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Knockout mouse technology has been used over
the last decade to define the essential roles of
ovarian-expressed genes and uncover genetic in-
teractions. In particular, we have used this tech-
nology to study the function of multiple members
of the transforming growth factor-g superfamily
including inhibins, activins, and growth differenti-
ation factor 9 (GDF-9 or Gdf9). Knockout mice lack-
ing GDF-9 are infertile due to a block in folliculo-
genesis at the primary follicle stage. In addition,
recombinant GDF-9 regulates multiple cumulus
granulosa cell functions in the periovulatory period
including hyaluronic acid synthesis and cumulus
expansion. We have also cloned an oocyte-specific
homolog of GDF-9 from mice and humans, which is
termed bone morphogenetic protein 15 (BMP-15 or
Bmp15). To define the function of BMP-15 in mice,
we generated embryonic stem cells and knockout
mice, which have a null mutation in this X-linked
gene. Male chimeric and Bmp15 null mice are nor-
mal and fertile. In contrast to Bmp15 null males and
Gdf9 knockout females, Bmp15 null females
(Bmp15~—'7) are subfertile and usually have minimal
ovarian histopathological defects, but demon-
strate decreased ovulation and fertilization rates.
To further decipher possible direct or indirect ge-
netic interactions between GDF-9 and BMP-15, we
have generated double mutant mice lacking one or
both alleles of these related homologs. Double ho-
mozygote females (Bmp15~/~Gdf9~/'") display oo-
cyte loss and cysts and resemble Gdf9~/~ mutants.
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In contrast, Bmp15—/~Gdf9*/~ female mice have
more severe fertility defects than Bmp15—/~ fe-
males, which appear to be due to abnormalities in
ovarian folliculogenesis, cumulus cell physiology,
and fertilization. Thus, the dosage of intact Bmp15
and Gdf9 alleles directly influences the destiny of
the oocyte during folliculogenesis and in the peri-
ovulatory period. These studies have important im-
plications for human fertility control and the main-
tenance of fertility and normal ovarian physiology.
(Molecular Endocrinology 15: 854-866, 2001)

INTRODUCTION

Although important molecular events occur during all
stages of mammalian ovarian folliculogenesis, few
oocyte-expressed regulatory proteins have been identi-
fied. Our group and others have used embryonic stem
(ES) cell technology to produce mouse models with
ovarian abnormalities (for review, see Refs. 1 and 2).
These knockout mouse models demonstrate defects in
germ cell maintenance, proliferation, and development
[e.g. Dazla knockout mice (3)], formation of primordial
follicles [e.g. Figa knockout mice (4)], formation of sec-
ondary follicles [e.g. Gdf9 knockout mice (5)], formation
of antral follicles [e.g. FSH knockout mice (6)], ovulation
[e.g. cyclooxygenase 2 (7) and progesterone receptor
knockout mice (8)], or postovulation [e.g. Mater knockout
mice (9)]. Whereas mutations in oocyte-expressed genes
(e.g. Figa, kit receptor, and Mater) result in intrinsic de-
fects in the oocyte or early embryo (4, 9, 10), growth
differentiation factor 9 (GDF-9) is the only known oocyte-
secreted growth factor that is required for somatic cell
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function in mice in vivo. Using Gdf9 knockout mice, we
have shown that GDF-9 is directly required for granulosa
cell growth and differentiation and indirectly for oocyte
meiotic competence and formation of a theca (5, 11, 12).

Gdf9 mRNA and GDF-9 protein are not only ex-
pressed at the primary follicle stage but are also present
in oocytes through ovulation (13-15). Since mice lacking
GDF-9 have a block at the primary follicle stage, fail to
form a theca, and eventually demonstrate defects in
meiotic competence, it was unclear from these knockout
studies whether GDF-9 also plays a role at later stages of
folliculogenesis. It was therefore important to determine
the function of GDF-9 in the periovulatory period since
oocyte-secreted growth factors had been identified to
play key regulatory functions in this period. Using recom-
binant mouse GDF-9, we demonstrated that GDF-9 can
regulate a diverse number of genes and processes in the
periovulatory stage, including cumulus expansion, in-
duction of hyaluronan synthase 2, cyclooxygenase 2,
and the EP2 PGE, receptor, and inhibition of LH receptor
and urokinase plasminogen activator (13, 15, 16). In ad-
dition, recombinant rat GDF-9 stimulates rat preantral
follicle growth and also stimulates basal estradiol pro-
duction in granulosa cells (17, 18). Thus, GDF-9 func-
tions as a multipurpose oocyte-secreted growth factor
during the early stages of folliculogenesis and in the
periovulatory period.

