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Granulosa cell tumors (GCTs) of the ovary are rare sex cord stromal tumors. Although generally
indolent, GCTsrecur, and if notdiagnosed and treated in early stages, survival rates are significantly
shortened. Very little is known regarding GCT etiology. Because of the low incidence of cases and
lack of standard diagnostics, mouse models for granulosa cell tumors are a valuable tool for
studying GCTs and provide models for developing diagnosticand treatment strategies. We recently
developed a novel mouse model of metastatic granulosa cell tumors by genetic deletion of the
bone morphogenetic protein signaling transcription factors (SMADs) in granulosa cells of the
ovary. Histological and serum hormone analyses reveal that this mouse model most closely resem-
bles the juvenile form of GCT. We further analyzed samples of human juvenile GCT (JGCT) for
expression of anti-Mullerian hormone and activation of two major signaling pathways: TGFg/
SMAD2/3 and wingless-related mouse mammary tumor virus integration site (Wnt)/g-catenin. The
TGFB family is active in mouse Smad7-Smad5 double knockout tumors, and here we show that this
pathway, but notthe g-catenin pathway, is activated in samples of human JGCT. These data suggest
that the SMAD family, possibly through disruption of SMAD1/5 or activation of SMAD2/3 may

contribute to the pathogenesis of JGCT in humans. (Endocrinology 150: 5208-5217, 2009)

ex cord stromal tumors are a rare ovarian cancer, com-
S prising approximately 6-10% of cases. Granulosa cell
tumors (GCTs) represent the largest category of sex-cord
stromal tumors and share many characteristics with ovar-
ian follicular granulosa cells including expression of the
inhibin-a subunit (INHA) (1, 2) and anti-Miillerian hor-
mone (AMH) (3). Whereas most GCTs are detected at
early stages, recurrence occurs at a rate of approximately
43% (4),and 70% of GCT patients with recurrent disease
die of the disease (3, 6). The mean time to relapse is 4—6
yr, but the disease-free interval can extend as long as 30 yr
(5, 7, 8). Currently, Fédération Internationale de Gyné-
cologie et d’Obstétrique (FIGO) stage is the only prog-
nostic factor associated with poor survival (9-13). A more
accurate prognostic marker for recurrence would benefit
patient follow-up, although monitoring serum inhibin lev-
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els (14, 15), or more recently AMH levels, has been sug-
gested (16).

GCTs areclassified into adult and juvenile forms. Adult
granulosa cell tumors (AGCTs) occur predominantly in
postmenopausal women with a median age of diagnosis
between 50 and 54 yr (8). Juvenile granulosa cell tumors
(JGCTs) occur within the first 2 decades of life and rarely
occur past the age of 30 yr (17). Both forms of GCT can
be hormonally active and may secrete estrogen, inhibins,
AMH, and in some cases, androgens. In young children
with GCTs, altered expression of hormones may result in
isosexual precocious puberty, and in adults amenorrhea,
infertility, or postmenopausal bleeding, depending on
whether patients are pre- or postmenopausal. Key histo-
logical features distinguish adult from juvenile forms, in-
cluding nuclear grooves (coffee bean nuclei) and Call-Ex-

Abbreviations: AGCT, Adult granulosa cell tumor; AMH, anti-Mullerian hormone; BMP,
bone morphogenetic protein; CV, coefficient variation; dKO, double conditional; GCT,
granulosa cell tumor; INHA, inhibin-a subunit; JGCT, juvenile GCT.
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ner bodies, the presence of which are pathognomonic of
AGCT. Whether AGCT or JGCT have similar etiologies is
unknown, and full molecular characterization of these
types has not been carried out. However, a recently re-
ported mutation in FOXL2 is associated with most AGCT
but only rarely in JGCT (18).

Natural and engineered mutations in mice have gener-
ated a number of mouse models that develop granulosa
cell tumors. Several strains of inbred mice naturally de-
velop GCTs, and whereas susceptibility loci have been
identified (19-21), no definitive genetic mutations have
been isolated from these strains. Mice with a deletion of
Inha, encoding the a-subunit of inhibin, develop sex cord
stromal tumors and die due to a cancer-cachexia like syn-
drome (22, 23). Mice with granulosa cell overexpression
of B-catenin, a component of the WNT signaling pathway,
develop a nonlethal form of GCT (24). Additionally, gran-
ulosa cell overexpression of simian virus 40 large T-anti-
gen in mice gives a variable incidence of granulosa cell
tumors (235, 26), and in one model, a 10% incidence of
liver or lung metastases in older females (235).

