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Bone morphogenetic proteins (BMPs) have diverse roles in development and reproduction. Al-
though several BMPs are produced by oocytes, thecal cells, and granulosa cells of developing
follicles, the in vivo functions of most of these ligands are unknown. BMP signals are transduced
by multiple type | and type Il TGFB family receptors, and of the type | receptors, BMP receptor 1A
(BMPR1A) and BMP receptor 1B (BMPR1B) are known to be expressed in rodent granulosa cells.
Female mice homozygous null for Bmprib are sterile due to compromised cumulus expansion, but
the function of BMPR1A in the ovary is unknown. To further decipher a role for BMP signaling in
mouse granulosa cells, we deleted Bmpr1a in the granulosa cells of the ovary and found Bmpria
conditional knockout females to be subfertile with reduced spontaneous ovulation. To explore
the redundant functions of BMP receptor signaling in the ovary, we generated Bmpria Bmprib
double-mutant mice, which developed granulosa cell tumors that have evidence of increased
TGFB and hedgehog signaling. Thus, similar to SMAD1 and SMADS5, which have redundant roles
in suppressing granulosa cell tumor development in mice, two type | BMP receptors, BMPR1A and
BMPR1B, function together to prevent ovarian tumorigenesis. These studies support a role for a
functional BMP signaling axis as a tumor suppressor pathway in the ovary, with BMPR1A and
BMPR1B acting downstream of BMP ligands and upstream of BMP receptor SMADs. (Molecular
Endocrinology 24: 1251-1266, 2010)

igands of the TGFp superfamily have diverse roles
Lin developmental, physiological, and pathological
processes (1, 2). Members of this family, which include
inhibins, activins, growth and differentiation factors
(GDFs), myostatin, and bone morphogenetic proteins
(BMPs), signal through an oligomeric complex of type
I and type II TGFB serine/threonine kinase receptors.
Ligand-induced phosphorylation of type I receptors, also
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called activin receptor (ACVR)-like kinases (ALKs), by a
type II receptor results in the phosphorylation and acti-
vation of receptor-regulated SMAD proteins (R-SMADs)
that associate with the common SMAD4 protein to reg-
ulate gene expression (1, 3). The BMPs are the largest
subfamily of TGFB-related ligands, and the specificity of
their signaling is partially determined by distinct ligand-
receptor interactions. Three type II receptors are capable

Abbreviations: ACVR, Activin receptor; ALK, ACVR-like kinase; AMH, anti-Mdllerian hor-
mone; BMP, bone morphogenetic protein; BMPR2, type Il BMP receptor; cKO, conditional
knockout; COC, cumulus-oocyte complex; dKO, double knockout; GDF, growth and
differentiation factor; hCG, human chorionic gonadotropin; MOF, multi-oocyte follicle;
PMSG, pregnant mare serum gonadotropin; PTCH, patched; QPCR, quantitative PCR;
R-SMAD, receptor-regulated SMAD protein; SMO, smoothened; WT, wild type; ZPR, zona
pellucida remnant.
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of binding BMPs, including the prototypical type Il BMP
receptor (BMPR2), and the type IIA and IIB ACVRs
(ACVR2A and ACVR2B), which also bind activins and
myostatin (4). There are also three type I BMP receptors,
which include the type IA and IB BMP receptors,
BMPR1a (also known as ALK3) and BMPR1B (also
known as ALK®6), and the type I ACVR, ACVR1 (also
known as ALK2) (4, 5). The R-SMADS activated by these
BMP receptors include SMAD1, SMADS, and SMADS
(referred to as BR-SMADs). In contrast to BMPs, TGFgs,
activins, GDF9, nodal, and myostatin generally signal
through SMAD2 or SMAD3 (referred to as AR-SMADs)
pathways (1, 3).

Within the mammalian ovary, communication be-
tween the oocyte, granulosa cells, and thecal cells regu-
lates follicular development. Genetic studies at several
levels of the TGFp signaling pathway have identified cru-
cial functions of ligands, receptors, and intracellular
SMADs during normal reproductive processes and in the
prevention of cancer (1, 2, 7). Interestingly, distinct ovar-
ian phenotypes are caused by conditional ablation [re-
ferred to as conditional knockout (cKO)] of either of the
R-SMAD signaling pathways or the common SMAD4
(8=10). Smad4 cKO mice are subfertile with follicles that
undergo premature luteinization as well as defects in cu-
mulus expansion (9). At the level of the R-SMADs, indi-
vidual deletion of SMAD2 or SMAD3 in the ovary does
not significantly affect fertility or folliculogenesis (8). In
contrast, mice deficient in both SMAD2 and SMAD3 in
granulosa cells have severe fertility defects and share some
features with Smad4 cKO mice, such as impaired cumulus
expansion, although luteinization defects are not as
prominent and serum progesterone is not elevated (8).
SMAD1 and SMADS are also functionally redundant in
the ovary. Mice deficient in either SMAD1 or SMADS in
the ovary do not have fertility defects, but Smad1 Smad5
double-cKO (herein referred to as Smadl Smad5 cKO)
females are subfertile and develop metastatic granulosa
cell tumors, suggesting that SMAD1/5 signaling in gran-
ulosa cells acts as a tumor suppressor pathway, poten-
tially by antagonizing SMAD2/3 signaling (10, 11).

Because of the large number of BMPs produced by
multiple cell types in the ovary (12, 13) and the embryonic
or perinatal lethality of most BMP knockout mice, study-
ing the individual and redundant impact of several BMPs
concurrently on granulosa cells is technically challenging.
An alternative approach is to study BMP signaling by
genetic ablation of individual receptors. Based on iz situ
hybridization studies in the rodent ovary, both Bmpria
and Bmpr1b are expressed in the granulosa cells of grow-
ing follicles (12). Bmpr1b-null mice are sterile because of
impaired cumulus expansion (14); however, the develop-
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ment of granulosa cell tumors in these mice has not been
evaluated. A role for BMPR1A in ovarian physiology has
not been determined, and although BMPR1A and
BMPR 1B have been shown to have overlapping functions
in other biological systems (15, 16), the degree of redun-
dancy in the ovary is unknown. Moreover, it is likely that
each receptor has unique functions, because BMPR1A
does not compensate for BMPR1B in cumulus expansion
and in vitro evidence suggests oocyte-secreted BMP15
preferentially binds to BMPR1B over BMPR1A (17, 18).
To investigate the individual and redundant roles of
BMPR1A and BMPR1B as mediators of BMP signaling
in ovarian granulosa cells and to circumvent the em-
bryonic lethality of Bmprla-null mutations (19), we
used the Cre-loxP system to generate tissue-specific
Bmprla cKO mice as well as Bmpria cKO Bmprib™'~
double-knockout (dKO) mice. Although Bmpria cKO fe-
males have fertility defects distinct from Bmpr1b-null fe-
males, we found that BMPs signal redundantly through
BMPR1A and BMPR1B to suppress the development of
granulosa cell tumors. Molecularly, the tumors in
Bmpria Bmprlb dKO females exhibit elevated levels of
TGFBs and TGFp target genes as well as up-regulation of
mediators of hedgehog signaling. Therefore, we hypoth-
esize that part of the function of these type I receptors in
preventing tumorigenesis may be by modulating multiple
intraovarian signaling pathways. Our results strongly
support an in vivo role for BMP signaling pathways in
tumor suppression in the ovary.

