presumed to be actively functioning in the
AMH- and AMHRII-expressing GCTs. Coupled with the cell
culture data, this suggests an auto/paracrine regulatory loop
of AMH–AMHRII signaling in the GCT microenvironment.

AMH Treatment of Cultured GCT Cells Reduces the
Number of Tumor Cells
Given the expression patterns of AMH and its signaling
components in GCTs, we tested the effect of AMH on the
number of cultured GCT cells by MTT-based assays. We
found that AMH (5–25 mg/ml) decreased the number of
viable KGN cells relative to control (AMH 0mg/ml) by
25–38% and by 24–34% after 3 days and 10 days incu-
bation, respectively (Figure 3a). In the untreated wells (AMH

0 mg/ml), the cell number had roughly doubled or tripled
from 3 to 10 days incubation. While the cell number de-
creased relative to control, AMH had, however, no significant

Table 2 Analysis of the immunostainings of 80 primary GCTs

AMH AMHRII Smad1 Smad5 P-Smad1/5

(A) Intensities of staining n(%)

High 25 (31) 45 (57) 37 (49) 57 (76) 49 (63)

Low 55 (69) 34 (43) 39 (51) 18 (24) 29 (37)

Total 80 79 76 75 78

(B) Correlations

AMH + (0,0010) + (0,0031) + (0,0058) + (0,0464)

AMHRII + (0,0010) NS NS + (0,0394)

Smad1 + (0,0331) NS + (0,0083) NS

Smad5 + (0,0058) NS + (0,0083) + (o0,0001)

P-Smad1/5 + (0,0464) + (0,0394) NS + (o0,0001)

+ indicates positive correlation with Po0.05 (P values below).

Blank, same antigen; NS, not significant.

Figure 3 Cell number and proliferation assays on KGN (a, b) and two

primary cell cultures (c) after AMH treatments. Cells were treated with

indicated doses of AMH for 1–10 days (d) before MTT-based or BrdU

incorporation assays. 10% FFCS was used as a control, and 1% FFCS as a

control for growth factor deprivation. (a) MTT data on the relative number

of viable KGN cells is presented as mean±s.d. of three independent

experiments performed in triplicate; the relative cell numbers are shown

compared with control. (b) The proportion (%) of proliferative, ie,

BrdU-positive, cells is presented as mean±s.d. of three independent

experiments; total of 2000–3000 cells was counted for each dose and

incubation period. (c) MTT data on the number of viable cells of two

primary cell cultures are presented as mean±s.d. of one independent

experiment performed in triplicate, treated for 2 days (case 1, white

columns) or for 4 days (case 2, black columns). Asterisks indicate significant

difference with Po0.05 when compared with control experiment

(AMH 0 mg/ml).
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effect on the proliferation rate of KGN cells as analyzed by
BrdU analysis (Figure 3b). Similar results were obtained in
primary GCT cells from two cases; AMH (5–25 mg/ml)
reduced the cell number by 36–43% during 2 days incubation
(case 1), or by 29–39% during 4 days incubation (case 2)
(Figure 3c). With deprivation in 1% FFCS as a control, the
reduction was 28% in both cases.

AMH Activates Smad1/5 and Also Induces Apoptosis
in KGN Cells
AMH treatment increased the phospho-Smad1/5 but not
Smad1 or Smad5 levels, and activated caspase-3, a marker of
apoptosis induction, during 1 day and 3 days incubation in
KGN cells (Figure 4a). During AMH treatments, expression
of B-cell lymphoma 2 (Bcl2) and cyclinD2, control proteins
related to granulosa cell apoptosis and proliferation regula-
tion (respectively), remained stable (Figure 4a). The level of
caspase activation was quantified with caspase-3/7 activation
assay (Figure 4b), showing a 2.8–7.7-fold activation during
the first day of AMH treatments, whereas after 2 or 3 days a
prolonged caspase activation was seen only with the largest
AMH dose (25 mg/ml). Compatible with the caspase activa-
tion, the number of apoptotic cells increased following 1 day
and 3 days of AMH treatments (Figure 4c).

AMH Induces Apoptosis in Primary GCT Cells
Similar to experiments with the KGN cell line, we tested the
response of AMH treatment in 10 primary GCT cell cultures,
established from fresh tumor tissue (Figure 5). We found
caspase-3 activation by western blot or caspase-3/7 assay in
10/10 tumors analyzed, as well as apoptosis activation by
DAPI in 5/5 tumors analyzed. Owing to limited number of
the recovered primary tumor cells, we were unable to study
whether exogenous AMH caused Smad1/5 activation in these
primary cell cultures. In cultures from both primary and
recurrent primary GCTs, caspase-3 cleavage was increased
at 2 days and 5 days (Figure 5a), without a clear effect on
Bcl2 and cyclinD2 expression. In addition, apoptosis was
detected morphologically by DAPI analysis in both GCT
cases (Figures 5b-d and f-h), and prolonged apoptotic
activity was seen even after 5 days incubation with the
smallest AMH dose (5 mg/ml).

DISCUSSION
The molecular pathogenesis of the GCTs of the ovary has
only recently started to get unraveled, along with the
discovery of a disease-specific point mutation in a single
gene coding for transcription factor FOXL2,2–5 crucial for
normal granulosa cell function.52 Accordingly, several pre-
vious studies utilizing human GCT tissue series (reviewed in
Fuller and Chu53) have focused on genes and factors involved
in the normal granulosa cell function.5,7,29,54 We now des-
cribe the expression patterns of the AMH-signaling pathway
components in GCT in detail and show evidence for AMH
being a growth inhibitor for GCT. Previously, AMHRII

positivity and AMH responsiveness have been reported in
ovarian cancers originating from the Müllerian duct deriva-
tives.20–22 In a series of five GCTs, AMHRII expression levels
were higher than in other ovarian cancers.17 In in vitro assays
of GCTs, we now find that AMH treatment reduces the cell
number by activating apoptosis. Previous studies show
that while AMH inhibits cell cycle and proliferation, it also
induces apoptosis on ovarian carcinoma cell lines.20,22 In this
study, the inhibitory effect on the proliferation rate of GCT
cells was undetected, arguing that AMH functions as a GCT
growth inhibitor by sensitizing the tumor cells to apoptosis.