We recently developed a mouse model for granulosa
cell deletion of Smad1 and SmadS5, two transcription fac-
tors that signal for the bone morphogenetic proteins
(BMPs) and AMH. Granulosa cell deletion of Smad1 and
Smads$ results in granulosa cell tumors in mice early during
sexual maturity (at least by 8 wk of age). These mice are
initially subfertile and subsequently become infertile (27).
This phenotype occurs in 100% of the conditional knock-
out mice, and approximately 80% develop peritoneal and
lymphatic metastases by 8 months of age (27). Expression
profiling and immunohistochemical analysis indicate ac-
tivation of the SMAD-2/3 pathway and disruptions in sig-
naling by the TGEB family (27) in these tumors. In our
current study, we further characterize this mouse model
and show that they are similar to human JGCT. Further-
more, we demonstrate that human JGCTs contain simi-
larities to the Smad1-Smad5 double conditional (dKO)
mouse model, such as activation of the TGFB/SMAD2/3
pathway. Based on these studies of mouse and human
GCTs, the Smad1-Smad5 dKO mouse model is a suitable
candidate model for understanding the pathogenesis of
JGCT and exploring potential future diagnostic markers
and treatment regimens.

Materials and Methods

Animals

Experimental animals were maintained in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory animals using Institutional Care and Use Committee-
approved protocols at Baylor College of Medicine. The Smadl,

endo.endojournals.org 5209

Smad5, and Amhr2cre conditional and null alleles and generation
of Smad1-Smad5 dKO lines have been described in detail elsewhere
(27). Mice in this study were maintained on a C57BL/6];129S5/
SvEvBrd mixed hybrid background and genotyped as described
(27). Single conditional knockouts have normal fertility and do not
develop tumors as described (27). Smad1-Smad5 dKO mice were
of the genotypes: Smad1°/M1°* Smadsriox/flox Ampr2ere’™
Smad1™°*~ SmadS™*1% Ambr2 | or Smad1710¥M0x Spadsiox’~
Ambr27?*. No differences were noted for mice with either three
floxed or four floxed Smad alleles. Control mice were the same geno-
type as the experimental mice except that they were negative for the
Cre allele (Ambr2*'™).

Human samples

Archived, deidentified, formalin-fixed, paraffin-embedded
JGCT samples from surgical resections were acquired from the
Department of Pathology’s Tissue Bank at Texas Children’s
Hospital (Houston, TX). Tissues were treated in accordance
with Baylor College of Medicine Institutional Review Board ap-
proval and a waiver of consent was approved (Institutional Re-
view Board no. H-23139). A total of nine samples of JGCTs were
examined: five ovarian JGCT, two testicular JGCT, and two
malignant implants from a Fédération Internationale de Gyné-
cologie et d’Obstétrique stage I1IB patient. The ages of the JGCT
patients ranged from 3 months to 15 yr, with a mean age of 5.7
yr. Pathological assessment was performed by the Department of
Pathology at Texas Children’s hospital.

Mouse serum and tissue collection

Mice were anesthetized by isofluorane inhalation then eutha-
nized by cervical dislocation. Tissues were fixed in 10% neutral-
buffered formalin, processed, and embedded in paraffin at the
Baylor College of Medicine Pathology Core Histology Facility
using standard techniques. Blood was collected from anesthe-
tized mice by cardiac puncture and serum collected in Micro-
tainer serum separator tubes (Becton Dickinson, Franklin Lakes
NJ) and frozen at —20 C until assayed. Serum was collected from
random cycling females, which were group housed.

Hormone assays

FSH, LH, estradiol, inhibin A, and inhibin B measurements
were made by the University of Virginia Ligand Core Facility
(Specialized Cooperative Centers Program in Reproductive Re-
search National Institute of Child Health and Human Develop-
ment/National Institutes of Health U54 HD28934) as described
(28). Assay information including inter- and intracoefficient
variation (CV) is available (http://www.healthsystem.virginia.
edu/internet/crr/ligand.cfm). FSH values in cycling wild-type
mice range from approximately 5 ng/ml at proestrus, peak at
approximately 25 ng/ml at estrus, and then return to 5-10 ng/ml
at metestrus and diestrus (29). Serum AMH was measured by
ELISA (Diagnostic Systems Laboratories, Webster, TX) using
the manufacturer’s protocol. This kit has a sensitivity of 17 pg/
ml, an interassay CV of 6.7-8% and intraassay CV of 2.4-
4.6%. It has been reported that peak estrus levels of AMH levels
in wild-type mice are less than 45 ng/ml (29). When necessary,
serum samples were diluted in PBS to fall within the detectable
range. For statistical purposes, values that fell below the thresh-
old value were given the threshold value.
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Histology and immunohistochemistry

