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Molecular changes that give rise to granulosa cell tumors of the ovary are not well understood.
Previously, we showed that deletion in granulosa cells of the bone morphogenetic protein recep-
tor-signaling transcription factors, Smad7 and Smad5, causes development of metastatic granu-
losa cell tumors that phenocopy the juvenile form of granulosa cell tumors (JGCTs) in humans. The
TGFB-SMADZ2/3 pathway is active in JGCTs, but its role is unknown. We tested the in vivo contri-
bution of TGFB-SMAD signaling to JGCT development by genetically deleting the common Smad4
from Smad1/5 double knockout mice. Smad1/5/4 triple knockout mice were sterile and had sig-
nificantly increased survival and delayed tumor development compared to those for the Smad1/5
double knockout mice. The few tumors that did develop were smaller, showed no evidence of
metastasis, and had increased apoptosis. In the human JGCT cell line COV434, TGFB1 increased
viability by inhibiting apoptosis through a TGFp type | receptor-dependent repression of caspase
activity and inhibition of poly(ADP-ribose) polymerase cleavage. These data support a tumor-
promoting function of TGFB in JGCTs through its ability to repress apoptosis. (Molecular

Endocrinology 28: 1887-1898, 2014)

ranulosa cell tumors (GCTs) are a form of sex cord
Gstromal neoplasms representing approximately 5%
of all ovarian tumors (1). There are 2 histologic forms: a
pediatric/juvenile type (JGCT), an aggressive form that
usually occurs in patients younger than 20 years of age,
and the adult type (AGCT), which is more common.
These 2 forms of GCTs are classified on clinical and
pathologic criteria, such as tumor histology, nuclear mor-
phology, and the potential for disease recurrence and may
represent different diseases with dissimilar etiologies (2,
3). In contrast to their occurrence in humans, GCTs have
a high incidence in some breeds of dogs and domestic
animals, as well as small mammals, such as mice (4, 5). A
somatic mutation in the forkhead box L2 (FOXL2) gene
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is pathognomonic of almost all AGCTs, but most JGCTs
lack this mutation and are not known to contain a con-
sistent mutation profile (3, 6).

Previously, we showed that double conditional dele-
tion of the bone morphogenetic protein (BMP) receptor
signaling SMAD transcription factors in mouse ovaries
(Smad1/5 double conditional knockout [dKO] mice) re-
sults in GCTs with full penetrance (7). Microscopic tu-
mors are histologically visible in the ovary by 8 weeks of
age and develop into large ovarian tumors with peritoneal
metastases that increase with age (7). The disease profile
in Smad1/5 dKO mice is similar to that of human JGCTs
(8). Mice null for the inhibin a-subunit (Inha™'") also
develop GCTs of mixed granulosa/Sertoli cells with a
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Abbreviations: AGCT, adult granulosa cell tumor; BMP, bone morphogenetic protein;
cKO, conditional knockout; DAPI, 4’,6-diamidino-2-phenylindole; dKO, double condi-
tional knockout; FITC, fluorescein isothiocyanate; GCT, granulosa cell tumor; HSD, hon-
estly significant difference; JGCT, juvenile granulosa cell tumor; MTS, 3-(4,5-dimethylthi-
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tKO, triple conditional knockout; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-
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slightly different histologic pattern, and this is further
accompanied by a severe cachexia-like wasting syndrome
driven primarily by activin signaling (9, 10). The canon-
ical signaling pathway for activin, as well as TGFB, is
through the intracellular transcription factors, SMAD2
and SMAD?3, and deletion of Smad3 from Inha'~ mice
slows tumor development (11-13). Once phosphorylated
by the activated TGFB type I receptors, SMAD2 and
SMAD3 form trimeric complexes with the common
SMAD4 and accumulate in the nucleus to regulate gene
transcription (14). GCTs and metastatic tumors from
Smad1/5 dKO mice and Inha™'~ mice, as well as human
JGCT samples, display an active SMAD2/3 pathway as
demonstrated by a strong immunoreactivity for nuclear
phospho-SMAD2/3 (7, 8). These data suggest that
SMAD?2/3 activation could play a crucial role in granu-
losa cell tumorigenesis. However, it is unclear whether
SMAD?2/3 activation stems from changes in TGFf signal-
ing, activin signaling, or both. Therefore, the objective of
this study was to determine the contribution of activin
and TGFB-driven SMAD signaling during development
of JGCT in Smad1/5 dKO mice and humans.

Materials and Methods

Generation of Smad4, Smad1/5, and Smad1/5/4
conditional knockout (cKO) mice

Experimental animals were maintained on a C57BL/6]/
129S87/SvEvBrd mixed hybrid background and used in accor-
dance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved animal protocols at Baylor
College of Medicine. Smad1, SmadS5, and Ambr2cre conditional al-
leles and generation of Smad1/5 dKO mice were described in detail
previously (7). Smad1/"°*Syaad 51X Aphr2<°* mice are re-
ferred to as Smad1/5 dKO mice. Generation of the Smad4 conditional
allele and Smad4™°*'~ Ambr2¢"/* cKO mice was described
elsewhere (15). Experimental mice (Smad1/oMoxSyaadsro*fox
Smad4™°*1°* Ayahr2 ") (referred to here as Smad1/5/4 triple
conditional knockout [tKO]) were generated by crossing
Smad1710x1°% §31ad STOXM0x Sy 41X Apbr2<7e* males  with
Smad1710x1°% §1ad S10¥M10x Sy 472>/ females. Littermates that
were wild type at the Ambr2 locus served as controls.

Fertility analysis

To assess the reproductive performance of Smad1/5/4 tKO
female mice, six individually housed 6-week-old control females
(Smad171o¥10% Sy d §70¥A0% §330 d4MOX0¥) 61 Spad1/5/4 tKO
littermates were bred to wild-type F1 hybrid males with known
fertility. The number of litters and pups born per litter were
recorded over a 6-month period. Fertility analyses of Smad4
cKO and Smad1/5 dKO were described previously (7, 15).

