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Anti-Müllerian hormone inhibits granulosa cell growth and
function. Both anti-Müllerian hormone and its type II recep-
tor are expressed in normal granulosa cells. We show by his-
tologic and molecular analyses that ovarian tumors develop-
ing in transgenic mice, obtained by targeted oncogenesis
using an anti-Müllerian hormone promoter-SV40 oncogene
construct, are of granulosa-cell origin. Because tissue-
specific, cell-surface molecules are of particular interest for
the analysis and treatment of tumors, we examined the ex-
pression of anti-Müllerian hormone type II receptor in the
ovaries of these transgenic mice. We demonstrate that the
anti-Müllerian hormone type II receptor is expressed not only
in normal ovarian follicles, but also in granulosa cell tumors.

Using a cell line derived from one of these tumors, we show
that the anti-Müllerian hormone type II receptor protein is
present on the surface of tumor cells and binds anti-Müllerian
hormone. Furthermore, we show that the anti-Müllerian hor-
mone receptor is functional in the granulosa tumor cell line,
with anti-Müllerian hormone treatment inducing selective ac-
tivation of Smad1. In conclusion, in this study we present a
new murine transgenic model of granulosa cell tumors of the
ovary and, using this model, we demonstrate for the first time
cell-surface expression of a highly tissue-specific molecule,
anti-Müllerian hormone type II receptor, as well as the selec-
tive activation of Smad proteins by anti-Müllerian hormone,
in granulosa tumor cells. (Endocrinology 142: 4040–4046, 2001)

POSTNATAL OVARIAN GRANULOSA cells express an-
ti-Müllerian hormone (AMH) (1), a glycoprotein also

known as Müllerian-inhibiting substance (2), and its type II
receptor, AMHR-II (3–5). AMH inhibits cell growth (6, 7) and
expression of aromatase and LH receptor (7) in cultured
granulosa cells. Conversely, AMH gene knockout in mice
results in faster recruitment of primordial follicles to the
population of growing follicles (8). In addition to its effects
on granulosa cells, recent studies show that AMH also in-
hibits the growth of human cancer cells derived from the
ovarian surface epithelium (9–11).

AMH belongs to the TGF-� superfamily, including activins
and bone morphogenetic proteins (BMPs). Most of these factors
signal through specific binding to two distinct membrane re-
ceptors, type I and type II, and subsequent activation of intra-
cellular proteins, such as Smads, which in turn modulate gene
expression (12). The ligand binds to the type II receptor, which
phosphorylates and activates a type I receptor. The latter phos-
phorylates receptor-regulated Smads (R-Smads), which then
associate with a common partner, Smad4, and translocate to the
nucleus. R-Smads 1, 5, and 8 participate in BMPs pathways,
whereas R-Smads 2 and 3 transduce TGF-� and activin signals
(13). AMH type II receptor (AMHR-II) has been identified (3, 4),
and we recently showed that the bone morphogenetic protein
type IB (BMPR-IB/ALK6) receptor can mediate an AMH-

evoked response in testicular cell lines, involving Smad-1, but
not Smad-2, activation (14).

Interestingly, both AMH and AMHR-II are expressed in a
highly tissue-specific manner. AMH expression is restricted to
Sertoli cells of the testis and granulosa cells of the ovary (15, 16).
In women, AMH is a specific and sensitive marker of granulosa
cell tumor progression (17–19). AMHR-II mRNA has been
found in the Müllerian duct (the anlagen of the uterus in fetuses)
(3, 5), in Sertoli (3, 5) and Leydig cells (20, 21) of the testis, and
in ovarian granulosa cells (3, 5). More recently, AMHR-II has
also been detected in cells of the ovarian surface epithelium in
the human species (9), but not in rodents (3, 5).

We (22) and others (23) have previously shown that driv-
ing the expression of the simian virus 40 (SV40) oncogene by
the AMH promoter induces gonadal tumorigenesis in trans-
genic mice. As expected from the AMH expression pattern,
testicular tumors of these mice are Sertoli cell tumors, and we
now show, using histologic and molecular analyses, that the
ovarian tumors derive from granulosa cells. Using this
model, we demonstrate for the first time the cell-surface
expression of a highly tissue-specific molecule, AMHR-II, as
well as the selective activation of Smad proteins by AMH, in
granulosa tumor cells.