Formalin-fixed, paraffin embedded sections were processed
by the Baylor College of Medicine Core Histology Laboratory
for histology. Immunohistochemistry was performed as de-
scribed (30). The following antibody dilutions were used: goat
anti-AMH antibody (C-20; Santa Cruz Biotechnology, Santa
Cruz, CA) 1:2500 (mouse) or 1:100 (human); rabbit anti-phos-
phohistone H3 (Ser10; Upstate Laboratories, Lake Placid, NY)1:
200, rabbitanti-phospho-SMAD2/3 (Ser465/467; Cell Signaling
Technologies, Beverly, MA; mouse anti-inhibin-a (R1 monoclo-
nal; Serotec, Oxford, UK) 1:15; mouse anti-B-catenin (clone 14;
BD Transduction Laboratories, San Diego, CA) 1:75 to 1:125.
The mouse-on-mouse immunodetection kit (Vector Laborato-
ries, Burlingame, CA) was used for immunohistochemistry on
mouse tissue when using mouse monoclonal antibodies. For
mouse tissues, immunohistochemistry was performed on a min-
imum of four independent samples in duplicate. Negative con-
trols (no primary antibody) were run in parallel for all experi-
ments and showed little to no immunoreactivity. Mitotic index
was calculated as described (31). Briefly, the number of mitoses
in 10 high-power fields (X40) was counted in three areas of each
sample and averaged. A final mean * st was calculated for four
independent samples of Smad1-Smad5 dKO tumors from mice at
32-36 wk of age.

Statistical analysis

Statistical analyses were performed using SPSS (version 16.0;
Chicago, IL). Serum hormone values were log transformed be-
fore statistical analysis. Student’s # test was used for comparisons
between two groups. Statistical significance was set at & = 0.05.
Kaplan Meier curves were generated for survival studies and
statistical significance determined by the log-rank test.

Results

Histology of Smad1-Smad5 dKO tumors is similar
to JGCT

Previously we generated dKO mice with granulosa cell
deletion of the BMP signaling SMADs, SMAD1 and
SMADS, using Ambr2cre-mediated recombination (27).
To further characterize this line and establish the lethality
of phenotype, we aged control (cre negative littermates;
n = 9) and Smadl1-Smad5 dKO (n = 9) females for 8
months. All of the control mice were alive at the end of 8
months, but only 33% of Smad1-Smad5 dKO females
survived to 32 wk, with 50% survival atapproximately 29
wk of age (Fig. 1A). GCTs from Smad1-Smad5 dKO mice
are similar to JGCTs because they lacked nuclear grooves
and only infrequently contained Call-Exner bodies (Table
1 and Fig. 1B). The mitotic index has been reported to be
higher in JGCTs (average of seven per 10 high power field)
than AGCTs (17). Brisk mitotic activity was apparent in
Smad1-Smad5 dKO tumors and the average mitotic index
(number of mitotic figures in 10 high power fields) of
GCTs from Smad1-Smad5 dKO mice was 19.1 = 5.5 (n =
4). In addition, Smad1-Smad5 dKO tumors stained pos-
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FIG. 1. A, Survival curves for control and Smad7-Smad5 dKO mice
over an 8-month period. Survival is significantly different between
genotypes (P < 0.01). In the Smad71-Smad5 dKO mice, 33% of the
mice survive to 32 wk of age, whereas all the control mice are viable.
B and C, Histology of Smad7-Smad5 dKO tumors. B, Tumors lack the
coffee bean nuclear grooves characteristic of AGCTs. Hematoxylin and
eosin staining of a tumor from a 32-wk dKO female is shown. C,
Mitotic cells as demonstrated by phosphohistone H3 immunostaining
(brown) (arrows) are abundant in Smad7-Smad5 dKO tumors. Cell
nuclei are blue. Tumor is from a 35-wk-old female. Both images at
X780 magnification. Scale bar, 20 um.

itively for phosphohistone H3 (Fig. 1C), a marker for late
G, and M phase.