Tissue collection
Mice were anesthetized by isoflurane inhalation (Butler
Schein) and killed by cervical dislocation. Tissues were fixed in

Loss of SMAD4 Signaling Restores Apoptosis in GCT

Mol Endocrinol, November 2014, 28(11):1887-1898

10% neutral-buffered formalin (Fisher Scientific) overnight or
stored in RNA/ater (Ambion) at —80°C. Granulosa cells were
collected as described previously (16).

Patient study approval

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, Texas) as described previously (8). Deiden-
tified patient data are shown in Supplemental Table 1. Tissues
were treated in accordance with Baylor College of Medicine
Institutional Review Board approval and a waiver of consent
was approved (Institutional Review Board H-23139). Four sam-
ples of JGCTs from patients ranging in age from 10 months to
15 years were examined. Pathological assessment was per-
formed by the Department of Pathology at Texas Children’s
Hospital. Specimens of normal premenopausal ovaries were ob-
tained from the Gynecologic Tissue Biorepository at Baylor Col-
lege of Medicine (Institutional Review Board H-26633). Writ-
ten informed consent was obtained from all study subjects. Only
specimens collected from women undergoing surgery for benign
indications were used. No specimens were collected from
women undergoing surgery for endometriosis.

Histological analysis and immunohistochemistry

Mouse tissue was processed and embedded in paraffin by the
Department of Pathology Tissue Acquisition and Pathology
Core (Baylor College of Medicine) using standard protocols.
Immunohistochemical analysis was performed using a Vec-
tastain ABC kit (Vector Laboratories) according to the manu-
facturer’s instructions in triplicate on a minimum of 3 samples,
with negative controls (primary antibody omitted) run in par-
allel. Tissue sections were incubated overnight at 4°C with rab-
bit anti-inhibin « (1:500; a gift of W. Vale, Salk Institute, La
Jolla, California). Immunoreactivity was visualized by 3,3'-di-
aminobenzidine horseradish substrate (Vector Laboratories),
and tissue was counterstained with hematoxylin.

Atretic follicle counts

Atretic follicle counts were performed similarly to a previ-
ously described method (15, 17, 18). In brief, ovaries were fixed
overnight in 10% neutral buffered formalin and embedded fol-
lowing standard protocols. Sections (7-um-thick) were stained
with the periodic acid-Schiff reaction and hematoxylin. At least
3 ovaries were analyzed for each genotype. Follicles were
counted from 5 of the largest cross sections and normalized to
the total area of the section. Any follicle with discontinuous
basement membrane, collapsed zona pellucida, pyknotic nuclei
in granulosa cells, shrunken irregularly shaped oocytes, and
irregular follicle size was considered to be an atretic follicle.
Measurements and the area of the ovary were collected using
AxioVision 4.0 software (Carl Zeiss) and plotted as the average
number of atretic follicles per millimeter squared compared with
their respective controls.

COV434 cell culture and reagents

An immortalized human JGCT cell line (COV434) was pur-
chased from Public Health England culture collections and
maintained as described previously (19). For TGFB experi-
ments, cells were treated for 30 minutes with DMSO (0.1%) as
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a control, with TGFB1 (2.5 ng/mL), or with a 30-minute prein-
cubation with SB-505124 (10 uM), a selective inhibitor of the
TGEB family type I receptors (ALK4, ALKS, and ALK7) (20)
before TGFB1 addition. SB-505124 was developed as a com-
petitive inhibitor of the ATP-binding pocket of ALKS, and con-
centrations of 10 uM SB-505124 have few off-target effects (20,
21). SB-505124 has been used to inhibit the TGFB1 and TGFB2
isoforms in a number of cell lines, including cancer cell lines
(22-26). For activin experiments, cells were treated for 30 min-
utes with PBS (0.1%) (control), with activin A (25 ng/mL) alone,
or with a 30-minute preincubation with follistatin (400 ng/mL).

RNA extraction and RT-PCR

Total RNA was extracted using an RNeasy Micro Kit ac-
cording to the manufacturer’s instructions (QIAGEN). cDNA
synthesis from total RNA was performed using High Capacity
RNA-to-cDNA Master Mix (Life Technologies) according to
the manufacturer’s instructions. The mRNA expression profile
of selected genes was analyzed by quantitative real-time PCR
(qPCR) using a StepOnePlus Real-Time PCR System and Fast
SYBR Green Master Mix (Life Technologies). Melt curve anal-
ysis was used to verify a single amplification peak. Data were
analyzed using the AAC, method, normalized to the endoge-
nous reference (Gapdh) and are expressed relative to the control
samples, similar to previous studies (19). Primers used for mice
and human samples are listed in Supplemental Tables 2 and 3.

Protein extraction and immunoblot analysis

After treatment, cells were washed with cold PBS and resus-
pended in lysis buffer (T-PER tissue protein extraction reagent;
Thermo Scientific) containing phosphatase and protease inhib-
itors (Roche). Cell lysates were incubated on ice for 30 minutes
and then were centrifuged at 13 000 rpm for 10 minutes at 4°C.
The supernatants were electrophoresed through a 4% to 12%
bis-Tris gel (Life Technology), transferred to a polyvinylidene
difluoride membrane, and blocked in 1X Tris-buffered saline
with 0.1% Tween-20 (TBS-T) supplemented with 5% of nonfat
milk for 2 hours, followed by incubation overnight at 4°C with
primary antibodies (1:1000 dilution; Cell Signaling Technol-
ogy): rabbit anti-phospho-SMAD2/3 Ser465/467, rabbit anti-
SMAD?2, rabbit anti-poly(ADP-ribose) polymerase (PARP) 1,
rabbit anti-cleaved-PARP1, or a horseradish peroxidase—conju-
gated mouse anti-f actin antibody (Santa Cruz Biotechnology)
(1:10 000). After several washes, blots were incubated with per-
oxidase-labeled secondary antibody (Jackson ImmunoRe-
search) diluted at 1:5000 or 1:2000 (for PARP1 and cleaved-
PARP1 immunoblots) in blocking solution for 1 hour. The
membranes were washed with TBS-T and detected with Super-
Signal West Pico Chemiluminescent Substrate (Pierce). Immu-
noblots were quantified using the Alpha Innotech FluorChem Q
(Protein Simple).