Materials and Methods
Generation of transgenic mice

The generation of the transgenic mice used in this study has been
described previously (22). Basically, the transgene is a fusion construct,

Abbreviations: AMH, Anti-Müllerian hormone; AMHR-II, anti-
Müllerian hormone type II receptor; BMPs, bone morphogenetic proteins.
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named AT-t, containing 3.6 kb of the 5� flanking region of the human
AMH gene upstream of a mutant simian virus 40 (SV40) oncogene
encoding the large T antigen. Female mice were killed at different ages.
Gonads and other organs with apparent tumor development were
weighed and either fixed for histologic studies or snap frozen for RNA
preparation. All animal studies were conducted in compliance with
European Community guidelines.

Cell culture

Ovarian tumors from a 9-month-old transgenic female were dilac-
erated in 1� trypsin-EDTA and 1 mg/ml collagenase. Cells were sedi-
mented by centrifugation and plated onto tissue-culture dishes in
DMEM (Life Technologies, Inc., Gaithersburg, MD) supplemented with
100 UI/ml penicillin, 100 �g/ml streptomycin, amino acids and 15%
FCS. Culture was performed at 37 C in a humidified atmosphere of 94%
air/6% CO2. At the sixth passage, a subconfluent culture was trypsinized
and cells diluted to one cell per 300 �l were plated (100 �l per well) in
96-well plates. The resulting three clones were amplified. The parental
cell line and all three clones expressed AMHR-II, and the clone exhib-
iting the strongest expression of AMHR-II mRNA (named AT29C-U493)
was selected for further study. AT29C-U493 cells were maintained in
culture and underwent 20 additional passages. Northern blot analyses
for granulosa cell markers were performed at the 10th, 15th and
20th passage. CHO and CHO-3W cells were cultured as previously
described (24).

AMH binding in cell culture

Two different experimental protocols were used separately to test
AMH binding to AT29C-U493 cells. In the first protocol, cells were
plated on poly-d-lysine four-chamber Lab-Tek slides (Nunc, Naperville,
IL) at 2–5 � 104 cells per chamber. Twenty-four hours later, cells were
exposed for 3 h at 37 C to DMEM alone or containing 1 nm plasmin-
cleaved AMH (3). After rinsing with DMEM, cells were incubated for 1 h
in DMEM/0.1% FCS with 2.5 �g/ml of either L40, a rabbit polyclonal
anti-AMH antibody (19), or nonimmune rabbit immunoglobulins. After
rinsing, cells were incubated for 1 h with a peroxidase-conjugated goat
antibody raised against rabbit IgG; as a negative control, a similar
antibody raised against mouse IgG (Jackson ImmunoResearch Labora-
tories, Inc., Westgrove, PA) was used. The reaction was revealed by
incubation with DAB Plus Reagent (DAKO Corp., Copenhagen, Den-
mark). In the second experimental protocol, iodinated AMH was used
as previously described (3, 24). Briefly, cells were incubated for 3 h in
1 ml DMEM containing 1 nm iodinated plasmin-cleaved AMH or with
a 200-fold excess of cold hormone. After rinsing, the slides were pre-
pared for autoradiography as described (25). After 1 wk, the slides were
developed, stained with toluidine blue, and examined under darkfield
illumination.

Immunoprecipitation and Western blot analysis

Cells were seeded at 105 cells/ml and treated 1 d later with AMH 357
nm (24), TGF-� 1 nm (R&D Systems, Abingdon, UK) or bone morpho-
genetic protein 2 (BMP2) 10 nm (generous gift from Genetics Institute,
Boston, MA) for 45 min. Immunoprecipitation and Western blot analyses
were performed as previously described (14). In brief, cell lysates were
immunoprecipitated for 2 h at 4 C with 1 �g/ml of anti-Smad1 or
anti-Smad2 polyclonal antibodies (Upstate Biotechnology, Inc., Lake
Placid, NY). Immunoprecipitates were washed and eluted, proteins
were subjected to 7.5% SDS PAGE, Western blotting with anti-Smad4
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 5 �g/ml
and chemiluminescence detection (ECL Plus kit, Amersham Pharmacia
Biotech). For Western blots, anti-phospho-Smad1 and anti-phospho-
Smad2 antibodies (Upstate Biotechnology, Inc.) were used at 2 �g/ml.