Serum hormones profiles are altered in
Smad1-Smad5 dKO mice

Patients with GCTs may have altered serum profiles of
estradiol, FSH, LH, inhibin, and AMH (Table 1 and ref-
erences therein). Hormone analysis of Smadl-Smads
dKO mice indicated that serum levels of FSH were signif-
icantly suppressed in Smad1-Smad5 dKO mice, whereas
serum LH and estradiol were not significantly changed
from the controls (Table 2). Inhibins negatively regulate
pituitary FSH, and because we had previously determined
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TABLE 1. Comparison of adult GCTs, juvenile GCTs, and tumors from Smad7-Smad5 dKO mice

Characteristic Adult GCTs (Hu)

Juvenile GCTs Smad1-Smad5 dKO

Histological features

Grooved nuclei Present/frequent
Call-Exner bodies Present/frequent
Mitotic index Low

Serum hormone profile
Estradiol Increased but variable
FSH Decreased (54, 55)

LH Increased (54)

Inhibin A (dimeric) Moderate increase (14)
Inhibin B (dimeric) Dramatic increase (14)
AMH Increased (3, 34, 35)

Absent Absent

Absent Rare to absent

High High

Increased Increased but variable

Very low (56) Low to undetectable
Very low (56) No change

ND Increased

Increased (56) Increased but variable
Increased (36) Increased

ND, No data; Hu, human.

that Smad1-Smad5 dKO tumors were immunopositive for
the inhibin-« subunit (27), we measured serum levels of
inhibin A and inhibin B. Inhibin A was significantly ele-
vated (P < 0.001) in Smad1-Smad5 dKO mice with tu-
mors compared with control mice (Fig. 2A). Whereas the
mean level of inhibin B was elevated, its levels were vari-
able and failed to make the cutoff for statistical signifi-
cance (P = 0.07) (Fig. 2B).

AMH is expressed in Smad7-Smad5 dKO tumors
and JGCTs

We measured AMH localization and serum levels in ova-
ries and tumors from Smad1-Smad5 dKO mice and their
controls. AMH is expressed in granulosa cells of growing
follicles in the mouse ovary in preantral stages but declines in
expression in preovulatory follicles with expression remain-
ing only within cumulus cells (Fig. 3A) (32, 33). Like its con-
trols, Smad1-Smad5 dKO ovaries contain AMH immuno-
reactivity in preantral follicles; however, granulosa cells in
antral follicles inappropriately retain patchy expression of
AMH, suggesting that the granulosa cell differentiation pat-
tern has been altered (Fig. 3B). AMH continues to be ex-
pressed in Smad1-Smad5 dKO primary tumors (Fig. 3C) and
tumor cells as they metastasize outside the ovary (Fig. 3B, D
and E). In addition, serum AMH levels were significantly
elevated in Smad1-Smad5 dKO mice (Fig. 2C).

We further analyzed AMH expression in samples of
ovarian JGCTs (n = 35), testicular JGCTs (n = 2), and

TABLE 2. Concentrations of estradiol, FSH, and LH in
serum of control mice and Smad7-Smad5 dKO mice

Hormone Smad1-Smad5 P
assay Control n dKO n value

Estradiol 196 2.0 18 30.5*+6.7 6 0.101
(pg/ml)

FSH (ng/ml) 138 2.6 22 27*04 11 0.000

LH (ng/ml) 0501 17 0.3 +0.1 5 0.531

Concentrations are given as mean = sem. Significant differences
between the means were found for FSH alone, whereas estradiol levels
showed an increased trend. n, Number of animals measured.

malignant implants (n = 2 from one ovarian JGCT pa-
tient). AMH is reported to be expressed at variable levels
with patchy expression in AGCTs or JGCTs (3, 34-36).
Of the five ovarian JGCT samples, three showed low to
background staining (data not shown), and two showed
weak but patchy immunoreactivity (the strongest of the
ovarian JGCTs is shown in Fig. 4A). However, the highest
level of immunoreactivity was demonstrated in the JGCT
of the testis samples (Fig. 4E) and in both malignant implant
samples from a patient with an ovarian JGCT (Fig. 4C).