Using a homology-based cloning strategy, we for-
tuitously cloned GDF-9 homologs from the mouse and
human that we termed bone morphogenetic protein 15
(BMP-15) (19) [also called growth differentiation factor
9B (20)]. In addition to the 52% identity with GDF-9,
BMP-15 had several interesting features. First, Bmp15
mRNA was exclusively expressed in oocytes in an
identical pattern as Gdf9 (15, 19). Second, mouse
Bmp15 and human BMP15 map to syntenic positions
on the X chromosome. Third, similar to GDF-9,
BMP-15 protein lacks the mature peptide cysteine that
normally forms an intermolecular disulfide bond in the
other TGFB superfamily members. These findings sug-
gest that BMP-15 and GDF-9 may directly interact (i.e.
form heterodimers) or functionally interact (i.e. play
redundant or antagonistic roles). Recent evidence
from studies in sheep suggests interacting roles of
these proteins in the ovary. The BMP15 gene was
cloned in sheep and shown to be mutated in Inverdale
and Hanna sheep carrying the fecundity X (FecX' and
FecX™) mutations (21). Both strains have mutations in
the mature peptide sequence. Sheep heterozygous for
these BMP15 mutations show an increased ovulation
frequency resulting in more twins and triplets. Surpris-
ingly, sheep homozygous for these mutations are in-
fertile and have a block in folliculogenesis that pheno-
copies the mouse Gdf9 knockout ovarian phenotype.
Thus, BMP-15 appears to be the second known
oocyte-secreted growth factor that is critical for ovar-
ian function.

In this report, we used the previously isolated mouse
Bmp15 gene sequences (19) to create male and fe-
male mice with a null mutation in the X-linked Bmp15
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gene. These Bmp15 null female mice are viable but
display reproductive defects. In addition, we have in-
tercrossed these Bmp15 null mice with mice carrying
a mutation in the autosomal Gdf9 gene to uncover
genetic interactions. These knockout mouse models
have helped us define the important roles of BMP-15
and GDF-9 in oocyte-somatic cell interactions during
folliculogenesis and in the periovulatory period.

RESULTS

Targeted Mutation of the Bmp15 Gene in ES
Cells and Generation of Bmp15 Null Mutant Mice

We had previously isolated the mouse Bmp15 gene
from a 129SvEv genomic library and shown that it was
composed of two exons with a 3.5-kb intron. Bmp15
exon 1 encodes the 17-amino acid signal peptide and
91 amino acids of the propeptide, whereas exon 2
encodes the remaining 159 amino acids of the propep-
tide and the 125-amino acid mature domain. To gen-
erate a mutant allele in the Bmp15 gene in ES cells, we
used the 129SvEv genomic sequences to construct a
targeting vector to delete exon 2 (Fig. 1A). Recombi-
nation of this targeting vector and the endogenous
Bmp15 locus was anticipated to yield a null allele
because no mature (active) BMP-15 could be synthe-
sized if the gene sequences encoding it were deleted.
A similar strategy had been employed to generate a
null allele in the Gdf9 locus (5).

The Bmp15 targeting vector was electroporated into
AB2.1 ES cells (XY), and 13 of 92 (14%) of the ES cell
clones analyzed were targeted at the Bmp15 locus
and thereby null. Two of these ES cell lines were used
to produce chimeric male mice that were fertile and
transmitted the X-linked Bmp15 null allele
(Bmp15™124< or Bmp15~ or XBmP15tM1) {5 females.
XBmp15tmiy  (heterozygous or Bmp15'/~) females
were used to generate XB™P7S'™1Y (null) males that
were intercrossed with heterozygous females to pro-
duce XBmp15tmiIxBmp1stm1 (|| or Bmp15 /") females
(Fig. 1B, top). Using Southern blot analysis of DNA, a
Bmp15 exon 2 probe demonstrated a lack of a hybrid-
izable signal in the DNA derived from XE™P75t™M1Y gnd
XBmp15tm1mep15tm1 mice bUt not XBmp15tm1X or XY
mice (Fig. 1B, bottom). This confirmed that the
Bmp15™124k gllele is a null allele.

Fertility Analysis of Bmp15 Mutant Mice

Chimeric males, null males, heterozygous females,
and null females were all viable and failed to demon-
strate any gross developmental defects. In addition,
male chimeric and Bmp15 null males were fertile, and
Bmp15 null males had normal testis size [87.58 = 2.42
ng/testis (n = 18)] compared with wild-type controls
[87.27 = 2.53 ng/testis (n = 11)]. The viability of
Bmp15 mutant mice and the fertility of the chimeric
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Fig. 1. Construct to Generate a Bmp15 Mutant Allele in ES Cells and Generation of Bmp15 Mutant Mice

A, The Bmp15 replacement targeting vector to delete exon 2 is shown. The targeting vector was electroporated into
hprt-deficient AB2.1 ES cells to produce the Bmp15 recombinant mutant allele. The mutant allele can be distinguished from the
wild-type allele using 5’- or 3'-probes as shown. B, Southern blot analysis of tail DNA derived from seven offspring from a litter
from a mating of XBmP75tM1y gnd XBmP15tmTX parents. Genomic DNA was digested with Pstl and analyzed as described previously
(23) using the 3'-probe (top panel). The probe detects a 13.0-kb wild-type band in lanes derived from wild-type (+/Y) XY males
and heterozygous (+/—) XBmP5tm1X females and a 9.2-kb recombinant mutant band in lanes derived from null XBTP75tm1y (—/Y)
males, heterozygous females, and null XBmP75tmixBme15tm1 (/) females. Southern blot analysis of the same DNA as in the top
panel using an exon 2 probe (bottom panel) detects the 13.0-kb wild-type allele in DNA derived from the XY or XBmP75tmiy
offspring but not in the null males or females confirming the null status of the Bmp15'™'2uk allele.

and null males are consistent with the limited adult
ovary-specific expression of Bmp15 mRNA (19).