3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS) assay

COV434 cells were cultured in a 24-well plate at a density of
5 X 10* cells/well and treated as indicated. After 3 days, Cell-
Titer 96 AQ,.ous nonradioactive cell proliferation assay solu-
tion (Promega) was added to each well according to the manu-
facturer’s instructions. After 3 hours of incubation at 37°C and
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5% CQO.,, cell viability was determined by measuring the absor-
bance at 490 nm using a 550 plate reader (Bio-Rad
Laboratories).

Fluorescein isothiocyanate (FITC) annexin V
apoptotic assay (flow cytometry)

COV434 cells were plated at a density of 10° cells/well in a
24-well plate and then were treated with DMSO (0.1%) as a
control, TGFB1 (2.5 ng/mL) alone, SB-505124 (10 uM), or
a combination of both TGFB1 (2.5 ng/mL) and SB-505124 (10
uM) for 48 hours. Cells were briefly trypsinized (3 minutes) and
then were pelleted by centrifugation and washed 2 times with
cold PBS. Cells were stained according to the manufacturer’s
recommendations (BD Pharmingen) using FITC annexin V in
conjunction with propidium iodide, a vital dye. To set up com-
pensation and quadrants, untreated cells were stained with
FITC annexin V alone, with propidium iodide alone, or with
both or left untreated. The cells were analyzed on a BD FAC-
SCanto II system at the Baylor College of Medicine Flow Cy-
tometry Core Facility. A total of 10 000 events were analyzed,
and the statistical analysis was run on arcsine-transformed per-
centages of total cells.

Cell cycle analysis

After the indicated treatment of COV434 cells, 10°¢ single
cells were washed twice in cold PBS, resuspended in 200 uL of
PBS, and fixed in 70% ethanol at —20°C overnight to resolve
the sub-G, peak. Cells were pelleted and resuspended in a mas-
ter mix containing propidium iodide (50 ug/mL) and RNase (1
mg/mL). DNA content was analyzed on a BD FACSCanto 1I
system, and the flow cytometry profiles were analyzed using BD
FACSDiva software; 10 000 events were counted. G, S, and G,
phases are expressed as percentages of the cell population. Re-
sults were analyzed by FlowJo software using Dean-Jett-Fox
modeling. The statistical analysis represents a comparison
among normalized data values.

Caspase 3/7 activity assay

COV434 cells were cultured in a 24-well plate at a density of
5 X 10* cells/well and were left untreated as a control or were
treated for 30 minutes with TGFB1 (2.5 ng/mL) alone, with
SB-505124 (10 uM) alone, or with a 30-minute pretreatment of
SB-505124 (10 uM) before TGFB1 addition. Caspase 3 and 7
activity was detected by adding a 1:1 ratio of Caspase-Glo 3/7
reagent (Promega). Cells were then mixed at 500 rpm for 30
seconds and incubated at room temperature for 2 hours. Back-
ground luminescence associated with the cell culture system and
Caspase-Glo 3/7 reagent was subtracted from the experimental
values. The luminescence of each sample was read on a lumi-
nometer (POLARstar Omega; BMG Labtech).

Terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assay

Apoptotic cells from control ovaries, Smad1/5 dKO tumors,
and Smad1/5/4 tKO tumors and ovaries were assessed by the
ApopTag Fluorescein In Situ Apoptosis Kit (Millipore).
TUNEL-positive cells were imaged under an upright fluorescent

microscope and defined as apoptotic cells. Tissues were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI). TUNEL-pos-
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itive cells were counted using a 40X objective lens on three ran-
domly selected fields per section. A total of 2-3 nonadjacent
sections per replicate (n = 3 mice per genotype) were analyzed.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5
(GraphPad Software) or SPSS Statistics 22 (IBM). Multiple com-
parisons were performed using one-way ANOVA followed by a
Tukey honestly significant difference (HSD) post hoc test. Per-
centage data from flow cytometric analysis and TUNEL assay
experiments were arcsine transformed before statistical analysis
to generate a normal distribution. Dose and time course re-
sponse data were analyzed using a two-way ANOVA (time and
treatment) and Tukey HSD test with logarithmic transforma-
tion of data. Unless otherwise stated, results were obtained from
3 independent experiments, carried out in duplicate or triplicate
technical replicates.

Results

Deletion of Smad4 from Smad1/5 dKO mice caused
sterility and increased atresia of developing
follicles

Conditional deletion of Smadl and Smad5 (Smad1/§
dKO) from granulosa cells of the ovary causes reproduc-
tive dysfunction in female mice, and these mice are unable
to reproduce after 4 to 6 months of age (7). In addition,
Smad1/5 dKO mice develop GCTs with full penetrance
that show high levels of phosphorylated (ie, active)
SMAD2/3 (7). The molecular and histologic profiles of
these tumors are similar to those of human JGCTs (8), a
rare form of ovarian cancer. To test the hypothesis that
TGFB-SMAD signaling plays a role in GCT development,
we removed SMAD4-dependent signaling by deleting the
common SMAD4 from the Smad1/5 dKO mouse model.
To do so, we crossed mice with loxP-flanked (“floxed”)
alleles of Smad4 (Smad4”'°*M°%) (15) to the Smad1/ox/M1o*
Smad 5% Aphr2¢7’* mouse model (7) to generate a
Smad1710x/0x Gy 1 510X/l G0y 1 1 AAIOXIfIOX A b yCrel+ (e
ple conditional knockout (Smadi/5/4 tKO). The
Ambr2cre strain deletes floxed alleles in the ovary, ovi-
duct, and uterus (27), and we found evidence of recom-
bination in all three tissues (Supplemental Figure 1).