An active SMAD2/SMAD3 but not B-catenin
pathway is present in JGCT

The signaling pathways that contribute to human GCT
tumor development are not well understood. B-Catenin
has been shown to be active (i.e. shows nuclear localiza-
tion) in a small subset of human GCTs (one of six samples
of an unspecified type) and a large number of equine GCT
(14 0f 18) (24). Granulosa cells in mouse ovaries expressed
B-catenin, with the highest expression level in preantral
follicles (supplemental Fig. S1A, published as supplemen-
tal data on The Endocrine Society’s Journals Online web
site at http://endo.endojournals.org). In Smadl-Smads
dKO tumors, B-catenin is expressed similar to control pre-
ovulatory granulosa cells, and its localization is predom-
inantly cytoplasmic or membranous with few cells show-
ing nuclear staining (supplemental Fig. S1). We also
examined the immunolocalization of B-catenin in our sam-
ples of human JGCTs. All samples (five ovarian, two testic-
ular, two malignant implants) showed positive immunore-
activity, but the localization was confined to the cytoplasm/
membrane (Fig. 5). Although the number of human cases
examined is few, our studies suggest that the activation of the
WNT/B-catenin pathway does not play a critical role in
JGCTs or the Smad1-Smad5 dKO mouse model.

Loss of the inhibin-a subunit causes sex cord stromal
tumors in mice with full penetrance (22). Because dimeric
inhibin can no longer be produced due to deletion of the
a-subunit, gonadal tumor development in inhibin-a mice
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FIG. 2. Serum inhibin and AMH levels in control and Smad7-Smad5 dKO
mice. Graph shows box and whisker plots, with each box representing the
75th and 25th percentile with the median value indicated as a solid
vertical line. Whiskers are the highest and lowest values not including
outliers. A, Inhibin A values significantly increase in Smad7-Smad5 dKO
mice compared with controls (P < 0.001). B, There is an increased trend in
inhibin B values, which is not statistically significant (P = 0.071). The circle
represents the outlier sample (3 times the interquartile range). The dashed
line represents the detection limit of the inhibin B assay. N, Number of
animals assayed. C, AMH values significantly increase in Smad7-Smad5
dKO mice over the controls (P = 0.016).

has been partly attributed to activin activity (37). Activin
signals through SMAD2 and SMAD3, which accumulate
in the nucleus when phosphorylated at the carboxyl ter-
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FIG. 3. Immunohistochemistry for AMH in control and Smad7-Smad5
dKO ovaries and Smad7-Smad5 dKO tumors and metastases. A, AMH
immunoreactivity of 8-wk control ovaries. AMH is expressed in
granulosa cells of growing follicles (arrows) but not antral follicles (AF).
B, AMH immunoreactivity in 8-wk Smad7-Smad5 dKO ovaries, but its
expression is not down-regulated in antral follicles (AF). Additional
immunoreactivity is seen in tumor cells in the fat pad and oviduct
(arrowheads). AMH immunoreactivity is evident in primary tumors
(C) (OVT) and metastases (MET), shown for a lymph node (LYM) (D) and
spleen (SPL) (E). F, Negative controls showed little immunoreactivity.
Brown indicates immunoreactivity to AMH, and cell nuclei counterstained
with hematoxylin (blue). Scale bar in all panels, 100 um.

mini. In rodent ovaries, SMAD2 and SMAD3 are detected
ingranulosa cells of small growing follicles at levels greater
than preovulatory follicles (38); in human ovaries,
SMAD?2 is expressed preantral and antral stage granulosa
cells, although the cytoplasmic vs. nuclear localization is
variable (39). In support of an active SMAD2/3 pathway
in the inhibin-a null mouse model, tumors from adult
Inba™’~ females were strongly positive for nuclear C-ter-
minal phospho-SMAD2/3 staining (Fig. 6A).

It is unknown whether an active SMAD2/3 pathway is
a common feature of GCTs. Previous data demonstrate
that all Smad1-Smad5 dKO tumors (Fig. 6B) (27) are
strongly immunoreactive for phospho-SMAD2/3. We fur-
ther investigated phospho-SMAD2/3 immunolocalization

20z udy 01 uo 1s9nb Aq £G/GGH2Z/80ZS/Z1I0S |/RI0INE/OPUS/WOo" dNO"olWSpEdE//:SARY WOl POPEojUMOd



Endocrinology, December 2009, 150(12):5208-5217

e SRR e
FIG. 4. Immunohistochemistry for AMH in samples of human JGCT
and malignant implants. A, Immunoreactivity in a JGCT of the ovary
from a 15-yr-old patient. Boxed region is shown at higher
magnification in B, This sample demonstrates the highest degree of
AMH immunoreactivity of all of the female ovarian JGCT samples. C,
Immunoreactivity in a stage IlIB malignant JGCT sample from a 14-yr-
old female. Boxed region is shown at a higher magnification in D.