Histology, immunocytochemistry/fluorescence and
in situ hybridization

Classic histology was performed on 5-�m sections of paraffin-
embedded tissue stained with hematoxylin and eosin. AMH immuno-
histochemistry was performed using the antigen retrieval technique by
microwaves (19). For the detection of AMHR-II protein by immunoflu-

orescence, a specific polyclonal antibody obtained in rabbit against the
extracellular domain of AMHR-II purified under nondenaturing con-
ditions was used as previously described (14). Immunofluorescence for
the detection of Smad1, Smad4, �-catenin, cytokeratin, and vimentin in
frozen tissues or in cultured cells was performed as previously described
(14, 26). In situ hybridization in paraffin-embedded, paraformaldehyde-
fixed tissue was performed as described (27), except that prehybridiza-
tion was carried out for 2 h at 55 C and hybridization, overnight at 37
C. The digoxigenin-labeled AMHR-II riboprobe covered 312 bp of the
second exon of the mouse AMHR-II (28).

RNA preparation and analysis

Total RNA of tissues and cells was prepared either by the method of
Chirgwin et al. (29) or using the RNA plus kit (Bioprobe, Montreuil,
France). Northern blots were performed as previously described (3, 22).
Probes for AMH, rat sulfated glycoprotein-2 (SGP-2), rat FSH receptor
(FSHR), steroidogenic factor-1 (SF-1) and human Wills’ tumor-1 (WT-1)
were obtained as previously described (22). Other probes (AMHR-II,
P450aro, P450SCC and 3�-HSD) were synthesized from murine testes by
RT-PCR (22). The AMHR-II probe covers an 890 bp cDNA fragment
(exons 1–6). The oligonucleotide probe for rabbit 18S ribosomal RNA
was GGGCGGTGTGTACAAAGGGCAGGGA. Probes were 32P-labeled
as described (22).

Measurement of serum AMH

Mouse AMH was measured by an enzyme-linked immunosorbent
assay (ELISA) as described (30). Each sample was assayed in quadru-
plicate. Calibration curves were constructed using increasing concen-
trations (0.4–25 ng/ml) of recombinant mouse AMH. The lowest de-
tectable concentration of mouse AMH was 10 ng/ml. Intra and
interassay variability coefficients were 2.40% and 2.71%, respectively.

Results
Histologic and molecular characterization of ovarian
granulosa cell tumors in AMH-SV40 transgenic mice

Female mice derived from 5 different AMH promoter-
SV40 oncogene (AMH-SV40) transgenic founders were stud-
ied. The incidence of ovarian tumors was variable (Table 1).
The ovarian tumors were frequently bilateral, though of vari-
able size, and could occupy more than 25% of the abdominal
cavity. When the gonads weighed up to 100 mg (approxi-
mately 6- to 10-fold increment compared with normal ova-
ries), normal follicles containing oocytes were still present,
together with irregularly proliferating masses of small gran-
ulosa cells with intensely heterochromatic nuclei (Fig. 1A).
Larger ovarian tumors (Fig. 1B) were characterized by the
absence of normal tissue and the presence of serous cystic
spaces and large areas of hemorrhage and necrosis, and also
by local invasion of neighboring organs. In older animals,

TABLE 1. Incidence and size range of ovarian tumors in AMH-
SV40 transgenic females

Mouse line Age
(months)

Females
studied

Animals with
ovarian tumors

Tumor
weight
(range)

AT-t 68 3–8 6 0 (0%)
� 8 6 1 (16.7%) 0.02 g

AT-t 83 3–8 34 6 (17.6%) 0.03–0.85 g
� 8 15 10 (66.7%) 0.06–6.48 g

AT-t 84 3–8 28 26 (92.9%) 0.02–5.04 g
�8 9 9 (100%) 0.07–12.02 g

AT-t 93 3–8 11 4 (36.4%) 0.01–0.13 g
�8 10 6 (60.0%) 0.02–2.72 g

AT-t 94 3–8 6 0 (0%)
�8 10 6 (60.07%) 0.01–2.35 g
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extragonadal tumors, localized to the liver or the lungs, were
observed in approximately 10% of the cases. In all cases, the
histologic features of these tumors confirmed they were me-
tastases of ovarian tumors (Fig. 1, C and D). Vimentin and
cytokeratin are useful markers for the classification of ovar-
ian tumors. In coincidence with observations in human gran-
ulosa cell tumors (31), we found that while vimentin immu-
noreactivity was observed in the majority of tumor cells, only
few cells expressed cytokeratin (results not shown).