The fertility of mice conditionally null for Smad1/5
dKO and Smad4 is compromised, and both Smad1/5
dKO and Smad4 cKO mice have significantly reduced
litter sizes compared with those of their controls (7, 15)
(Figure 1A). In contrast, Smad1/5/4 tKO mice are sterile
(Figure 1A); in fertility studies of 6 breeding pairs allowed
to mate for 6 months, Smad1/5/4 female mice never pro-
duced a litter, even though vaginal plugs, indicating cop-
ulation, were seen. Previously, we reported that Smad4
cKO mice have defects in follicle development, including
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a significant increase in atretic preantral follicles and a
reduced number of antral stage follicles (15). Therefore,
we analyzed follicle development in the Smad1/5/4 tKO
ovaries. Compared with those of their control littermates,
12-week-old Smad1/5/4 tKO ovaries had significantly
more atretic follicles (Figure 1B). The increase in atretic
follicles was similar to that in Smad4 cKO ovaries (Figure
1B) (15). To verify that atretic follicles were dying by
apoptosis, we further analyzed 12-week-old Smad4 cKO
and Smad1/5/4 tKO ovaries by TUNEL assay. As ex-
pected, ovaries from Smad4 cKO and Smad1/5/4 tKO
mice had increased granulosa cell apoptosis compared
with those of their controls (Figure 1, D and F).

Removal of Smad4 from Smad1/5 dKO mice
increased survival and reduced GCT size and
metastasis

Smad4 cKO mice have lifespans similar to those of
their controls, and no tumors develop in these mice (15).
However, 100% of Smad1/5 dKO (15 of 15) mice die
within a 1-year time frame (7) (Figure 2A). Microscopic
tumors in Smad1/5 dKO mice are present by 8 weeks of
age (7). In contrast, from the 1-year breeding study, only
1 0f 8 (12.5%) Smad1/5/4 tKO mice died; upon necropsy,
there was an ovarian tumor present in that mouse (Figure
2E). Subsequent to the breeding study, 3 additional
Smad1/5/4 tKO mice in our colony developed GCTs, 1 of
which was 18 months old, an age never attained by
Smad1/5 dKO females. Tumors from the Smad1/5/4 tKO
mice were much smaller in size than those of Smad1/5
dKO mice (Figure 2E). Smad1/5/4 tKO tumors were en-
capsulated and highly vascularized (Figures 2 and 3), but
unlike the Smad1/5 dKO mice, none of the Smad1/5/4
tKO mice demonstrated peritoneal metastasis. Ovarian
tumors from Smad1/5/4 tKO mice were positive for in-
hibin @, a marker for GCTs (28) (Figure 3, D and F), and
negative for the epithelial tumor markers cytokeratin 8
and 19 (data not shown).

Because Smad4 cKO mice show defects in granulosa
cell differentiation and increased levels of atretic follicles
(15), we tested whether there was increased apoptosis in
tumors of Smad1/5/4 tKO mice. We analyzed the degree
of apoptosis in double and triple knockout tumors by
TUNEL assay and detected a significantly greater number
of apoptotic cells in Smad1/5/4 tKO tumors than in
Smad1/5 dKO tumors (Figure 3, G-I). These data sug-
gested that loss of TGF signaling in GCTs via deletion of
Smad4 may reduce tumor aggressiveness by increasing
granulosa cell apoptosis.
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expression of these in both mouse

and human samples of JGCTs.
From mice, we accessed the rela-
tive transcript levels in control pre-
* ovulatory granulosa cells and
Smad1/5 dKO tumor and metastasis
samples by qPCR. All 3 TGER iso-
forms (Tgfb1l, Tgfb2, and Tgfb3)
and their receptors were detectable
in tumor samples (Figure 4). Inter-

CON KO CON KO CON KO

CON KO

CON KO estingly, we found that in the meta-

Smad4 Smad1/5  Smad1/5/4

Figure 1. A, Fertility analysis of Smad4 cKO, Smad1/5 dKO, and Smad1/5/4 tKO females.
Smad4 cKO (n = 7) mice and their controls (CON, n = 7) (15), Smad1/5 dKO (n = 5) mice and
their controls (n = 5), and Smad1/5/4 tKO (n = 6) mice and their controls (n = 6) were bred
continuously for 6 months and the numbers of pups per litter were recorded. Data are shown as
mean pups per litter = SEM. **, P < .01 between the respective genotype and their controls. B,
Numbers of atretic follicles per millimeter squared in ovaries of 12-week-old Smad4 cKO and
Smad1/5/4 tKO mice compared with those of their respective control littermates. *, P < .05. C-F,
TUNEL analysis for apoptotic cells (green) in ovaries of 12-week-old Smad4
Smad4™°¥'= Amhr2<¢*females (D), Smad17°*"°xSmad5"°*1°xSmad4**/fox controls (E), and
Smad 170x/floxgma g 57x/floxSma d4fioxfox amhr2<re’* females (D). Arrows indicate atretic follicles.
Nonspecific staining (visible in panel F) was detected in follicular antra (ns), and some dying
oocytes with atretic cumulus cells are visible in Smad1/5/4 dKO ovaries (asterisk). Ovaries were

counterstained with DAPI (blue). Scale bar corresponds to 100 wm.