E, Immunoreactivity in a JGCT from a testis of a 3-month-old infant.
Boxed region is shown at a higher magnification in F. Arrow indicates
AMH-positive Sertoli cells in seminiferous tubules. Asterisk indicates
AMH-positive cells in the JGCT arranged in a follicle-like pattern.
Secondary antibody only control staining (not shown) demonstrated
little to no background staining. In all panels, brown indicates positive
immunoreactivity to AMH, and nuclei are counterstained with
hematoxylin (blue). Magnification (A, C, and E), X50. Scale bar, 200
um. Magnification (B, D, and F), X200. Scale bar, 50 um.

in samples of JGCTs. All samples of ovarian and testicular
JGCTs, as well as the ovarian GCT implants, had readily
detectable nuclear immunostaining for phospho-SMAD2/3
(Fig. 6, C-F), suggesting that the SMAD2 and/or SMAD3 is
active in JGCTs and thus may play a role in JGCT tumor

physiology.

Discussion

Mouse models are invaluable tools for understanding hu-
man disease and critical for research into rare diseases in
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FIG. 5. Immunohistochemistry for B-catenin in samples of human JGCTs
and malignant implants. B-Catenin in its inactive state is localized to the
plasma membrane and active when nuclear. The majority of B-catenin
staining in all JGCTs was membranous or cytoplasmic.

A, Immunoreactivity in an ovarian JGCT from a 2-yr-old patient.

B, Immunoreactivity in an JGCT of the ovary from a 3-yr-old patient.
C, Immunoreactivity in a JGCT of the ovary from a 1-yr-old patient,
who was reported to have multiple tumor syndrome. The sample
demonstrated the least immunoreactivity of all samples tested.

D, Immunoreactivity in a stage IlIB malignant JGCT sample from a
14-yr-old female. E, Immunoreactivity in a JGCT from a testis of a
3-month-old infant. F, Secondary antibody only control staining of
same sample as shown in panel E, demonstrating little to no
background staining. In all panels, brown indicates positive
immunoreactivity to B-catenin, and nuclei are counterstained with
hematoxylin (blue). Magnification at 400X, scale bar in all panels, 50 pum.

which patient populations and tissue samples are limited.
GCTs are a rare ovarian cancer, and no definitive etiology
is known for either JGCTs or AGCTs. Several mouse mod-
els develop GCTs, including deletion of inhibin-a, condi-
tional overexpression in the ovary of B-catenin, and con-
ditional deletion in the ovary of the BMP/AMH signaling
SMADs, Smadl and Smad5 (22, 24, 27). None of these
mouse models is a phenocopy of the each other because
each develops GCTs with a unique pattern, natural his-
tory, and histology and validates the notion that disrup-
tions in multiple signaling pathways can lead to GCT for-
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FIG. 6. Immunohistochemistry for active (phospho) SMAD2/3 in
knockout mice (A and B) and human JGCTs and metastatic implants
(C-F). A, Immunoreactivity in an ovarian tumor from a 25-wk-old adult
Inha~"~ null mouse showing nuclear localization in cells within a Sertoli
tubule-like structure (arrow). B, Phospho-SMAD2/3 immunoreactivity in a
GCT from a 32-wk-old Smad170¥ox Smad5io¥ox Amhr2<re/* dKO
mouse. C, Immunoreactivity in a JGCT of the ovary from a 2-yr-old
patient. D, Immunoreactivity in a JGCT of the ovary from a 1-yr-old
patient with multiple tumor syndrome. As with B-catenin (Fig. 5C),
this sample showed the least immunoreactivity in tumor cells. E,
Immunoreactivity in a malignant implant from a 14-yr-old patient with
stage IlIB JGCT. F, Negative (IgG) control with same tissue as in D. D
and F also show the remains of a secondary follicle (arrow) with
abnormal and disordered granulosa cells but containing an oocyte
(asterisk). In all panels, brown indicates positive immunoreactivity to
phospho-SMADZ2/3, and tissues are counterstained with hematoxylin
(blue). Scale bar (all panels), 50 pwm.

mation. However, the role that any of these signaling
pathways play in the pathogenesis of GCT in humans is
unclear, as is whether they share a common mechanism(s)
leading to GCT.