AMH immunoreactivity both in situ (19, 32) and in the
serum (17, 18) is a specific molecular marker for ovarian
granulosa cell tumors in humans. In keeping with previous
reports in other mammals (2, 33, 34), we found AMH protein
expression in granulosa cells of primary, secondary and an-
tral follicles of normal mouse ovaries (Fig. 2A). Ovarian
tumors of less than 100 mg also exhibited AMH expression,
confirming their granulosa cell origin. Within the tumor,
AMH-positive and AMH-negative cells were intermingled

(Fig. 2B). Serum AMH levels were increased in transgenic
females with ovarian tumors weighing up to 100 mg, when
compared with wild-type females (Fig. 3). AMH immuno-
reactivity in situ and serum AMH concentration dropped to
undetectable levels in females with advanced tumors.

To obtain an in vitro counterpart of our new model of
granulosa cell tumors, we established a clonal cell line from
the ovarian tumors of a transgenic mouse. This cell line,
named AT29C-U493, exhibited expression of several gran-
ulosa cell markers, including SF-1 (35), WT-1 (36) and
AMHR-II (3, 5) (Fig. 4), as well as cytochrome P450scc (37)
and SGP-2 (38) (data not shown). However, AT29C-U493
cells did not express AMH, the FSH receptor, aromatase
(P450aro) and 3�-hydroxysteroid dehydrogenase (3�-HSD)
(data not shown). This expression profile did not change
between the 10th and the 20th passages of AT29C-U493 cells
culture in vitro. In coincidence with what was observed in the

FIG. 1. Histological aspect of ovaries from AMH-SV40 transgenic
mice, hematoxylin-eosin stain. A, Ovarian granulosa-cell tumor
weighing 30 mg; few follicular structures (Fol.) are present in the
periphery, whereas tumor mass cells occupy the center of the gonad.
B, Ovarian granulosa-cell tumor weighing 125 mg; only tumor cells,
arranged in a trabecular pattern can be seen. Magnifications: A,
�100; B, �360. C–D, Liver from a 22-month-old transgenic female;
tumor cells, of a similar aspect to those observed in the ovaries, invade
the liver; both gonads weighed over 2 g and consisted of granulosa-cell
tumors with big areas of necrosis and hemorrhage. Magnifications: C,
�200; D, �360.

FIG. 2. Immunohistochemical localization of AMH in normal ovaries
and ovarian tumors of AMH-SV40 transgenic mice, using a peroxi-
dase-DAB revelation system. In normal ovaries, AMH immunoreac-
tion faints progressively in the outer granulosa cell layers of antral
follicles (A). In an ovary weighing 30 mg, obtained from a 5-month-old
transgenic female, AMH reaction is positive in an apparently normal
follicle (Fol.), whereas AMH-positive and AMH-negative cells can be
seen in a small granulosa-cell tumor (B). Magnifications: A, �150; B,
�100.

FIG. 3. Serum AMH levels in normal and AMH-SV40 transgenic
female mice. The shaded area indicates levels below the lowest limit
of detection of the assay. Weight reflects the weight of one gonad for
each animal.
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tumors, the majority of AT29C-U493 cells showed a strong
expression of vimentin (results not shown).

AMHR-II is a cell surface marker for ovarian granulosa
cell tumors

Because AMHR-II is a membrane protein expressed in a
highly cell-specific manner in granulosa cells, we examined
its expression in the tumors. AMHR-II mRNA expression
was studied by in situ hybridization with a specific riboprobe
in paraffin-embedded tissues, and AMHR-II protein expres-
sion was examined by immunofluorescence using a specific
anti-AMHR-II polyclonal antibody, which required the use
of frozen tissue not submitted to any prefixation procedure.
AMHR-II expression was detected in granulosa cells of pri-
mary, secondary and antral follicles of normal ovaries (Fig.
5A), confirming previous observations in the rat (5) and
rabbit (3). Tumors of less than 100 mg (10-fold the size of the

normal ovary) were positive for both AMHR-II mRNA (Fig.
5B) and protein (Fig. 5C), but no expression was found in
larger tumors (results not shown).

To test whether the AMHR-II protein was expressed at the
cell surface of tumor cells, we used the AT29C-U493 cell line
in vitro. In immunofluorescence experiments, the anti-
AMHR-II antibody specifically stained AT29C-U493 cells not
submitted to permeabilization (Fig. 6A), indicating that the
AMHR-II is present on the cell surface.