Expression levels of TGFB and activin and their
signaling components are altered in Smad1/5 dKO
GCT and are expressed in human JGCT samples
Both activin and TGFB are able to signal through
SMAD2/3, and active forms of SMAD2/3 (phospho-
SMAD2/3) are found in mouse (Inha™'~ and Smad1/S
dKO) and human JGCTs (8). However, it is not known
which TGFB or activin isoforms or their receptors are
expressed in JGCTs. Therefore, we first determined the

Smad4

flox/—

Smad1/5/4 .. .
static implants, there was evidence

for up-regulation of the TGFB sig-
naling system: the Tgfb3 isoform
and the major TGFp type I receptor,
Tgfbrl (AlkS), and type III acces-
sory receptor, Tgfbr3 (betaglycan),
were significantly up-regulated in
these samples (Figure 4, C, E, and F).
We additionally examined expres-
sion of these genes in samples of hu-
man JGCTs, which included 3 pri-
mary tumors, 1 metastatic implant,
and a human cell line derived from a
JGCT (COV434) (Supplemental Ta-
ble 1). Although our sample sizes are
small because of the rarity of JGCTs,
all samples expressed at least one
TGFp isoform and the TGFp type I
and type II receptors (Figure 5). The
type I receptor, TGFBR3 (betagly-
can), which was previously shown
to be down-regulated in AGCTs
(29), was also down-regulated in
our JGCT samples (Figure SF).
There was one consistent outlying
JGCT sample, which was derived
from a metastatic implant from a
15-year-old patient with a stage ITIC
malignant JGCT. Mean values for
this sample were generally greater
than those for the others (Figure 3,
red boxes). Interestingly, both the
mouse Smad1/5 dKO and the human metastatic sample
showed up-regulation of TGFB3, TGFBR1, and
TGFBR3, suggesting that the TGFB system may be up-
regulated during metastatic progression in both mouse
and human JGCTs.

Activins induce SMAD2/3 phosphorylation through
activation of the activin receptor type II (ACVR2A and
ACVR2B) and activin type 1B (ACVR1B; also called
ALK4) receptor complexes, and activin signaling has been

controls (C),
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Figure 2. Genetic deletion of Smad4 delays tumor development in
Smad1/5 dKO mice. A, Survival curve for Smad17/flexsmad5iex/flox
(Smad1/5 control; n = 8), Smad17¥fxSmad 57 X Amhr2<e/+
(Smad1/5 dKO; n = 15), Smad170X/foxSmad510x/fox S g dgfiox/flox
(Smad1/5/4 control; n = 7), and Smad17/flexSmad57ex/flox
Smad4f o X Amhr2<e/+ (Smad1/5/4 tKO; n = 8). Of Smad1/5 dKO
mice, 100% died within 1 year, whereas only 12.5% of the Smad1/5/4
tKO mice died within the same time frame (1 of 8). B-E, Gross
morphology of ovarian tumors in Smad1/5 dKO (D) and Smad1/5/4
tKO (E) mice at 6 months. Note that the size of the Smad1/5/4 tKO tumor
(E) is similar to that of the control ovary (C), whereas the Smad1/5 dKO
tumor is much larger (D). Scale bar corresponds to 5 mm.

implicated in GCT progression in mice (13, 30). To de-
termine whether the activin signaling components were
also present in Smad1/5 dKO tumors, we quantified ex-
pression of activin subunits (BA [Inhba] and BB [Inhbb]),
the type II receptors (Acvr2a and Acvr2b), and the type |
receptor (Acvr1b) in healthy granulosa cells and Smad1/5
dKO tumor and metastasis samples (Supplemental Figure
2). Inbba and Inhbb were significantly down-regulated in
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both tumors and metastasis samples compared with those
in control granulosa cells (Supplemental Figure 2, A and
B). All of the activin receptors were expressed, and the
type II receptor, Acvr2a, and type I receptor, Acvrlb,
increased in metastasis samples (Supplemental Figure 2, C
and E). Human JGCTs also express INHBA and INHBB,
as well as the activin receptors (Supplemental Figure 3). In
general, the mean levels of the activin receptors,
ACVR2A, ACVR2B,and ACVR1B, were not statistically
different from those in the ovary (Supplemental Figure 3).

TGFpB1 repressed apoptosis in the human JGCT cell
line, COV434

Few studies have examined TGFp signaling in primary
samples of JGCTs (8), and there are only limited studies
on the effects of the TGFB2 isoform in the human JGCT
cell line, COV434 (29, 31). Therefore, to further examine
the role of TGFBin JGCTs, we treated COV434 cells with
recombinant human (rh) TGFB1 or with SB-505124 (a
small molecule inhibitor of the TGFB family type I recep-
tors that signal through SMAD2/3 [ALK4/5/7] but not
SMAD1/5/8 [ALK1/2/3/6]) (20, 21) and monitored cell
proliferation for 72 hours. Treatment with TGFB1 caused
a statistically significant increase in the number of viable
cells compared with those for the control (Figure 6A).
Incubation with SB-505124 caused a significant decline in
the number of viable cells, indicating that ALK4/5/7 are
constitutively active in the COV434 cell line, as suggested
by the expression data (Figure 5). Furthermore, the inhi-
bition by SB-505124 cannot be overcome by exogenously
adding additional TGFp. These results indicate that acti-
vation of a TGFB/activin receptor complex is required for
COV434 cell survival.