Deletion of Smadl and SmadS5 leads to granulosa cell
tumor development in young mice (27). We extend these
studies by examining their histological and hormonal pro-
file, with the goal of establishing the similarity to human
GCTs. JGCTs and AGCTs in humans are distinguished
mostly by age at presentation and histological criteria
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(17). The Smad1-Smad5 dKO mice develop tumors while
very young and at a time when they should be reproduc-
tively competent. In addition, the histological pattern of
few to no Call-Exner bodies, cell nuclei lacking grooves,
and a high mitotic index and proliferation rate suggest that
the Smadl-Smad5 dKO tumors most similarly reflect
JGCTs. Future studies on the expression profiles of tumors
from Smadl-Smad5 dKO mice may reveal highly ex-
pressed genes and altered signal transduction pathways
and thus provide suitable candidates for analysis in human
GCT, as we also now show for activation of the SMAD2/3
pathway (see below).

Granulosa cells secrete a number of hormones, includ-
ing inhibin and AMH, which may be used to track GCT
development and/or recurrence. Upon tumor resection,
inhibin levels fall and increase again when tumors recur
(40). Inhibin B has been suggested to be the major form of
inhibin secreted by AGCTs (14). Inhibin may have a lim-
ited utility. In JGCTs because of fluctuations in serum
inhibin levels in premenopausal women (41). The hor-
monal profile of Smad1-Smad5 dKO mice is similar to
human GCTs, with decreased or undetectable levels of
serum FSH and increases in serum inhibins. GCTs from
Smad1-Smad5 dKO mice express the subunits necessary
for inhibin A and inhibin B production (27) (data not
shown). In contrast to inhibin A, serum inhibin B levels
were more variable, although trended toward increased
levels, with some Smadl-Smad5 dKO mice showing
barely detectable levels and others as much as a 25-fold
higher level than controls. It is unclear why these differ-
ences arise, and studies are ongoing to try to understand
this phenomenon.

AMH and JCGTs

AMH is an additional marker proposed for GCTs (16,
35, 42). Granulosa and Sertoli cells produce AMH, de-
pending on developmental stage. AMH is highly ex-
pressed in growing follicles but is down-regulated in pre-
ovulatory follicles (43, 44). Smad1 and Smad$5 deletion in
the mouse ovary has no effect on AMH expression in small
growing follicles. However, AMH continues to be ex-
pressed in granulosa cells of larger antral follicles of
Smad1-Smad5 dKO ovaries, suggesting that granulosa
cell differentiation is disrupted. AMH is also expressed in
tumor cells from Smad1-Smad5 dKO mice and is main-
tained in cells as they spread outside the ovary. Interest-
ingly, the lack of AMH expression in human GCTs asso-
ciates with a greater growth potential of these tumors (31);
therefore, deletion of Smadl and Smad5 may create an
analogous signaling pattern (i.e. there is little AMH to
restrict growth of human GCTs; likewise, AMH is unable
to signal in Smad1 Smad5 dKO mice due to their deletion).
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Our data support the hypothesis that AMH functions as a
repressor of granulosa cell or GCT growth (45, 46). Other
studies have shown a suppressive effect of AMH on cancer
cell lines with intact AMH signaling components, includ-
ing epithelial ovarian cancer (47, 48). In addition, activin
via SMAD2/3 has shown a growth-promoting effect on
some epithelial ovarian cancers (49-51). Thus, it is pos-
sible that SMAD1 and SMADS have important roles as
tumor suppressors, inhibiting growth by regulating the
activin/SMAD2/3 pathways, although the mechanism by
which this occurs in unknown. Our data further indicate
that using AMH as a neoadjuvant or adjuvant in cancer
treatments (52) requires an intact and fully functional
BMP-SMAD pathway to be successful. Cells that do not
respond appropriately to growth inhibition by AMH may
have become insensitive due to loss or misregulation of the
appropriate receptors, SMADs, and/or coregulators.