Because AMHR-II is the only cell surface protein known
to bind AMH, we then examined the ability of nonperme-
abilized AT29C-U493 cells to bind AMH. A positive reaction
was observed when AT29C-U493 cells were successively
incubated with AMH, a rabbit anti-AMH antibody and a
peroxidase antirabbit IgG secondary antibody (Fig. 6B). No
reaction was seen when there was no AMH in the medium
(Fig. 6C), when the anti-AMH antibody was replaced by
preimmune serum, or when the antirabbit IgG secondary
antibody was replaced by an antimouse IgG secondary an-
tibody (results not shown). More importantly, no reaction
was observed when CHO cells, devoid of AMHR-II expres-
sion (24), were incubated with AMH, the anti-AMH antibody
and the secondary antibody (results not shown), i.e. the same
conditions under which AT29C-U493 cells gave a positive
reaction. Positive results were observed when CHO cells
stably transfected with AMHR-II, called CHO-3W (24), were
incubated under the same conditions (results not shown).
Like in the case of AT29C-U493 cells, no reaction was seen
in CHO-3W cells when AMH, L40 or the secondary antibody
was replaced by its respective negative control. To validate
these results, we also performed radioactive ligand binding
experiments using iodinated AMH, which gave similar re-
sults, i.e. labeling of AT29C-U493 and CHO-3W cells and no
labeling of untransfected CHO cells (results not shown).

AMHR-II is functional and activates specific Smads in
granulosa tumor cells

Upon binding to their respective ligands, type II receptors
for TGF-� superfamily members induce the phosphorylation
and nuclear translocation of Smad proteins, with different
ligands activating different Smads (13). We have recently
shown that in testicular cells, AMH/AMHR-II specifically
activate Smad1 but not Smad2, leading to its association with

FIG. 4. Expression of AMHR-II, steroidogenic factor 1 (SF-1) and
Wilms’ tumor 1 (WT-1) in ovarian tumors from AMH-SV40 transgenic
mice and in AT29C-U493 cells at the 20th passage, as revealed by
Northern hybridization. SMAT1 is a clonal Sertoli cell line derived
from the testicular tumors of a AMH-SV40 T antigen mouse (22). A,
1.8-kb band, corresponding to AMHR-II, is observed in normal ovar-
ian tissue, in tissue from ovarian tumors of transgenic females, in
AT29C-U493 cells, and in SMAT1 cells. No expression is seen in CHO
cells. B and C, SF-1 and WT-1 are expressed in SMAT1 and AT29C-
U493 cells but not in 3W and CHO cells.

FIG. 5. AMHR-II expression in ovarian
tumors of AMH-SV40 transgenic mice.
A and B, Localization of AMHR-II
mRNA by in situ hybridization using a
digoxigenin-labeled probe and an alka-
line phosphatase-NBT revelation sys-
tem (dark staining) in a normal ovary
and in an ovarian tumor. AMHR-II
mRNA expression is detected in gran-
ulosa cells of primary and growing fol-
licles (A) and in a small granulosa-cell
tumor (B). C, Localization of AMHR-II
protein by immunofluorescence in an
ovarian tumor (a positive reaction is
seen as gray/white in this black-and-
white micrograph). Magnifications: A,
�15; B, �100; C, �400.
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Smad4 (14). To examine the functional significance of
AMHR-II expression in AT29C-U493 cells, we investigated
the effect of AMH on the phosphorylation, interactions and
localization of Smads. First, a Western blot analysis using
antibodies that specifically recognize the phosphorylated
form of Smad1 and Smad2 showed that AMH induced the
specific phosphorylation of Smad1 in AT29C-U493 cells (Fig.
7A, top). As expected, also treatment with BMP2, but not with
TGF-�, resulted in Smad1 phosphorylation. On the contrary,
only TGF-� phosphorylated Smad2 (Fig. 7B, top). Second, by
immunoprecipitating Smad1 with a specific antibody and
subjecting the precipitate to Western blot analysis using a
Smad4 antibody, we showed that AMH and BMP2, but not
TGF-�, induced Smad1/Smad4 interaction in AT29C-U493
cells (Fig. 7A, bottom). When immunoprecipitation was per-
formed using an anti-Smad2 antibody, Western blotting with
the Smad4 antibody showed that TGF-� but not AMH or
BMP2 induced Smad2/Smad4 interaction (Fig. 7B, bottom).
Finally, immunofluorescence performed in AT29C-U493
cells using anti-Smad1 and anti-Smad4 antibodies showed
that both Smad proteins were localized in the cytoplasm
before AMH treatment and translocated to the nucleus after
incubation with AMH (Fig. 8). Taken together, these data
indicate that the AMH receptor is functional and activates
specific Smads in AT29C-U493 cells.