Results

Generation of Bmpria cKO and Bmpri1a cKO
Bmprib~’~ double-mutant mice

To determine the role of BMPR1A in the ovary and to
overcome the early embryonic lethality of complete
Bmprla ablation (19), we generated Bmprla cKO mice
using Cre recombinase under the control of the Ambr2
promoter (20). Recombination of the Bmprla condi-
tional allele completely inactivates BMPR1A function
(21). Using the Rosa26 reporter mouse (22), Amhr2-Cre
expression in the postnatal ovary has been detected pre-
dominantly in the granulosa cells of growing follicles (23,
24); however, some studies have reported expression of
Ambr2-Cre in the ovarian surface epithelium (25) as well
as low levels of expression in thecal cells (24). To achieve
maximal reduction of BMPR1A, Bmprla™'™ Ambr2<*
mice were crossed to Bmprlat'®f°% mice to generate
Bmpr1a'o~ Amhr2<"'* experimental mice (designated
throughout as Bmprla cKO mice), Bmprla™®~ (desig-
nated as control), and Bmpr1a™* mice. We assessed
recombination of the Bmprla floxed allele in granulosa
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of breeding with an average litter size
of 9.0 = 0.8 pups per litter. In contrast,
Bmpria cKO females had only 3.4 +
0.5 pups per litter (P < 0.01), and the
cumulative number of offspring gener-
ated was significantly reduced, with
only 13.3 = 2.1 pups born per female
at the end of the 6-month breeding pe-

riod (Fig. 1B). Bmprla cKO females
also had fewer litters per month (0.7 =
0.1wvs.0.9 = 0.7 for control, P < 0.05).
After only 4 months of breeding, half of
the Bmprla cKO female mice were in-
fertile, and this was further evident by 6
months of breeding whereby the major-
% ity of Bmpria cKO females demon-
strated infertility. In addition, similar
to the littermate control females used
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FIG. 1. Fertility and estrous cycle analysis in control and Bmpria cKO females. A, Relative
,and Bmpria
Amhr2<®* (Bmpria cKO) mice (RQ, relative quantity of transcript); B, average number of
pups produced by control and BmprTa cKO females over the course of 6 months of breeding
(n = 6 per genotype); C, in addition to smaller litters (see text), Bmpria cKO females had
fewer litters per month, and this was more pronounced in the last half of the breeding
period; D, estrous cycle monitoring of 7-month-old mice over the course of 1 month
demonstrated Bmpria cKO females (n = 9) spent significantly more time in diestrus and

less time in proestrus and estrus compared with control females (n = 6). *, P < 0.05;

Bmpria mRNA in granulosa cells of Bmpria™*, Bmpr1a™®* Bmpria

** P < 0.01 (Student's t test).

cells by real-time quantitative PCR (QPCR) analysis of
cDNA prepared from Bmpr1a™ ", Bmpriat'*¥'~ and
Bmprla cKO granulosa cells obtained from hormonally
primed mice. In Bmprla cKO granulosa cells, Bmprla
mRNA levels are 86% lower than in Bmprla"** gran-
ulosa cells and 64% lower than Bmpr1a™¥~ control
mice (Fig. 1A). In addition, to confirm that Bmprla
expression is not affected by the presence of loxP sites,
we compared transcript levels in Bmpria™™ and
Bmpr1a™* granulosa cells and confirmed that Bmprla
expression is not statistically different (Fig. 1A). Therefore,
in the remaining studies, Bmprla™" mice are designated
as wild type (WT).

Bmpria cKO female mice are subfertile

BMPR1B has previously been shown to be required for
female fertility (14). To assess a role for BMPR1A in
female fertility, 6-wk-old Bmprla cKO and control mice
were bred to WT males over the course of 6 months.
During this time period, Bmprla cKO mice exhibited a
significant reduction in fertility and fecundity. The con-
trol females demonstrated a cumulative increase in pups
and produced an average of 58 = 8.1 pups over 6 months

Flox/—

in the fertility studies, Bmpria™'~
& Ambr2°" females that were used in
crosses to generate Bmprla cKO mice
did not exhibit fertility defects over the
course of 8-12 months of breeding
(data not shown).

Consistent with the decreased fertil-
ity and fecundity, which was more pro-
nounced in the latter half of the breed-
ing period (Fig. 1C), Bmprla cKO mice
exhibited a prolonged diestrous phase

Flox/—

beginning at approximately 7 months
of age (Fig. 1D). In contrast, there was no difference in the
length or periodicity of estrous cycles when the same
group of females was monitored beginning at 6—8 wk of
age (data not shown), a time at which fecundity was not
impaired in Bmprla cKO females.

The primary cause of sterility in Bmpr1b-null females
is a failure of fertilization iz vivo, secondary to defects in
cumulus expansion (14). To determine whether the sub-
fertility phenotype in Bmprla cKO females could be due
to impaired cumulus expansion, cumulus-oocyte com-
plexes (COCs) were collected from the ampulla of imma-
ture control and mutant mice subjected to a superovula-
tion regimen of pregnant mare serum gonadotropin
(PMSG) followed by human chorionic gonadotropin
(hCG). Although the mean number of COCs recovered
from Bmprila cKO mice was lower than from controls,
the differences were not significant (34.9 + 7.4, n =10,
and 48.3 = 6.1, n = 7, respectively; P = 0.4), and in
contrast to the failure of cumulus expansion in COCs
from Bmpr1b-null mice, COCs from Bmprla cKO mice
underwent normal expansion in vivo (Fig. 2, A and B).
Despite a statistically normal ovulatory response of im-
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FIG. 2. Cumulus expansion and uterine decidual response are intact
in Bmpria cKO mice. Immature female mice were superovulated, and
COCs were obtained from the ampulla of the oviduct 16-18 h after
hCG. A, Normal cumulus expansion in a control female, in contrast to
impaired expansion and to poor adherence of cumulus cells around
the oocyte in Bmpr1b™~ (inset); B, cumulus expansion in Bmpria cKO
females is intact; C, Bmpria cKO mice have a decrease in spontaneous
ovulation, as determined by the number of blastocysts recovered from
the uterus 3.5 d after mating with WT males (*, P < 0.05); D-F, there
is no difference in the response to artificial induction of decidualization
in control (E) vs. Bmpria cKO mice (F). Scale bar (E and F), 5 mm.

mature Bmprla cKO females after exogenous gonadotro-
pins, Bmprla cKO females spontaneously ovulated fewer
COCs when subjected to natural matings, as determined
by the number of blastocysts recovered from the uteri of
control and mutant females (7.25 = 0.63 vs. 3.86 * 1.06,
P < 0.05; Fig. 2C).

Recombination also occurs in the uterus of Ambr2-Cre
mice, specifically in the smooth muscle cells of the uterine
myometrium and weakly in the endometrial stromal cells
(26), indicating that a uterine defect could possibly con-
tribute to the observed subfertility. Previously, BMP2 sig-
naling was demonstrated to be essential for the prolifer-
ation and differentiation of the uterine stroma in a process
known as decidualization (27). In the rat uterus, Bmprla
is widely expressed, and within the myometrium, tran-
scripts are detected in the circular and longitudinal
smooth muscle layers (28). Because of a decrease in spon-
taneous ovulation in Bmprla cKO females and to elimi-
nate confounding hypothalamic-pituitary-ovarian fac-
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tors, we evaluated decidualization by inducing an
artificial decidual reaction in ovariectomized females
(29). Induction of decidualization occurred in both con-
trol and Bmpria cKO mice, and decidualized uteri from
both groups showed a similar increase in size vs. the un-
stimulated control uterine horns (Fig. 2, D-F). These
findings suggest that reduced spontaneous ovulation, but
not defects in uterine decidualization, contributes to the
subfertility of the Bmpria cKO mice.