TGFB may promote cell survival through positive
regulation of the cell cycle or, alternatively, through
inhibition of apoptosis. Exogenous TGFB1 treatment
or repression of endogenous TGF/activin signaling
with SB-505124 did not alter the cell cycle as measured
by flow cytometric analysis of DNA cell content using
propidium iodide DNA staining (Supplemental Figure
4). Furthermore, small tumors from Smad1/5/4 tKO
mice showed increased apoptosis (Figure 3, G-I), sug-
gesting that loss of TGFp signaling by deletion of
SMAD4 increased apoptosis. Therefore, we examined
apoptosis in COV434 cells by propidium iodide-an-
nexin V double labeling to detect phosphatidylserine
externalization, a hallmark of the early phase of apo-
ptosis by flow cytometry. This assay showed that inhi-
bition with SB-505124 alone or with exogenous TGF
increased apoptosis (Figure 6B and Supplemental Fig-
ure 5).
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Figure 3. Histologic and TUNEL analysis of GCTs in Smad1/5/4 tKO compared with Smad1/5
dKO mice. A and B, Control ovaries showed no sign of tumor lesions (A) and granulosa cells are
positive for inhibin a immunoreactivity in growing follicles (B). C, Ovary from a 6-month-old
Smad1/5/4 tKO mouse showed a small encapsulated tumor (Tu), approximately the size of a
normal ovary (Figure 1E), which is highly vascularized with strong immunoreactivity for inhibin «,
typical of GCTs (D and F). Arrowheads indicate follicles. E and F, higher magnifications of C and
D, respectively. Ov, ovary. G, Quantification of TUNEL-positive cells in samples of Smad1/5 dKO
(n = 3) and Smad1/5/4 tKO tumors (n = 3). A Fisher t test was used to assess significance
between groups: *, P < .05. HPF, high-power field. H, Representative TUNEL stain for a Smad1/5
dKO tumor (FITC, apoptotic cells [green]; cells counterstained with DAPI [blue] to show cell
nuclei). Many more apoptotic cells (green) are seen in Smad1/5/4 tKO mice (l) compared with
Smad1/5 dKO (H) mice. Scale bars correspond to 200 um (A-D); 50 wm (E and F); 100 um (H

and I).

TGFB1, but not activin A, inhibited caspase 3/7
activity and PARP1 cleavage

Caspase 3 plays a central role in the execution of apo-
ptosis and is mainly responsible for the cleavage of PARP
during cell death (32). To further explore the mechanisms
of TGFp1 repression of apoptosis, we measured caspase 3
and caspase 7 activity in COV434 cells that were treated
with TGFB1, the inhibitor SB-505124, or a combination
of both. As expected, TGFB1 induced phospho-
SMAD?2/3 within 30 minutes of treatment (Figure 7C). In
the same time frame, exogenous TGFB1 decreased
caspase 3/7 activity by 50% compared with that in con-
trol-treated cells or in cells treated with the inhibitor alone
(Figure 7A). Caspase 3/7 activity was restored to control
levels when cells were preincubated with SB-505124 30
minutes before TGFB1 treatment (Figure 7A). Consistent
with these data, immunoblot analysis revealed that exog-
enous TGFB1 repressed PARP1 cleavage compared with
that in control-treated cells (Figure 7, C and E), with no
effect on the endogenous levels of PARP1. Pretreatment
with SB-505124 before TGFB1 incubation restored
PARP1 degradation (Figure 7, C and E).
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=
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dKO
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Because SB-505124 is an inhibitor
B of ALK4/5/7, it is also able to inhibit
activin activity. Therefore, we deter-
mined whether activin showed the
same inhibition of PARP1 cleavage as
TGEB1. We used rh activin A alone,
its antagonist follistatin alone, or a
combination of both and analyzed ap-
optosis in COV434 cells. In contrast
to TGFB1, caspase 3/7 activity was
not regulated when COV434 cells
were treated with activin A alone or in
combination with follistatin (Figure
7B); however, follistatin alone was
able to induce a 50% reduction in
caspase activity (Figure 7B). Whereas
immunoblot analysis showed that ac-
tivin A induced SMAD2/3 phosphor-
ylation in COV434 cells within 30
minutes, it did not regulate PARP1 ac-
tivity as shown by the maintenance of
the cleaved fragment, alone or in com-
bination with follistatin (Figure 7,
D-F). These results confirm the spe-
cific requirement of active TGFp sig-
naling leading to SMAD2/3 phos-
phorylation to inhibit apoptosis and a
divergence of activity between TGFf3
and activin even though both utilize

SMAD2/3.

SMAD1/5/4
tKO

dKO tumor

tKQO tumor,

LA

Discussion

TGFB promotes tumorigenesis of JGCTs

Ovarian JGCTs are a rare gynecologic neoplasm with
nearly 80% occurring within the first 2 decades of life (2).
AGCTs have been more extensively studied than JGCTs,
and a single somatic missense mutation in FOXL2 in
AGCT has been identified (6). In contrast, relatively little
is known about the molecular mechanisms giving rise to
JGCTs. Various TGFB family members are known to play
a key role in regulating granulosa cell proliferation and
differentiation during folliculogenesis (33-35), and gain-
of-function in activin activity through loss of Inha causes
GCT development in mice (9, 10).

A previous study showed that a reduction in expres-
sion of the type IIl TGFB receptor, TGFBR3 (betaglycan),
contributes to GCT development, although this study was
done mostly on the adult form of the disease and in the
COV434 cell line (29). However, COV434 cells show
little sensitivity to the TGFB2 isoform (29). This is likely
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Figure 4. Expression of TGFg ligands and receptors in Smad1/5 dKO
tumors and metastases. RNA was collected from granulosa cells (GC)
of control mice (n = 6), Smad1/5 dKO tumors (n = 9), and metastasis
samples (n = 7) mainly collected from tumor implants on the
diaphragm. The relative quantity (RQ) of mRNA levels for Tgfb1 (A),
Tgfb2 (B), Tgfb3 (C), Tgfbr2 (D), Tgfbr1 (Alk5) (E), and Tgfbr3
(betaglycan) (F) is shown. Fold change is expressed in arbitrary units
relative to the mean of the control samples. Gapdh was used as a
housekeeping gene to normalize samples. Statistical analysis was
performed by ANOVA and the Tukey HSD test. Data are means =+
SEM. Statistical differences between means are indicated by different
letters above the bars (ie, a is statistically different from b and ¢, but
not a,b).

because TGFB2 has a low affinity for the type II receptor
(36, 37) and thus requires TGFBR3 to signal (38). In our
study, we found that all of our primary JGCT samples
express the 3 TGF ligands (Tgfb1, Tgfb2, and Tgfb3),
and thus, TGFB1 and TGFB3 could compensate for the
lack of TGFB2 signaling in JGCTs, perhaps in contrast to
AGCTs. We used TGFB1 to study JGCT development,
which (similar to TGFB3) has a much higher (1000-fold)
affinity for the TGFp type Il receptor, even in the absence
of TGFBR3 (28, 39). We show that a gain in TGFB ac-
tivity that occurs with the loss of the BMP SMADs
(SMAD1 and SMADS) results in suppression of apoptosis
and promotes increased survival of tumor cells, both in
vitro using a human JGCT cell line and in vivo by deleting
Smad4 from the Smad1/5 dKO.