Discussion

We and others previously reported that transgenic mice
expressing an AMH promoter-SV40 T antigen fusion gene
develop ovarian tumors (22, 23). In agreement with the
highly tissue-specific expression of AMH in the granulosa
cells of the postnatal ovary, we now show, using histologic
and expression studies of granulosa cell markers, that these
ovarian tumors are of granulosa cell origin. AMH immuno-
reactivity both in the serum (17, 18) and in situ (19, 32) has
been so far the most specific molecular marker for ovarian
granulosa cell tumors in humans. In keeping with these
observations, the granulosa cell tumors of our transgenic
mice produce AMH and secrete it into the blood when they
are relatively small. In advanced stages, the tumors invade
neighboring organs and develop metastases in the liver and
lungs, thus following a pattern that is very similar to that
observed in humans (39, 40).

The clonal cell line AT29C-U493, derived from the ovarian
tumors of a transgenic mouse, exhibited expression of several
granulosa cell markers, including mRNAs for WT-1, SF-1,

FIG. 6. Cell-surface expression of
AMHR-II and AMH binding to AT29C-
U493 cells. A, Localization of AMHR-II
protein by immunofluorescence in non-
permeabilized AT29C-U493 cells using
a specific anti-AMHR-II antibody. B
and C, AMH binding to nonpermeabi-
lized AT29C-U493 cells in culture.
AT29C-U493 cells show a positive re-
action when cultured successively in
the presence of AMH, anti-AMH rabbit
antibody L40, antirabbit Ig G coupled to
peroxidase and DAB substrate (B); no
reaction is observed when AMH is ab-
sent from the first incubation medium
(C). Magnification: A, �400; B and C,
�1000.

FIG. 7. Selective activation of Smad1 by AMH in the AT29C-U493
cell line. Top, Smad1 phosphorylation by AMH in AT29C-U493 cells.
Cells were treated 45 min with AMH, TGF-� or BMP2, and Smad1 (A)
or Smad2 (B) phosphorylation was analyzed by Western blotting with
anti-Smad1-P or anti-Smad2-P antibodies. Bottom, AMH-dependent
Smad1/Smad4 interaction: AT29C-U493 cells were treated 45 min
with either AMH, BMP2 or TGF-�. Smad1/Smad4 complexes were
detected by immunoprecipitation with an anti-Smad1 (A) or an anti-
Smad2 (B) antibody followed by Western blotting with an anti-Smad4
antibody. FIG. 8. Translocation of Smad1 and Smad4 proteins to the nucleus

upon AMH treatment of AT29C-U493 cells: Cells were incubated 1 h
in DMEM (A and C) or in DMEM with AMH (B and D), and Smad1
(A and B) or Smad4 (C and D) were detected by immunofluorescence
using anti-Smad1 or anti-Smad4 antibodies and a fluorescein iso-
thiocyanate-conjugated secondary antibody. Both Smads are present
in the cytoplasm in basal conditions (A: Smad1; C: Smad4) and trans-
locate to the nucleus after incubation with AMH (B: Smad1; D:
Smad4).

4044 Endocrinology, September 2001, 142(9):4040–4046 Dutertre et al. • AMHR-II in Mouse Ovarian Granulosa Cell Tumors

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/142/9/4040/2989455 by guest on 10 April 2024



and AMHR-II. Although none of the markers studied is
exclusive to granulosa cells, their combined expression in the
same clonal cell line strongly suggests a granulosa cell origin.
We are aware that AT29C-U493 cells do not have all the
features of normal granulosa cells because they do not ex-
press the FSH receptor and aromatase. Although the expres-
sion of these markers could be maintained in a few granulosa
cell lines obtained in particular conditions, loss of or dramatic
decrease in their expression has been most frequently ob-
served in cell lines expressing the SV40 virus oncogene,
which has been attributed to oncogenic transformation and
culture conditions (Ref. 37 and references therein). Further-
more, it is possible that, by using the AMH gene promoter
to drive SV40 oncogene expression, we selected a granulosa
cell subpopulation. Specific markers of granulosa cells are
also lost in human granulosa cell tumors (41–43). Neverthe-
less, the AT29C-U493 cell line retains several granulosa cell
markers, and in the course of this study, it proved to be useful
for the analysis of the AMH receptor transduction mecha-
nisms, as discussed below. It is also interesting to note that
expression of the transcription factor SF-1, which has been
involved in the tissue-specific expression of AMH (44),
AMHR-II (45) and aromatase (44), does not warrant expres-
sion of all of them in the cell line, in keeping with previous
reports indicating the need for other cell-specific transcrip-
tion factors (46, 47).