Bmpria cKO and Bmpri1a Bmpri1b dKO mice have
disrupted follicular development

To assess potential ovarian defects that might contrib-
ute to the subfertility and decreased spontaneous ovula-
tion Bmprla cKO females, we compared ovaries from
3-month-old control and Bmprla cKO females. Although
ovaries from control and Bmprla cKO females contained
follicles in all stages of development, most ovaries exam-
ined from 3-month-old Bmpria cKO mice contained a
large number of growing follicles but fewer large antral
follicles or corpora lutea compared with control ovaries
(Fig. 3, A and B). In contrast, aside from the defects in
cumulus expansion in Bmpr1b~'~ mice, previous analysis
of the ovaries from young adult females (5-wk-old) re-
vealed no obvious abnormalities in follicular develop-
ment or the number of corpora lutea (14). Our findings in
ovaries from 3-month-old single BMPR1B mutant mice
were similar; however, the ovaries from 3-month-old
Bmprlb~'~ females were consistently smaller, and we fre-
quently observed multi-oocyte follicles (MOFs) contain-
ing two oocytes within a single follicle boundary (Fig. 3, C
and E). In addition, consistent with the findings in
Bmpr1b~'" females (14), when we superovulated juvenile
Bmpria cKO Bmpr1b~'~ females and mated them to WT
stud males of proven fertility, we recovered only unfertil-
ized oocytes from the oviducts 34-36 h after hCG,
whereas we recovered one- and two-cell embryos from
our control and Bmpria cKO females animals (data not
shown).

To evaluate redundant roles for BMPR1A and BMPR1B
in the ovary, Bmprla cKO Bmpr1b~'~ mice were gen-
erated. Bmpria™ ™ Amhbr2<®* mice were crossed to
Bmprlb™~ mice to obtain Bmpriat’™ Bmprib*'™
Ambr2¢* mice, which were crossed to Bmprlato/Flex
Bmpr1b*'™ mice to obtain Bmprla™~ Bmprib~'~
Amhr2¢"  double-mutant mice (designated Bmpria
Bmpr1b dKO). Similar to the findings in Bmpria cKO fe-
males, ovaries from Bmprla Bmpr1b dKO females had an
abundance of growing follicles (Fig. 3D). In addition, dou-
ble-mutant ovaries contained MOFs, many zona pellucida
remnants (ZPRs, markers of follicular atresia), and also ab-
normal follicle-like structures that were not observed in sin-
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FIG. 3. Histological of analysis of control, Bmpria cKO, Bmpr1b™'~, and Bmpria Bmpr1b
dKO ovaries. Ovaries were collected from 3-month-old control and experimental mice and
stained with periodic acid-Schiff and hematoxylin (n = 5 mice of each genotype). A, Normal
histology of Bmpr1a™~ ovary containing follicles in all stages of development, including
primary follicles (PF), secondary follicles (SF), and antral follicles (AF) as well as corpora lutea
(CL); B, ovary from a Bmpria cKO female containing a large number of growing follicles and
relatively few large antral follicles or corpora lutea; C and E, ovary from a Bmprib™'~ female
with follicles in all stages of development and containing a MOF (E, arrow); D and F, ovary
from a Bmpria Bmpr1b dKO female with features of both Bmpria cKO and Bmprib='~
ovaries, including more growing follicles relative to antral follicles or corpora lutea, MOFs
(arrow), ZPRs (white arrowheads), and abnormal follicle-like lesions (black arrowheads); G and
H, phospho-histone H3 staining of control (G) and Bmpr1a Bmpr1b dKO ovaries (H)
demonstrates proliferating granulosa cells in follicles of Bmpria Bmpr1b dKO ovaries but
absence of proliferation in the follicle-like lesions (arrowheads). Magnification, X25 (A-D;
scale bar, 200 um) and X100 (E-H; scale bar, 100 um).

gle Bmprla cKO or Bmprlb™'~ ovaries (Fig. 3F). Similar
abnormal follicle-like lesions have been observed in ovaries
of mice expressing dominant active Kirsten rat sarcoma viral
oncogene homolog (30), and these structures had an in-
creased expression of phosphatase and tensin homolog (25).

mend.endojournals.org 1255

The lesions in the Bmprla Bmprib dKO
mutant mice, however, did not express
elevated levels of phosphatase and tensin
homolog (data not shown). Although
immunostaining for the mitosis marker
phospho-histone H3 suggested develop-
ing follicles in Bmprla Bmprib dKO
ovaries had increased proliferation rates
of granulosa cells compared with follicles
in control ovaries, the cells in the follicle-
like lesions were not proliferating (Fig. 3,
G and H).

FSH and LH are pituitary gonado-
tropins that facilitate development of
follicles beyond the preantral and ovu-
latory stages, respectively (7, 31, 32).
To determine whether alterations in
these hormones contribute to the follic-
ular defects in Bmpria cKO and
Bmprla Bmprib dKO ovaries, FSH
and LH levels were measured in serum
samples collected from randomly cy-
cling 3-month-old control and mutant
females. Levels of these hormones,
however, were not different in single-
or double-mutant females compared
with control females (Table 1). In addi-
tion, although in vitro studies suggest
BMPs inhibit progesterone production
(33), our in vivo models demonstrate
that serum progesterone is not altered
in the absence of type I BMP receptors.

BMP signaling is markedly
impaired in granulosa cells of
Bmpria Bmpr1b dKO mutant mice
Although BMP135 preferentially sig-
nals through BMPR1B (17, 18), other
BMPs in the ovary, such as BMP2 and
BMP4, could potentially signal through
either BMPR1A or BMPR1B (5, 34).
We first determined the basal levels of
known BMP target genes by QPCR as-
says in Bmprla cKO, Bmprib~'~, and
Bmprla Bmpr1b dKO granulosa cells.
In granulosa cells from both single- and
double-mutant mice, the basal levels of
Id3 were significantly decreased com-

pared with granulosa cells from WT littermates, whereas
Id1 was significantly lower only in Bmprla cKO granu-
losa cells. The BMP antagonist Greml was lower in
Bmprla Bmprlb dKO granulosa cells when compared
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TABLE 1. Serum hormone profiles of control, Bmpria cKO, Bmpr1b~'~, and Bmpria Bmpr1b dKO mice

Age group and genotype FSH (ng/ml) LH? (ng/ml) P;7 (ng/ml)

3 months old
Bmpr1a™~ (control) 7.05 + 1.43°(11) 0.38 = 0.08 (9) 10.59 + 3.10 (10)
Bmpria cKO 6.70 = 1.55° (11) 0.43 = 0.08 (8) 9.81 = 3.57 (7)
Bmprib™'~ 10.93 = 1.49°(12) 0.16 = 0.08 (9) 10.28 = 1.94 (12)
Bmpria Bmprib dKO 6.03 + 1.43°(9) 0.31 £ 0.07 (13) 5.59 + 2.48 (12)

8-9 months old
Bmpr1a™®’~ (control) 6.95 + 1.86° (11) 0.26 = 0.05 (10) 13.90 + 5.29 (10)
Bmpria cKO 5.66 + 1.59” (15) 0.31 = 0.05 (13) 10.11 £ 2.71 (13)
Bmprib='~ 4.90 + 2.18°(8) 0.29 = 0.06 (9) 7.78 = 1.42 (9)
Bmpria Bmprib dKO 16.69 + 2.33°(7) 0.43 = 0.06 (7) 10.15 = 3.27 (7)

Results are shown as the mean = sem for the indicated number of randomly cycling females (n). Data were analyzed by one-way ANOVA, followed

by Tukey-Kramer honestly significant differences.
7 P> 0.05.
b and © Different letters are significantly different at P < 0.05.

only with WT granulosa cells, whereas levels of the inhib-
itory SMAD, Smad7, were unchanged (Fig. 4A).