TGFB promotes juvenile granulosa cell
tumorigenesis by inhibiting apoptosis

Cellular homeostasis is a result of a balance between
cell proliferation, differentiation, and apoptosis and is
regulated by multiple signaling molecules and growth fac-
tors including members of TGF signaling pathway. Can-
cer may result from a disruption of this balance, tipping it
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Figure 5. TGFp ligands and receptors in human JGCTs. RNA was
collected from healthy ovaries from premenopausal women (n = 4),
human JGCTs (n = 4), and control COV434 cell samples (mean of n =
6 samples shown as a single blue box). The relative quantity (RQ) of
MRNA levels of TGFBT (A), TGFB2 (B), TGFB3 (C), TGFBR2 (D), TGFBR1
(ALK5) (E), and TGFBR3 (betaglycan) (F) are shown. Fold change is
expressed in arbitrary units relative to the mean of the control samples.
The mean of each group is shown by a horizontal bar. The mean of
the JGCT samples was calculated excluding the outlying JGCT sample
(red box) and the COV434 cells (blue box). GAPDH was used as a
housekeeping gene to normalize samples. The outlying JGCT sample
(red box) was obtained from implant from a patient with stage IlIC
malignant JGCT (Supplemental Table 1; sample 1).

in favor of growth (40). Our results demonstrate that a
small molecule inhibitor of TGF signaling such as SB-
505124, which blocks signaling from the type I receptors
ALK4/5/7 but not from the other type I receptors (ALK1/
2/3/6), increases apoptosis in COV434 cells, whereas rh
TGFpB1 represses it. We further showed that TGFg1 re-
presses caspase 3/7 activity and PARP1 cleavage. Even
though activin A also utilizes SMAD2 and SMAD3 as
does TGFB1, it has no effect on the caspases in COV434
cells and, therefore, on PARP1 cleavage. Caspases are
considered to be the major executor of apoptosis (32).
The effector caspases (3, 6, and 7) target several proteins,
among which are the PARP proteins, which have been
implicated in genomic stability maintenance by respond-
ing to DNA damage (40, 41). Once PARP is cleaved by
caspase 3, it no longer exerts its inhibition on the
DNAS1L3 endonuclease activity, which ultimately leads
to cell death (41). Taken together, our data suggest that
TGFp regulates PARP1 cleavage and the apoptotic pro-
cess in JGCTs.
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Figure 6. Effects of TGFB and its inhibition on a human JGCT cell
line, COV434, for cell viability and apoptosis. A, Subconfluent COV434
cells were treated with TGFB1 (2.5 ng/mL), SB-505124 (10 uM), or a
combination of the 2 and assayed by MTS at 24, 48, and 72 hours.
Each point represents the mean = SEM of 3 independent experiments
performed in duplicate, relative to the control-treated cells. Data were
log transformed and analyzed by two-way ANOVA and the Tukey HSD
test. Statistical significances between treatment groups at the same
time point: **, P < .01 between TGFB1- and SB-505124—treated
groups at 48 hours; ***, P < .001 between TGFB1- and SB-505124 -
treated samples at 72 hours. B, Subconfluent COV434 cells were
treated for 72 hours as above, but stained with annexin V and
propidium iodide (Pl) and assayed using flow cytometry. The means +
SEM of 3 independent experiments are shown. Different letters within
each category (viable cells, early and late apoptosis) indicate statistical
significance (P < .05) by ANOVA and the Tukey HSD test on
transformed data.

Activin and TGFB may have separable roles in GCT

GCTs that develop in both Smad1/5 dKO mice and
Inha KO mice, as well as samples of human JGCTs, show
evidence of activated SMAD2/3 (7, 8). SMAD2/3 are
phosphorylated in response to TGFB family ligands that
bind to the type I receptors, ACRVR1B (ALK4), TGFBR1
(ALKS), and ACVR1C (ALK?7), including the activins
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and TGFs. All Inha™'~ mice develop GCTs and die from
a cancer cachexia-like syndrome that is dependent on sig-
naling from systemic activin produced from the tumors
(9, 30). In contrast, Smad1/5 dKO mice do not develop
cancer cachexia, even though all mice develop GCTs, sug-
gesting that activin is not highly secreted from the tumors.
In addition, we found that the activin subunits were sig-
nificantly down-regulated in Smad1/5 dKO tumors. This
finding coupled with the high level of expression of Inha
in the Smad1/5 dKO tumors and the increased inhibins in
the serum suggests that inhibin may be formed preferen-
tially over activin in Smad1/5 dKO mice (8, 42). The high
levels of inhibin may further antagonize any local effects
of activin (42-44). By measuring caspase activity in
COV434 cells treated with activin alone or in combina-
tion with follistatin, we reported no effect of activin A on
caspase 3/7 activity, and concomitantly, a maintenance of
PARP1 integrity. Nevertheless, we found that follistatin
alone reduced caspase activity. Why follistatin alone
shows an effect on caspase 3/7 activity remains unclear, as
TGEFp ligands are not inhibited by follistatin (36-38),
although some BMPs can be (45). In total, however, these
experiments suggest that activin signaling does not play a
key role in regulating the apoptosis process in COV434
cells or in Smad1/5 dKO GCTs. These results provide
evidence that it is probably TGFp signaling that allows
tumor progression by suppressing apoptosis. Additional
contributions of activin to JGCT development may also
occur because COV434 cells appear to be fully able to
phosphorylate SMAD2/3 when exposed to exogenous ac-
tivin A.