Granulosa cell tumors account for 6–10% of malignant
neoplasms of the ovary (39). Although their malignant po-
tential is relatively low in the first years of the disease (40),
recurrences may appear up to 30 yr after surgical extirpation
of the primary tumor. Prognosis of recurrences can be im-
proved if the diagnosis is made early, when the recurrent
tumor is still small. However, when tumor cells are spread
over the peritoneum, complete surgical removal is impossi-
ble. In the last decade, cell surface antigens have been used
as targets for the delivery of both diagnostic (48) and ther-
apeutic (49) molecules to tumors, as an alternative to radio-
or chemotherapy. Systemic injections are usually required in
the case of spread out metastases and inaccessible tumors.
However, one major difficulty has been the identification of
tissue- or tumor-specific cell surface antigens, especially in
the ovary (48–50). The AMHR-II gene encodes a cell surface
protein and its mRNA was found to be expressed in ovarian
granulosa cells in a highly tissue-specific manner (3, 5). In our
murine model, the AMHR-II protein was detected not only
in normal ovarian follicles, but also inside granulosa cell
tumors, and was present at the cell surface of the derived
granulosa tumor cell line. In humans, we have previously
detected AMHR-II mRNA in granulosa cell tumors (24) and,
more recently, AMHR-II has been detected also in cancers
deriving from the ovarian surface epithelium (9). It should be
noted that two properties of the AMHR-II make it a partic-
ularly interesting cell surface tumor marker. First, its expres-
sion is highly tissue specific. Second, it can be targeted not
only by antibodies, but also by its ligand (AMH), which is
much smaller. Indeed, in our model both an antibody and
AMH bound to the surface of tumor cells.

In our murine model, AMH dropped to undetectable levels
and AMHR-II expression was also lost when tumors are left to
their natural progression and reach very large dimensions. This

is a less probable finding in humans, because large tumors
rarely escape diagnosis and treatment. Together with previous
studies demonstrating growth-inhibitory effects of AMH on
granulosa cells (6) and on ovarian surface epithelium cancer
cells (9–11), the loss of AMH and AMHR-II expression in large
granulosa cell tumors in our model raises the possibility that
their expression is counter-selected to favor further tumor pro-
gression, and that AMH treatment of AMHR-II-positive tumors
may inhibit tumor growth. Here we report the development of
both in vitro and in vivo murine models that represent inter-
esting tools to further test this hypothesis in the case of gran-
ulosa cell tumors. Recent data suggest that AMH effects on
granulosa cell growth may depend on the follicular stage or
environment (51), and clearly, AMH effects remain to be as-
sessed in a granulosa cell tumor context as well.

The molecular mechanisms underlying the effects of AMH
on ovarian cells are poorly understood. Receptors for TGF-�
superfamily members signal in part through Smad proteins.
Smad1 and Smad2 are activated by BMPs and TGF-�s, re-
spectively, whereas Smad4 is activated by all (13). We have
recently shown that in testicular cell lines, AMH/AMHR-II
specifically activate Smad1, but not Smad2, leading to its
association with Smad4 (14). Like in testicular cells, treat-
ment of AT29C-U493 cells with AMH induced the phos-
phorylation of Smad1, its physical interaction with Smad4,
and the translocation of both from the cytoplasm to the
nucleus. Furthermore, AMH did not induce the phosphor-
ylation of Smad2. These data indicate that the AMHR-II is
functional in our granulosa tumor cell line and identify for
the first time Smads activated by AMH in ovarian cells.

In conclusion, we have characterized a new model of gran-
ulosa cell tumors of the ovary obtained by cell type-specific,
genetically targeted oncogenesis in transgenic mice. Using
this model, we have identified the AMHR-II protein as a
highly tissue-specific molecule expressed at the cell surface
of ovarian granulosa tumor cells, and we show that the AMH
receptor is functional and activates selective Smad proteins
in these cells.
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