BMP4 and BMP2 are structurally similar to each other,
and although binding to type I BMP receptors is likely cell
type dependent, several studies suggest that these two
BMPs bind to BMPR1A and/or BMPR1B with higher
affinity than the other type I BMP receptor, ACVR1,
which is preferentially bound by BMP6 and BMP7 (34—
36). To examine the ability of BMPs to induce gene ex-
pression in the absence of BMPR1A, BMPR1B, or both of
these receptors, granulosa cells from mice of all genotypes
were treated with BMP4 or BMP2 for 5 h, and changes
in the expression of Id1, Id3, Smad7, and Grem1 were
assessed (Fig. 4, B and C). After treatment with either
BMP ligand, Id1 induction was not significantly altered
in Bmprla cKO or Bmprlb~'~ granulosa cells relative
to WT granulosa cells. The expression of Id3 in both
Bmprla cKO and Bmpr1b™'~ granulosa cells relative
to WT granulosa cells was significantly lower after
BMP4 treatment, whereas Id3 was significantly in-
creased in Bmprib~'~ granulosa cells treated with
BMP2. The fold induction of Smad7 trended lower in
BMP4-treated Bmpr1b~'~ granulosa cells and was sig-
nificantly lower in BMP2-treated Bmprib ™'~ granu-
losa cells. The induction of Greml after BMP4 or
BMP2 treatment was also blunted in granulosa cells
from both Bmpria cKO and Bmprib~'~ mice. In con-
trast to the variable changes in BMP target genes ob-
served in Bmprla cKO or Bmpr1b~'~ mice, there was a
substantial reduction in the response to BMP4 and
BMP2 in granulosa cells lacking both BMPR1A and
BMPR 1B, as shown by the significant differences in the
induction of Id1, Id3, Smad7, and Greml1 in Bmprla
Bmpr1b dKO granulosa cells relative to WT granulosa
cells (Fig. 4B). This suggests that in most cases,
BMPR1B can partially compensate for BMPR1A, and
vice versa, in activating pathways downstream of

BMP4 and BMP2 in granulosa cells, but the absence of

both receptors severely attenuates the response of gran-
ulosa cells to these BMPs.

Bmpria Bmprib dKO mice develop granulosa
cell tumors

Based on the markedly reduced response of Bmprla
Bmpr1b dKO granulosa cells to BMP4 and BMP2 and
our previous observations that granulosa cell tumors
develop in Smadl Smad5 ¢cKO mice with 100% pen-
etrance (10), we wanted to determine whether a
BMP—BMPR1A/BMPR1B—SMAD1/5 pathway pre-
vents tumorigenesis i vivo. Although tumors were evi-
dent in 100% of Smad1 Smad5 cKO ovaries by 3 months
(10), gross or histological evidence of tumors was not
observed in Bmprla Bmprib dKO ovaries at this age,
despite the presence of abnormal follicle-likes structures
(Fig. 3D), which are not seen in Smad1 Smad5 cKO ova-
ries (10). Ovaries from 8- to 9-month-old Bmprla cKO
and Bmprib~'~ single-mutant females generally exhib-
ited signs of increased follicular atresia, as evident by
abundant ZPRs, and by 8 -9 months of age the majority
of Bmprlb™'~ females had developed large epithelial-
lined inclusion cysts (Fig. 5, A-D). Epithelial inclusion
cysts arise from invaginations of the ovarian surface epi-
thelium after ovulation and are believed to be precursors
of epithelial ovarian cancers; however, no tumors were
found in Bmprib~'~ ovaries through 16 months of age
(n = 6). Likewise, ovaries from 16-month-old Bmprla
cKO females did not exhibit signs of malignancy (n =7).
In contrast, by 8 months of age, about half of the Bmprla
Bmpr1b dKO females developed ovarian tumors (Fig.
SE), and by 16 months of age, the majority of Bmprla
Bmpr1b dKO females had developed large, often bilateral
tumors (Fig. SF).

Histological and immunohistochemical analyses of tu-
mors from Bmprla Bmpr1b dKO females confirmed that
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FIG. 4. Relative expression of BMP target genes in WT, Bmpria cKO,
Bmpr1b~'~, and Bmpria Bmpr1b dKO granulosa cells. Immature
female mice (n = 4 for each genotype and at least three independent
experiments) were primed with PMSG and granulosa cells were
collected and cultured in the absence or presence of BMP4 (30 ng/ml)
for 5 h. A, QPCR analysis of BMP target gene expression in untreated
granulosa cells (RQ, relative quantity of transcript); B, QPCR analysis of
gene expression changes after 5 h BMP4 treatment; C, QPCR analysis
of gene expression changes after 5 h BMP2 treatment. Values are
means = sem, relative to values for the WT group. Data were analyzed
using one-way ANOVA and Tukey’s honestly significant differences
test. Bars with a different letter (a—c) are significantly different at P <
0.05. Asterisks denote statistical significance by two-tailed Student'’s t
test relative to WT granulosa cells: *, P = 0.01.
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these were granulosa cell tumors that were positive for
inhibin-a (Fig. 6). The histological patterns of tumors
ranged from poorly differentiated, with small, cuboidal
granulosa cells arranged in sheets that were often punc-
tuated by small follicle-like structures (Fig. 6A), to more
differentiated, with plump granulosa cells containing a
large amount of cytoplasm characteristic of luteinization
(Fig. 6, C-E). In Bmprla Bmpr1b dKO tumors that also
had large cysts, there were distinct boundaries of cytoker-
atin-8-positive epithelial cells lining the cysts and inhibin-
a-positive tumor cells bordering these areas (Fig. 6, E and
F), suggesting that the tumors were of granulosa cell ori-
gin, rather than epithelial origin. Finally, we also ob-
served visible intraperitoneal metastases that were also
positive for inhibin-a (Fig. 6, G and H); however, the
incidence of metastases in Bmprla Bmpr1b dKO females
was rare, in contrast to the frequent metastases observed
in Smadl Smad5 cKO females (10).

Gene expression changes in Bmpria Bmpr1b dKO
ovaries and tumors

To determine gene expression changes in pretumori-
genic ovaries that might contribute to the development of
tumors in older Bmprla Bmprlb dKO females, candidate
genes were evaluated in 3-month-old single- and double-
mutant ovaries compared with WT littermates. Based on
the increased proliferation observed in Bmpria Bmprlb
dKO ovaries (Fig. 2H), we first examined regulators of
the cell cycle and observed a dose-dependent increase in
cyclin D2 (Ccnd2) and cyclin E2 (Ccne2) mRNAs, with
the largest relative increase occurring in Bmprla Bmprlb
dKO ovaries (Fig. 7, A and B). Levels of the protoonco-
gene Myc, which also promotes cell cycle progression,
were significantly increased in Bmprla Bmprib dKO
ovaries (Fig. 7C). Cyclin D2 is induced by FSH signaling
pathways (37), and despite no difference in serum FSH at
3 months of age in Bmprla Bmprlb dKO females com-
pared with control females (Table 1), Fshr was signifi-
cantly elevated in Bmprla Bmprlb dKO ovaries (Fig.
7D). In addition, by 8 -9 months of age, serum FSH was
also elevated in Bmpria Bmpr1b dKO females compared
with both control and individual Bmpria ¢KO and
Bmprib~'~ females.

The deletion of BMPR1A and BMPR1B potentially
results in a disproportionate activation of TGFp/activin
R-SMAD signaling pathways, and one regulator of Fshr
expression in rat granulosa cells is TGFB (38, 39). Al-
though levels of Tgfb1 were unchanged in 3-month-old
Bmprla Bmpr1b dKO ovaries, Tgfb2 trended higher (P =
0.06 vs. WT ovaries, data not shown), and there was
evidence of an increased activation of TGFB R-SMAD
pathways, as determined by the mRNA levels of TGFg-
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Glil and Gli2 were significantly in-
creased in  3-month-old Bmpria
Bmpr1b dKO ovaries (Fig. 8, A-D). Be-
cause Glil and Gli2 are also up-regu-
lated by TGFB in some cell types (41,
42), we evaluated whether TGFB has a
similar effect on granulosa cells. Wild-
type granulosa cells were treated for 5 h

in the presence or absence of TGFB1,
and both Glil and Gli2 were signifi-
cantly up-regulated in the TGFB1-
treated compared with the untreated
granulosa cells (Fig. 8, E and F). Al-
though Ihh was not increased in gran-
ulosa cell tumors (data not shown),
Glil and Gli2 remained elevated in
granulosa cell tumors (Fig. 8G). A