SMAD4 loss modifies GCT apoptosis

Inhibition of TGFp signaling by targeting the TGFB
family type I receptor with small inhibitory molecules
could potentially also inhibit noncanonical pathway sig-
naling. To demonstrate the role of the canonical TGEFB-
SMAD pathway in Smad1/5 dKO tumor development,
we generated a triple knockout mice model for Smadl,
Smad4, and Smad$5, namely Smad1/5/4 tKO. Although
SMAD2 and SMAD3 mutations are relatively rare in can-
cer (46, 47), SMAD4 inactivation is commonly found in
gastric, pancreatic, and colorectal cancer and less fre-
quently in breast, ovarian, and lung tumors (48-51). Our
model for the role of Smad4 in Smad1/5 tumorigenesis is
complicated by the stochastic nature of recombination
and the functional redundancy between Smadl and
Smad$5 (7). In mice, Smad4 conditional deletion in prean-
tral or preovulatory granulosa cells does not give rise to
tumors but leads to infertility and an increase in atretic
follicles (15, 52). In the Smad1/5/4 tKO model, recombi-
nation of both alleles of Smad4 before Smad1 and Smad$5
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Figure 7. TGFpB1 inhibits caspase 3/7 activity and prevents PARP1 cleavage. A, COV434 cells

were treated with vehicle (control), TGFB1 (2.5 ng/mL), SB-505124 (10 uM), or a combination of

TGFB1 (2.5 ng/mL) and SB-505124 (10 wM) for 30 minutes. Cells were assayed for caspase 3

and 7 activity by a luminescence assay. Units are expressed as relative luminescence units (RLU) +
SEM from three independent experiments assayed in triplicate. Results are presented as means *+

SEM. B, COV434 cells were treated with vehicle (control), activin A (25 ng/mL), follistatin (400
ng/mL), or a combination of activin A (25 ng/mL) and follistatin (400 ng/mL) for 30 minutes and
then were assayed for caspase 3 and 7 activity by a luminescence assay. Units are expressed as

relative luminescence units = SEM from 3 independent experiments assayed in triplicate. Results

are presented as means + SEM. C and D, Immunoblot analysis of COV434 cells that were

treated as indicated. Cell lysates were immunoblotted with anti-phospho (P)-SMAD2/3, anti-total

SMAD?2, anti-cleaved (cl) PARP1, anti-total PARP1, or anti-B-actin antibodies. E and F,
Quantification of 3 independent immunoblots for cl-PARP1/PARP1. Statistical analysis of all

panels is presented by different letters above the bars that indicate statistically different means by

ANOVA and the Tukey HSD test (P < .05) (ie, a is statistically different from b and ¢).

could result in loss of granulosa cells before tumor for-
mation, which may be one reason that the tumors develop
more slowly. Even so, these data further highlight the
importance of the SMAD4 pathway in maintaining the

Mol Endocrinol, November 2014, 28(11):1887-1898

viability of granulosa cells (15, 52).
However, when Smad1/5/4 tKO tu-
mors arise, they are less aggressive.
In this case, recombination of
Smadl and SmadS5 before loss of
Smad4 probably allows tumors to
form, and loss of Smad4 then ap-
pears to restrain tumor growth by
tipping the balance toward apopto-
sis. In addition, we did not observe
metastatic tumor development in
the Smad1/5/4 tKO mice, suggesting
that the aggressiveness of JGCTs re-
quires TGFB signaling though
SMAD4. In support of a role for
TGFB in GCT tumor progression to
metastasis in mice, the Tgfb3 iso-
form, the type I receptor, Tgfbrl,
and the type Ill receptor, Tgfbr3, are
significantly increased in metastasis
samples and the single sample of a
JGCT implant that we were able to
obtain had similar increases in li-
gands and receptors.

SMADA4, part of the activated tri-
meric SMAD transcription factor
complex, is a crucial player in TGFf3
signaling and has been shown to me-
diate expression of a large number
of downstream targets in both nor-
mal epithelial and cancer cells (53,
54). In granulosa cells, loss of
Smad4 causes endocrine disorders in
both murine and porcine models
and induces a dramatic effect on the
number of viable granulosa cells
(15, 52, 55). In porcine models,
SMAD4 modulates granulosa cell
proliferation by regulating cell cycle
factors such as cyclin D2, whereas in
mice Smad4 conditional deletion
leads to more atretic follicles by in-
ducing apoptosis (15, 52, 56). How-
ever, the mechanism by which
SMAD4 mediates apoptosis in
mouse or human granulosa cells or
their tumors remains to be deter-
mined. The suppression of apoptosis

by SMAD4 in granulosa cells may be a direct effect, for
example, by regulation of a key gene involved in apopto-
sis, or an indirect event, for example, by SMAD4 regula-
tion of a key growth factor for granulosa cell survival.
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BAX is a known target gene of TGF, although its regu-
lation (up or down) is cell type dependent (57-60). Alter-
natively, microRNAs (small noncoding RNAs that regu-
late gene expression at posttranscriptional levels) could
play arole in SMAD4-mediated apoptosis, and it has been
shown in granulosa cells that microRNA-224 is a
SMAD4 target gene that promotes granulosa cell prolif-
eration (61). The involvement of microRNA-224 in apo-
ptosis repression was also recently shown in hepatocellu-
lar carcinoma (62), and a similar mechanism may occur in
GCT development. Thus, to fully understand the role of
SMAD4 in GCT development, a further analysis of its
activity in granulosa cells or their tumors is warranted.
In conclusion, our present study demonstrates that
TGEFB provides a protective signal in mouse and human
JGCTs, preventing them from undergoing apoptosis,
which ultimately enhances tumor development. These re-
sults show that GCT survival in Smad1/5 dKO mice can
be sustained by endogenous TGFp signaling and provide
evidence that inhibition of TGFBRI/ALKS in human
GCTs leads to prevention of tumor progression by the
induction of cell apoptosis. Thus, the use of specific small
molecule inhibitors directed against TGFS might be of
specific interest for clinical application in juvenile GCTs.
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