The expression pattern of AMH in samples of human
GCTs has been described (3). That study, which included
seven ovarian JGCT, six ovarian AGCTs, and three ex-
traovarian metastases demonstrated that JGCTs and
AGCTs as well as extraovarian implants show a hetero-
geneous expression pattern with areas of intense or weak
AMH immunoreactivity; even though AMH-positive cells
remain a minority percentage, all cases were positive (3).
In our current study, we added an additional five cases of
JGCTs, two extraovarian implants, and two JGCTs of the
testis, whose expression of AMH is previously uncharac-
terized. For ovarian JGCTs, several of our samples dem-
onstrated negative staining, whereas some had patchy
though weakly positive staining and were generally much
weaker that the male JGCTs. The negative staining of
some of our samples may reflect the heterogeneous nature
of the tumors (3), or there may be a wide range of expres-
sion patterns in JGCTs. Although representing only one
patient, the extraovarian implants showed a highly posi-
tive immunoreactivity to AMH. However, conclusions re-
garding AMH expression levels in metastases compared
with the primary tumor cannot be made currently due to
lack of additional implant samples in our tissue bank. The
testicular JGCT samples also showed very strong immu-
nostaining for AMH. These data are in contrast to testic-
ular Sertoli cell tumors, which have very few AMH-pos-
itive cells (3). Although preliminary, AMH expression
appears to be a good marker for distinguishing Sertoli
tumors and GCTs of the testis, similar to AMH’s ability to
distinguish ovarian granulosa cell tumors from other sex
cord stromal tumors of the ovary (3).

Activated signaling pathways and JGCTs
The B-catenin overexpression mouse model (24) and
the Smad1-Smad5 dKO mouse model (27) are two of the
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most recent mouse models that show GCT development,
and the importance of either of these signaling pathways
has yet to be established in human GCTs. Mice condition-
ally mutant for phosphatase and tensin homolog (PTEN)
thatalso overexpress B-catenin show GCT development at
an accelerated rate, although phosphatase and tensin ho-
molog (PTEN) mutations or altered expression is not as-
sociated with GCTs (53). Expression and nuclear local-
ization (indicating activation) of B-catenin was originally
described in one of six samples of GCT, although their
division into adult or juvenile was not reported (24). We
additionally studied the localization of B-catenin by im-
munohistochemistry in five samples of ovarian JGCT, al-
though all samples studied showed membranous or cyto-
plasmic localization. In addition, two samples of implants
and two testicular JGCTs also showed in general the ex-
pression pattern of membranous/cytoplasmic restriction.
It is possible that the differences between these two studies
reflect differences between AGCTs and JGCTs, and fol-
low-up studies with additional samples will be neces-
sary. It is also possible that activation of the B-catenin
pathway is a rare, although nevertheless, important
event in GCT development.

The TGFp family has important roles in tumorigenesis
and metastasis in many cancer cell types. Whether the
TGFB or BMP SMAD pathways play a role in the physi-
ology of human GCTs is unknown. The full penetrance of
GCT development and severity of the phenotype in the
Smad1-Smad5 dKO mice suggest that the BMP-SMADs
may act as tumor suppressors in granulosa cells (27), thus
identifying this as a candidate pathway for analysis in
JGCTs. Our initial studies on Smad1-Smad5 dKO mice
indicated that the TGFB pathway and TGFJ target genes
were altered and that phosphorylated and nuclear forms
of SMAD2 and SMAD3 were present in Smad1-Smad5
dKO primary tumors and their metastases. We extend this
study to show that similarly, GCTs derived from inhibin-«
knockout mice have activation of SMAD2/3, suggesting
the possibility of a shared mechanism between these
mouse models in granulosa cell tumorigenesis. Further-
more, analysis of samples of human ovarian and testicular
JGCT, as well as the ovarian JGCT implants, demonstrate
a previously uncharacterized activation of the SMAD2/3
pathway in JGCTs. The functional significance of an ac-
tive SMAD2/3 pathway in JGCT is unknown, although
under further investigation.

Future directions

The phenotype of the Smad1-Smad5 dKO mouse most
closely resembles JGCT at a physiological as well as his-
tological level. Understanding the mechanism underlying
tumor development in these mice may uncover a similar
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pathophysiology operating in JGCTs. For example, our
initial analysis implicated the TGFB SMAD2/3 pathway
as being active in Smad1-Smad5 dKO tumors, and this has
led to the novel discovery described herein of a similar
SMAD2/3 activation in human JGCTs of both ovarian
and testicular origin. A crucial next step will be to under-
standing the function and possible dysregulation of these
signaling pathways in human GCTs.
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