@
(=]
4

with Tumors
r-Y
-]

% dKO Females
N
]

8-10 11-13 14-16
Age (Months)

FIG. 5. Ovarian tumor development in Bmpria Bmpr1b dKO mice but not Bmpria cKO or
Bmpr1b~'~ mice. A, Ovary from a 9-month-old control female. B, Ovary from a 9-month-old
Bmpri1a cKO female showing an abundance of ZPRs (arrowheads). C, Ovary from an 8-
month-old Bmpr1b~'~ female showing the formation of a large epithelial inclusion cyst. D,
High-power magnification of a cyst from an 8-month-old Bmprib '~ female that is positive
for cytokeratin 8 (arrows). E, Tumor incidence increases with age in Bmpria Bmprib dKO
females. F, Bilateral tumor development in a 16-month-old Bmpria Bmprib dKO female. The
tumor extends to the oviduct (ovi) but does not involve the uterus (ut). Magnification, x25
(A—C) and X200 (D). Scale bars, 200 um (A-C), 100 um (D), and 5 mm (F).

induced (Tgfbi), a TGFB target gene (Fig. 7E). In Bmprla
Bmpr1b dKO tumors, Tgfb1 and Tgfb2, as well as Tgfbi,
were significantly increased relative to WT granulosa cells
(Table 2).

In addition to FSH regulation of cyclin D2, both cyclin
D2 and cyclin E are induced by hedgehog signaling (40),
and by microarray analysis, the hedgehog-regulated tran-
scription factor Glil was highly up-regulated in Smadl
Smad5 cKO tumors compared with WT granulosa cells
(10). Under normal conditions, the levels and activity of
GLI transcription factors are positively regulated by
hedgehog ligand binding to patched (PTCH) receptors,
which leads to the activation of smoothened (SMO) re-
ceptors to influence GLI localization and expression. To
determine whether alterations in hedgehog signaling may
occur before tumor formation, the expression of several
components of this pathway were examined in 3-month-
old ovaries. Indian hedgehog (Ihh) and Smo as well as

functional readout of GLI transcrip-
tion factor activity is the up-regula-
tion of PTCH receptors in a negative
feedback loop (Fig. 8H). We found
that Ptch1 was also elevated in gran-
ulosa cell tumors relative to WT gran-
ulosa cells (Fig. 8G).

Finally, TGFB signaling pathway
genes and downstream targets of TGFS
that were altered in Smad1 Smad5 cKO
tumors (10) were evaluated in Bmprla
Bmpr1b dKO tumors. With the excep-
tion of Id1, which was not significantly
changed in Bmprla Bmprib dKO tu-
mors, mRNAs for cartilage oligomeric
protein (Comp) and Grem1 were sig-
nificantly decreased, whereas Bmp7
was increased in Bmprla Bmprlb
dKO tumors, as was observed in Smadl Smad5 cKO
tumors. Similarly, mRNAs for high-mobility group
AT-hook 2 (Hmga2) and matrix metalloproteinase-2
(Mmp2), genes also activated by TGFB pathways, were
significantly up-regulated in Bmprla Bmpri1b dKO tu-
mors. These gene changes are summarized in Table 2.
Taken together, the molecular changes in Bmprla
Bmpr1b dKO tumors support an early role for unop-
posed TGEp signaling and dysregulation of hedgehog
signaling in promoting granulosa cell tumor develop-
ment when BMP signaling is compromised.

Although, in general, the Bmprla Bmpr1b dKO gran-
ulosa cell tumors and Smad1 Smad5 cKO granulosa cell
tumors molecularly phenocopied each other (Table 2),
the Smadl Smad5 ¢cKO phenotype was more severe in
terms of tumor onset, penetrance, and development of
metastases. These differences were not due to less efficient
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FIG. 6. Bmpria Bmprib dKO mice develop granulosa cell tumors A,
High-power magnification of a granulosa cell tumor showing sheets of
granulosa cells and follicle-like structures (arrows); B, ovary from

a 12-month-old female showing replacement of the ovary with
anastomosing cords of granulosa cells that are inhibin-« positive;

C and D, inhibin-a immunoreactivity in an 8-month-old ovary
demonstrating extensive tumor involvement of the ovarian stroma and
positive staining in some corpora lutea (CL); E and F, high-power
magnification of a serially sectioned cystic ovarian tumor from Bmpria
Bmpr1b dKO female shows the tumor tissue is positive for inhibin-«
(E), whereas the lining of the cyst is positive for cytokeratin 8 (arrow)
(F); G, metastasis to the diaphragm in a 16-month-old female, with
mitotic cells shown in the inset (arrows); H, diaphragm metastasis that
is positive for inhibin-« (arrows). Scale bars, 200 um (B, C, and G), 100
wm (D and F), and 50 um (H).

recombination of the Bmprla floxed allele in the
Bmpr1b~'~ background. Specifically, the relative quan-
tity of Bmprla in the Bmprla Bmprlb dKO granulosa
cells compared with Bmpriat'®* granulosa cells was
0.18 = 0.02 vs. 1.00 = 0.04 (n = 5), which was not
different from the relative quantity of Bmprla in granu-
losa cells from Bmpria cKO females (0.15 = 0.02, Fig.
1A). To determine whether a compensatory increase in
the remaining type | BMP receptor, ACVR1, in granulosa
cells of the Bmprla Bmprlb dKO mice could account for
some of these discrepancies, we evaluated the expression
of Acvrl by QPCR analysis. The levels of Acvrl showed
a nearly 2-fold increase in Bmprila Bmpr1b dKO granu-
losa cells compared with control granulosa cells (Fig. 7F).
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FIG. 7. Gene expression changes in Bmpria and Bmpr1b single- and
double-mutant ovaries. A—E, QPCR analysis of candidate genes
changes in 3-month-old ovaries from Bmpria cKO, Bmprib™'~, and
Bmpria Bmpr1b dKO compared with WT ovaries; F, QPCR analysis of
Acvrl expression in granulosa cells from immature mice of the same
genotypes. Data were analyzed using one-way ANOVA and Tukey's
honestly significant differences test. Bars with a different letter (a—c)
are significantly different at P < 0.05. RQ, Relative quantity of
transcript.

Discussion

We have previously shown that the combinatorial loss of
SMAD1/5 in ovarian granulosa cells causes subfertility
and leads to the development of metastatic granulosa cell
tumors with features similar to the juvenile form of gran-
ulosa cell tumors in humans (10, 11). These findings sug-
gest that at least one function of BMP signaling in gran-
ulosa cells is activation of tumor suppressor pathways
and/or suppression of oncogenic pathways. Because of
the early development of tumors in Smadl Smad5 cKO
mice, and the fact that SMAD1/5 represent a convergence
of all canonical BMP signaling pathways, the impact of
one or more BMP family members and receptors on fe-
male fertility and in preventing tumorigenesis was un-
known. The expression of various BMPs in multiple cell
types and the embryonic or perinatal lethality of BMP2,
BMP4, and BMP7 homozygous null mutant mice made
addressing this question at the level of BMP ligands dif-
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TABLE 2. Comparison of gene expression changes in
Smad1 Smad5 cKO and Bmpria Bmprib dKO tumors
relative to WT granulosa cells

Fold change

Change in Smad1 Smad5  Bmpria Bmpri1b

Gene cKO tumor (10) dKO tumor (QPCR)
Comp N —430 = 111°
Grem1 Ll -80.5 + 21.5°
Id1 l No change
Tgfb1 Not shown 6.8+ 1.4°
Tgfb2 Not shown 14.3 £ 5.2°
Tgfbi ™ 282 +4.9°
Bmp7 ™ 21.9 = 8.6°
Hmga2 ™ 12,5+ 3.2°
Mmp2 1 282 = 917
Gli1 ™ 5.1 +0.9°
Gli2 Not shown 8.0+ 2.1°
Ptch1 Not shown 2.8 £0.57

Arrows denote relative change previously reported (10). Results are
shown as the mean *+ sem (n = 5 independent granulosa cell or tumor
samples).