Figure 4 AMH activates Smad1/5, caspase-3, and apoptosis in KGN cells.

(a) Representative western blotting results of an experiment performed in

triplicate, showing the effect of increasing AMH doses on protein levels of

Smad1/5, cleaved (activated) caspase-3, Bcl2, cyclinD2, and b-actin as an

internal control. (b) Caspase-3/7 activation assay following increasing

doses of AMH for 1–3 days, presenting fold activation relative to control.

(c) Number of apoptotic cells analyzed by nuclear morphology following

DAPI staining. In b and c the data are presented as mean±s.d. of three

independent experiments performed in triplicate. Asterisks in b and

c indicate significant difference with Po0.05 when compared with control

experiment (AMH 0 mg/ml).
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We here find that the AMH–Smad1/5 signaling is active
and correlates with AMH and AMHRII expression in adult
GCTs. The GCT cultures produced AMH into the culture
medium, and exogenous, recombinant AMH further acti-
vated Smad1/5 in KGN cells. Mice studies show that loss of
Smad1/5 in granulosa cells leads to Smad2/3 overactivity and
development of aggressive GCTs resembling the human GCT
of the juvenile type;34,35 in adult human GCTs expression of
both Smad2 and Smad3 is evident (our unpublished data).
The deletion of the BMP/AMH type I receptors ALK3 and
ALK6 in mouse granulosa cells leads to the development of
more indolent GCTs, with delayed tumor formation and less
metastases compared with the Smad1/5 knockout mice.36 In
these tumors ALK2 expression is increased, and the allevia-
tion of tumor progression is proposed to be due to ALK2-
mediated Smad1/5 activation. Of note, AMH binds most
strongly to ALK2;55 in the granulosa cells with ALK3/6
deletion,36 AMH may still be able to suppress GCT formation
through ALK2, leading to decelerated tumorigenesis com-
pared with the Smad1/5 knockout mice. In adult human

GCTs, we found that the canonical AMH pathway, including
all the type I and II receptors and Smad1/5, is present and can
be activated by AMH. Further supporting the suppressive
role of AMH, we found an inverse correlation of AMH
expression level with the tumor size at the mRNA level.
More specifically, AMH expression is low in large human and
murine GCTs29,56 both at mRNA and protein level. Taken
together, the lowered AMH levels in large human adult GCTs
may lead to decreased activation of the suppressive BMP
pathway, which may be one of the reasons for malignant
growth of human granulosa cells.34–36

In human GCTs, serum AMH levels have been shown to
positively correlate with the tumor size, ie, the bigger the
tumor the higher the serum AMH levels.57 While there is a
controversy of high serum but low tissue AMH in the large
human GCTs, it can be presumed that in a subset of tumors
of certain size the AMH level in the microenvironment may
be lower than required to sustain the growth inhibition of
granulosa cells. Features of this GCT subgroup, thus, closely
reflect the highly proliferating granulosa cells of large antral

Figure 5 Activation of apoptosis in in vitro GCT cultures by AMH. Two representative cases are presented, data on one recurrent GCT (a–d) and one

primary GCT (e–h). Caspase-3 activation was evaluated by western blot (a, e), coupled with DAPI analysis of apoptotic cells for both cases (b–d and f–h);

arrows indicate apoptotic cells. Reliable effect on Bcl2 or cyclinD2 levels could not be detected. Single experiments on individual tumors were carried out.
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follicles, which exhibit downregulated AMH expression,58

suggesting a positive selection process of these cells with in-
creased growth potential.

Utilizing primary GCT cultures and a large series of hu-
man adult GCTs, we here demonstrate that the key compo-
nents of AMH signaling are expressed in these tumors, and
that exogenous AMH is able to inhibit growth of GCT cells
through apoptosis. Activation of apoptosis and/or inhibition
of cell cycle by AMH in ovarian carcinomas may enhance the
effectiveness of chemotherapeutics,27,59 and lead to less
toxicity and increased tolerance to chemotherapy. Further
studies utilizing mouse models for human GCT are, however,
needed to ultimately address the implications of AMH as a
supplementary treatment modality for GCTs. There are sev-
eral issues to be resolved before clinical use of AMH can be
established. Recent results show that endogenous and exo-
genous AMH needs to be cleaved to attain full activity upon
binding to the type II receptor.48,50,51,60 The AMH reagent
used in this and earlier studies24–27,61 is only partially cleaved.
The production of purified, fully cleaved AMH has been
achieved only recently,51 and with this AMH one would need
only 1:1000 of the dose compared with partially cleaved
AMH. Targeting AMHRII with activating antibodies62

or small molecule agonists23,59 presents another attractive
option for supplementary treatment of AMHRII-positive
advanced or recurrent GCTs. Nevertheless, the observed
activation of apoptosis in GCTs may not necessarily involve
AMHRII, given that the doses used in this study are more
robust than implicated by the reported Kd for AMH to
AMHRII.20,22 Future studies should clarify how AMH affects
the gene expression pattern and function of normal vs
malignant granulosa cells of the ovary.
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