2 P < 0.05 (Student's t test).
b p < 0.01 (Student's t test).

ficult. An alternative approach for beginning to decipher
BMP functions in ovarian biology i1 vivo is to delete BMP
receptors. The sterility and cumulus cell defects in
BMPR1B-deficient female mice (14) suggested BMPR1A
might have nonredundant functions in follicular develop-
ment and fertility. To evaluate potentially unique func-
tions for BMPR1A in granulosa cells, we first generated
Bmprla ¢cKO female mice, which were subfertile with
significantly smaller litters and fewer litters per month.
Despite the presence of a large number of growing folli-
cles in ovaries from 12-wk-old Bmprla cKO mice, the
spontaneous ovulation rate, as measured by the recovery
of blastocysts from the reproductive tracts of Bmprla
cKO and control females, was reduced. Cumulus expan-
sion, however, was not impaired and the developmental
competence of ovulated oocytes was intact, because there
was not a difference in the number of blastocysts in rela-
tion to unfertilized oocytes or degenerating embryos in
Bmprla cKO vs. control females (data not shown). More-
over, the robust response in the artificial induction of
decidualization in Bmpria cKO females suggests that
uterine defects did not contribute to the subfertility phe-
notype. Thus, in contrast to Bmprlb~'~ females, which
do not differ from controls in the number of oocytes spon-
taneously ovulated but have defects in cumulus expansion
(14), Bmprla cKO females have a reduction in spontane-
ous ovulation but normal cumulus expansion.

In addition to BMPs, granulosa cells in developing fol-
licles are exposed to anti-Miillerian hormone (AMH),
TGFRs, activins, inhibins, and GDF9. In AMH-deficient
mice, there is an increased rate of recruitment of primor-
dial follicles into the growing pool, but the mice do not
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FIG. 8. Hedgehog signaling components are altered in
pretumorigenic Bmpria Bmpr1b dKO ovaries and remain elevated in
tumors. A-D, QPCR analysis of components of the hedgehog signaling
pathway in 3-month-old ovaries from Bmpria cKO, Bmpr1b~~, and
Bmpria Bmpr1b dKO compared with WT ovaries; E and F, QPCR
analysis of Gli1 and Gli2 expression in granulosa cells from immature
WT mice that were cultured for 5 h in the absence (control) or
presence of TGFB1 (30 ng/ml); G, QPCR analysis of GLI transcription
factors and GLI target gene Ptch1 in Bmpria Bmpr1b dKO granulosa
cell tumors compared with WT granulosa cells; H, summary of
hedgehog signaling pathway. Hedgehog ligands bind to PTCH
receptors leading to depression of SMO and activation of GLI
transcription factors, which regulate a number of target genes, one of
which is Ptch1. TGFB1 up-regulates the expression of GLI transcription
factors. Data in A-D were analyzed using one-way ANOVA and
Tukey’s honestly significant differences test, and bars with a different
letter (a—c) are significantly different at P < 0.05. Asterisks (E-G)
denote statistical significance by two-tailed Student's t test: *, P <
0.05; **, P < 0.01. RQ, Relative quantity of transcript.
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exhibit fertility defects until a very advanced age (44).
Although BMPR1A is one of the type I receptors for
AMH, BMPR1A and the other type I receptor, ACVR1,
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generally function redundantly during AMH-mediated
regression of the Miillerian duct in male mice (45). In addi-
tion, as mentioned in Results, Bmprla*'™ Ambr2<* fe-
males that were used to generate Bmprla cKO mice had
normal fertility. Thus, haploinsufficiency for both the
type I AMH receptor and one of two type | AMH recep-
tors does not cause fertility defects. Moreover, Ambr2-
Cre is not highly expressed until the secondary stage of
folliculogenesis, suggesting the abundance of secondary
follicles observed when Bmprla is deleted in granulosa
cells might be partially, but not entirely, due to disruption
of AMH signaling. Instead, we hypothesize that ablation
of BMPR1A in granulosa cells might shift the balance
toward relatively more TGFB/activin signaling and less
BMP signaling, contributing to the altered follicular de-
velopment in Bmprla cKO mice. For example, activin A
has been shown to cause preantral follicles to remain dor-
mant in vitro (46), suggesting that it is preventing the
follicles from further developing and differentiating.
However, the effects are different in preantral follicles
from adult vs. immature mice where follicles from the
former are inhibited by activin A and those from the latter
increase in size when exposed to activin A (47). We have
previously shown that loss of intraovarian activins in
adult mice causes an increase in antral follicles and cor-
pora lutea (48), although the increase in corpora lutea is
most likely due to defective structural regression. Thus, in
vitro studies of adult preantral follicles and our previous
in vivo analysis of activin-deficient mice suggest that one
of the consequences of an increase in activin signaling
relative to BMP signaling in Bmpr1a cKO mice could be a
partial block in preantral to antral follicular develop-
ment, contributing to fewer ovulated oocytes during each
estrous cycle.

In addition to the defects in cumulus expansion previ-
ously reported in Bmpr1b~'~ female mice (14), our his-
tological analysis of BMPR1B-deficient ovaries from
young adult females demonstrated a frequent occurrence
of MOFs (Fig. 3). MOFs have also been observed in sev-
eral transgenic mouse lines with disrupted TGFB super-
family signaling in the ovary, including BMP15-null mice
(49), activin-BA cKO mice (48), inhibin-a-overexpressing
mice (50), and germ cell nuclear factor cKO mice (51).
However, it is likely that MOFs arise through multiple
mechanisms, because these mouse lines do not uniformly
disrupt only SMAD1/5 or only SMAD2/3 signaling. More-
over, although MOF formation is believed to occur second-
arily to incomplete breakdown of germ cell clusters during
follicle assembly, which occurs postnatally in mice and has
been linked to prenatal or neonatal estrogen exposure (re-
viewed in Ref. 7), MOFs have also been attributed to follicle

mend.endojournals.org 1261

joining after germ cell cluster breakdown when oocyte gly-
coprotein assembly is disrupted (52).

The principle finding of this study was that BMPR1A
and BMPR 1B have redundant functions in preventing the
development of granulosa cell tumors. Although no
Bmpria cKO or Bmprlb~'~ single-mutant female mice
developed malignancies through 16 months of age, the
majority (~90%) of Bmprla Bmpr1b dKO mice devel-
oped tumors by this age. A redundant role for both recep-
tors in transmitting some BMP signals is further sup-
ported by the observation that the response to BMP4 and
BMP2 is largely intact when only BMPR1A or BMPR1B
is deleted but is markedly attenuated or eliminated when
both BMPR1A and BMPRI1B are deleted in granulosa
cells (Fig. 4). Although the development of granulosa cell
tumors in Bmpria Bmprib dKO mice is similar to the
Smadl Smad5 cKO model (10), there are some differ-
ences in ablation of BMP R-SMADs vs. BMP receptors.
Smadl SmadS cKO female mice develop granulosa cell
tumors with 100% penetrance and at a younger age than
Bmpria Bmprlb dKO mice. The incidence of intraperi-
toneal tumor metastasis is also relatively low in Bmprla
Bmpr1b dKO mice. A number of factors may contribute
to these findings. Conditional ablation of BMPR1A re-
duces the Bmprla transcript levels to about 15 % the very
low levels of BMPR1A remaining may cause some acti-
vation of SMAD1/5 pathways and be sufficient to delay
tumorigenesis. In addition to BMPR1A and BMPR1B ex-
pression in granulosa cells, by semiquantitative RT-PCR,
we detected the other type I BMP receptor, Acvrl, in WT
granulosa cells (data not shown), and by QPCR analysis,
Acvrl was significantly increased in Bmprla Bmprlb
dKO granulosa cells as compared to WT. Thus, ACVR1
may also maintain a certain level of BR-SMAD activity to
delay tumorigenesis and, in addition, perhaps oppose
metastasis.

BMPR1A and BMPR1B are similar in structure and
are preferentially bound by BMP2 and BMP4 (34). In
addition, oocyte-secreted BMP135 preferentially binds to
BMPR1B (18). BMP6 and BMP7, on the other hand, bind
to ACVR1 with higher affinity than BMPR1A or
BMPR1B (53, 54); however, these binding profiles may
differ depending on the cellular context and the type II
receptors present on a cell (36). Notably, all of these
BMPs are expressed in rodent ovarian follicles, and there
is particularly high expression of BMP2 in granulosa cells
of atretic follicles (12, 13). Our in vitro culture experi-
ments demonstrate a markedly blunted response to re-
combinant BMP2 in Bmpria Bmprib dKO granulosa
cells compared with WT granulosa cells (Fig. 3C). Thus, it
is possible that the abnormal follicle-like lesions observed
in Bmprla Bmprlb dKO mice, which morphologically

202 1udy 60 U0 1sanb Aq | 21.90/2/1GZ1/9/2/o10he/pusiu/wod dno-olwapede//:sdiy wody papeojumod



1262 Edson et al.

appear to be follicular remnants because some contain
ZPRs (Fig. 3F), result from an impaired response to
BMP2 during follicular atresia, a process that normally
results in the clearing of all somatic cells, leaving behind a
ZPR. It is currently unclear whether these follicle-like
lesions contribute to tumorigenesis, because they do not
appear to have proliferating cells (Fig. 3H); however, by
cleaved caspase 3 staining, the cells also do not appear to
be apoptotic (data not shown).

In addition to canonical BMP signaling through BR-
SMADs, there is considerable evidence that the TGF recep-
tors activate non-SMAD pathways (55). Although we be-
lieve our current findings, in conjunction with our previous
findings (10), strongly implicate that BMP signaling through
the BR-SMAD axis functions as a tumor suppressor path-
way in granulosa cells, additional studies suggest BMP re-
ceptors can also activate MAPK and AKT mitogenic path-
ways independent of BR-SMAD activation (55). In the
absence of concurrent activation of BR-SMADs in promot-
ing differentiation, BMP mitogenic signals, in cooperation
with unopposed AR-SMAD signaling, might more rapidly
tip the balance in favor of proliferation in Smadl Smad$
cKO mice. Thus, we postulate that ablation of BMPR1A
and BMPR1B receptors in the present study not only se-
verely reduces the propagation of differentiation signals via
BR-SMADs but could also decrease mitogenic signals
through noncanonical pathways downstream of the type I
receptors, thus contributing to the differences in tumor onset
and metastasis vs. Smadl Smad5 cKO mice.

A number of mouse models have now been generated
that support a role for dysregulated TGF/activin signaling
through AR-SMAD:s in the development of granulosa cell
tumors (7). Mice lacking inhibin-a (Iha ™'~ ) are completely
deficient in inhibins, and both males and females develop sex
cord-stromal tumors at an early age (56), eventually dying
secondarily to a cachexia wasting syndrome (57). Immuno-
staining of ovarian tumors in Inha'~ females shows evi-
dence of increased SMAD2/3 activation (11), and deletion
of SMAD3 in Inba™"~ females decreases ovarian tumor pro-
gression and increases survival (58). In addition, administer-
ing a chimeric type I ACVR antagonist (ACVR2A-mFc)
prevents the cachexia syndrome and delays tumor progres-
sion (58, 59). These previous studies, the findings in Snad1
Smad5 ¢cKO mice, and our present observations with
Bmprla Bmpr1b dKO mice strongly support the notion that
unopposed TGFB/activin signaling promotes granulosa cell
tumorigenesis. Moreover, our findings further suggest that
an imbalance of TGFB/activin signaling leads to an increase
in mediators of hedgehog signaling, including Gli1 and Gli2,
that may contribute to tumor formation and progression.
Elevated components of hedgehog signaling have also been
detected in a mouse model of skin tumorigenesis mediated
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by overexpression of the BMP antagonist Noggin (60),
which has a similar effect on BMP signaling as ablation of
BMP receptors.

In canonical hedgehog signaling, activation of GLI tran-
scription factors requires binding of hedgehog ligands to
transmembrane PTCH receptors (PTCH1 and PTCH2),
which normally repress the activity of the SMO receptor.
Hedgehog binding inhibits PTCH activity, causing depres-
sion of SMO, ultimately regulating the levels and activity of
GLI proteins. Aberrant activation of this pathway is associ-
ated with various cancers (61), including epithelial ovarian
cancers (61, 62). Although PTCH1 in the ovary appears
predominantly localized to the theca, with Indian hedgehog
highly expressed in granulosa cells (63), PTCH1 and SMO
have also been detected in granulosa cells (63, 64). In addi-
tion, TGFB induces Gli1 and Gli2 expression in a number of
cell types in a SMAD3-dependent fashion (41); we found
that TGFp also regulates Glil and G/i2 in granulosa cells.
Moreover, recent work in a pancreatic cancer model sug-
gests GLI1 target genes are regulated in a SMO-independent
manner through noncanonical regulation by TGFB and
Kirsten rat sarcoma viral oncogene homolog (42). Because
Ihh did not remain elevated in granulosa cell tumors
Bmprla Bmprlb dKO females compared with WT granu-
losa cells, yet there was an increase in Tgfb1 and Tgfb2 as
well as several TGFp target genes (Table 2), a similar non-
canonical regulation of GLI activity and levels may also oc-
cur in our model of granulosa cell tumorigenesis.

In addition to identifying unique functions for BMPR1A
in female fertility, our findings solidify the notion that a
BMP—BMPR1A/BMPR1B—SMAD1/5 signaling axis acts
as a tumor suppressor in mouse granulosa cells. In humans,
BMPR1A mutations have been associated with juvenile pol-
yposis and an increased risk of gastrointestinal cancer (63,
66),and BMPR1B is epigenetically silenced in some patient-
derived, tumor-initiating glioblastoma cell lines (67). It is
possible that function-disrupting mutations of BMPR1A
and/or BMPR1B contribute to the development of granu-
losa cell tumors in humans. Our present data, and other
recent findings (10, 60), demonstrate that one of the conse-
quences of disrupted BMP signaling is an increase in com-
ponents of hedgehog signaling, suggesting combinatorial
therapeutic approaches to antagonize both TGFB and
hedgehog signaling in certain cancers may be beneficial.

Materials and Methods

Generation and genotyping of Bmpri1a cKO mice
and Bmpria cKO; Bmprib~'~ mice

All mouse lines in the present study were maintained on a
C57BL/6];129S5/SvEvBrd mixed hybrid background in accor-
dance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The Bmprla-null allele
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(Bmprla~) and the Bmprla conditional allele with the second
coding exon (exon 4) flanked by loxP sites (Bmprla™°*) have
previously been described (19, 21). The Bmprib-null allele
(Bmpr1b~) has also been described (68). To generate Bmprila-
deficient granulosa cells, Bmprla™~ mice were bred to
Ambr2¢* mice (20), and the resulting Bmpria™'~;Ambr2’™
offspring were then bred to Bmprla"*¥'°* mice to generate
Bmpria®'®¥'~ Amhr2°"/" experimental mice (designated
throughout as Bmpria cKO). Bmpria cKO;Bmprlb ™'~ ani-
mals were obtained by crossing Bmiprla"' "% Bmprib*’~
mice with Bmpria™ " ;Bmprib™ ;Ambr2* mice. Tail
genomic DNA was used for PCR genotyping of all alleles ac-
cording to the manufacturer’s protocol (New England Biolabs,
Ipswich, MA). Primers used for the Bmprla-null allele were
FX3 (5'-AGACTGCCTTGGGAAAAGCGC-3") (19) and R1
(5'-CTGCCCCAAGGAACTTGATG-3’). The Bmprib-null
and Bmpr1b WT alleles were detected using the following prim-
ers in a multiplex reaction: Bmpr1b-WT-fwd (5'-atgtgggcaccaa-
gaaggaggat-3') (68), Neo (5'-tagttgccagecatctgttgte-3'), and
Bmprlb-rev (5'-gagtggttacaacaagatcagca). Primers used for
Ambr2¢'* were Ambr2-Cre F1 (5'-CGCATTGTCTGAG-
TAGGTGT-3') and Ambr2-Cre R2 (5'-AGAGAGGCTGCGT-
TGAGTGT-3’). Recombination of the Bmprla floxed allele
was confirmed by QPCR analysis of Bmprla transcript levels in
granulosa cell cDNA using a predesigned TagMan Assay-On-
Demand (Applied Biosystems, Foster City, CA) with primers
spanning the floxed allele (Mm00477650_m1).

Fertility analysis and estrous cycle monitoring

To assess reproductive performance of Bmpria cKO female
mice, six individually housed 6-wk-old Bmpr1a™¥~ control
and Bmprla cKO littermates were bred to WT C57BL/6]J;
129S5/SvEvBrd hybrid males with known fertility. The number
of litters and pups born per litter were recorded over the course
of 6 months.

To evaluate estrous cyclicity in a separate group of 6- to
8-wk-old control and Bmpria cKO mice, vaginal smears were
collected each day between 1200 and 1300 h over a 1-month
period. Smears were diluted in PBS, examined under a light
microscope, and classified into one of four phases of the estrous
cycle (proestrus, estrus, metestrus, or diestrus) as described else-
where (69). Estrous cycles were monitored over an additional
1-month period in the same group of mice beginning at approx-
imately 7 months of age.

Ovulation assays

Superovulation of 21- to 25-d-old mice was performed as
described elsewhere (69, 70). Briefly, mice were injected with 5
IU PMSG (Calbiochem, La Jolla, CA), followed 44—-46 h later
by 5 IU hCG (Novarel; Ferring Pharamaceuticals, Parsippany,
NJ). COCs were recovered from the ampulla of the oviducts
16-18 h after hCG and evaluated for cumulus expansion before
transfer to M2 medium containing 0.5 mg/ml hyaluronidase
(Sigma Chemical Co., St. Louis, MO) for dissociation of cumu-
lus cells to facilitate counting. Spontaneous ovulation was de-
termined by housing 9- to 16-wk-old adult females with WT
males of known fertility. Females with a copulatory plug were
euthanized 3.5 d after coitus, uterine horns were flushed with
M2, and blastocysts, unfertilized oocytes, or degenerating em-
bryos were quantified.
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Artificial induction of decidualization

The uterine decidual response was determined as described
previously, with minor modifications (70). Briefly, after hor-
monal priming of ovariectomized mice, one uterine horn was
traumatized by intraluminal scratching five times with a 26-
gauge needle. The contralateral horn was not scratched and
served as a control. Mice continued to receive sc injections of 1
mg progesterone (Sigma) and 6.7 ng 17B-estradiol (Sigma) for
5 d after the trauma, at which point they were anesthetized and
killed by cervical dislocation.

Histology and immunohistochemistry

Ovaries from mice of various ages were either fixed over-
night in 10% neutral buffered formalin and then transferred to
70% ethanol or snap frozen at —80 C. Tissue processing and
embedding were performed by the Department of Pathology
Core Services Laboratory (Baylor College of Medicine, Houston,
TX). Five-micrometer sections were stained with either periodic
acid-Schiff reagent and hematoxylin counterstain, or hematox-
ylin-eosin using standard techniques. Immunohistochemistry
was performed using the Vectastain ABC kit (Vector Laborato-
ries, Inc., Burlingame, CA) as described previously (6). Primary
antibodies were diluted as follows: rabbit polyclonal phospho-
histone H3 (Ser 10) (Cell Signaling Technology, Beverly, MA),
1:300; rabbit polyclonal inhibin-a (a gift of W. Vale, Salk Insti-
tute, La Jolla, CA), 1:500; rat monoclonal Troma-I (cytokera-
tin-8, obtained from the Developmental Studies Hybridoma
Bank developed under the auspices of the National Institute of
Child Health and Human Development and maintained by the
University of Iowa Department of Biological Sciences, Iowa
City, TA), 1:200. After overnight incubation with primary an-
tibodies, samples were incubated with the appropriate bio-
tinylated secondary antibody (Vector Laboratories) at 1:200
for 1 h, and immunoreactivity was visualized by diaminoben-
zidine tetrahydrochloride staining. Tissues were counter-
stained in hematoxylin.

Serum hormonal analysis

Randomly cycling 12-wk-old mice were anesthetized with
isoflurane (Abbott Laboratories, Chicago, IL), and blood was
collected by cardiac puncture. Serum was prepared using micro-
tainer tubes (Becton and Dickinson, Franklin Lakes, NJ) and
stored at —20 C until further use. FSH, LH, and progesterone
measurements were performed by the University of Virginia
Ligand Core Facility (Charlottesville, VA).

Granulosa cell cultures and ligand treatment

Collection and treatment of granulosa cells from immature
WT and experimental animals were performed as previously
described (10, 69). Mice were injected at 21-25 d of age with 5
IU PMSG, and granulosa cells were obtained by antral follicle
puncture 44—46 h later. Cells from individual animals were
resuspended in DMEM-F-12 (Invitrogen, Carlsbad, CA) supple-
mented with 0.5% heat-inactivated fetal bovine serum and 10
U/ml penicillin and streptomycin and equally divided into con-
trol and treated groups in 24-well plates. Cells were treated with
BMP4 (30 ng/ml; R&D, Minneapolis, MN), BMP2 (100 ng/ml;
R&D), or TGFB1 (30 ng/ml; R&D) for 5 h and then harvested
for RNA.
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RNA analysis

RNA was extracted using a RNeasy Micro kit (QIAGEN,
Valencia, CA) with on-column deoxyribonuclease digestion
of genomic DNA, according to the manufacturer’s instruc-
tions. cDNA was prepared from 250 ng total RNA ina 25-ul
reaction using a Superscript III first-strand synthesis kit (In-
vitrogen). Granulosa cell samples were diluted 20-fold, and 5
wl was used ina 20 ul QPCR, which was performed on an ABI
prism 7500 sequence detection system (Applied Biosystems)
as described previously (8). The following predesigned Taq-
Man gene expression assays (Applied Biosystems) were
used: Id1, Mm00775963_gl; Id3, Mm00492575_m1;
Smad7, Mm00484742_m1; Greml, Mm00488615_s1;
Ccnd2, Mm00438071; Ccne2, Mm00438081_m1; Myc,

MmO00487804_m1; Fshr, Mm00442819_m1; Tgfbl,
Mm00441724_m1; Tgbf2, Mm01321739_m1; Tefbi,
MmO00493644_m1; Acvrl, MmO01331067_m1; Ihh,
Mm01259021_m1;  Smo, Mmo01162710_m1;  Glil,
MmO00494646_gl;  Gli2, Mm01293117_m1; Ptchi,

Mm00436014_m1; Comp, Mm00489496_m1; Hmga2,
MmO00780304_sH; Bmp7, Mm00432102_m1; and Mmp2,
MmO00439508_m1. The relative quantity of transcript was
normalized to an endogenous control (Gapdh) calculated ac-
cording to the 2724 method (43).

Statistical analysis

Data are presented as the mean = seM. JMP version 8.0
software (SAS Software, Cary, NC) was used for statistical anal-
ysis. Differences between groups were evaluated using the Stu-
dent’s ¢ test for single comparisons or one-way ANOVA fol-
lowed by Tukey’s honestly significant differences test for
multiple comparisons. P < 0.05 was considered statistically
significant.
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