To determine whether Bmp15 plays a key ovarian
function in females, heterozygous and homozygous
mutant females were mated to males. In contrast to
GDF-9, which is absolutely required for fertility in fe-
males, Bmp15 homozygous mutants (C57/129 hybrid
background) were subfertile when bred over a 1-yr
period (Table 1). When the Bmp 15 mutation was main-
tained on a 129SvEv inbred background strain (in
which females are normally less fertile), the Bmp15
homozygous null females displayed a consistent (al-
though more severe) subfertility compared with the
Bmp15 heterozygotes (Table 1). Both the number of
pups per litter and the number of litters per month
were reduced for the Bmp15~/~ females from either
hybrid or inbred genetic backgrounds. Thus, BMP-15
plays an important role in female reproduction in mice
but is not as essential as GDF-9 or its sheep ortholog.

Ovarian and Oocyte Physiology

To determine the cause of the subfertility in the
Bmp15~/~ female mice, ovaries were analyzed both
morphologically and histologically at various time
points. In contrast to Gdf9~’~ ovaries, which were
extremely small (5), Bmp15~/~ ovaries were often
grossly indistinguishable from either Bmp15*/~ or
wild-type ovaries. Histological analysis of these mu-
tant ovaries confirmed our gross impressions. In gen-
eral, Bmp15~'~ ovaries at all ages up through 1 yr
demonstrated all stages of follicle development and
multiple corpora lutea and appeared indistinguishable
from control ovaries (Fig. 2). These findings would be
consistent with the ability of Bmp75~/~ mice to be-
come pregnant. However, occasional Bmp15~/~ ova-
ries at different ages demonstrated very few follicles
and had an increased number of zona pellucida (ZP)
remnants (data not shown; see below). Single rare
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Table 1. Mating Data for Bmp15 and GDf9 Mutant Mice

Female Genotype Genetic No. of Total Average Litter Litters/
ypP Background Females Litters Size Month
Bmp15+/-2 C57/129 9 100 7.42 = 0.25 0.93
Bmp15~/~ C57/129 13 112 4.93 = 0.25 0.73
Bmp15+/~ 129 7 48 4.65 = 0.33 0.77
Bmp15~/~ 129 6 20 2.95 +0.30 0.37
Gdf9"’~ C57/129 7 78 9.88 = 0.39 0.93
Bmp15~/~Gdf9*/=> C57/129 21 93 3.67 = 0.22 0.49
Bmp15*/~Gdf9™/~ 129 15 64 4.39 = 0.26 0.73
Bmp15~/~Gdf9*/~ 129 12 0 0 0

C57/129 mice were bred for 1 yr; Bmp15™/~ and Bmp15~/~ 129 inbred mice were bred for 9 months; Bmp15*/~Gdf9™’~ and

Bmp15~/~Gdf9"’~ 129 inbred mice were bred for 4-6 months.

2 The fertility of Bmp15*/~ mice is not statistically different compared to our wild-type female mice [8.4 + 0.2 pups/litter, n = 107
(89), FSHP heterozygotes [7.9 + 0.3 pups/litter, n = 47 (our unpublished data)], or oxytocin heterozygotes [7.1 = 0.3 pups/litter,

n = 50 (Ref. 40 and unpublished data)].

® Four females died during the study, possibly secondary to parturition difficulties; four females were infertile.

Bmp15~/~ and Bmp15™/~ mice had unilateral or bi-
lateral cysts at 1 yr of age. These findings have never
been seen in wild-type mice in our laboratory.

Since Bmp15~/~ ovarian histology was fairly nor-
mal, we subjected the Bmp15™/~ and Bmp15~/~ mice
(C57/129 hybrid background) to a pharmacological
superovulation protocol and determined the number
of eggs that were ovulated. “Normal” numbers of eggs
were released by the Bmp15™/~ females (36.4 = 3.7
eggs; n = 26 females), but Bmp15~/~ females ovu-
lated about two-thirds the number of oocytes as the
controls (24.1 = 3.0 eggs; n = 21 females). To uncover
the cause of the reduced ovulations, we collected and
analyzed ovaries from some of these superovulated
mice. Whereas it was extremely difficult to find any
oocytes inside follicles after the PMSG and hCG treat-
ment in the case of the wild-type or Bmp15*/~ fe-
males (Fig. 2E), Bmp15~/~ ovaries occasionally had
denuded oocytes that were larger than normal and
had few cumulus cells surrounding the oocytes (Fig.
2F). These findings suggested that follicular recruit-
ment and the number of preovulatory follicles were
likely normal in the Bmp15~/~ mice but that a percent-
age of the oocytes were trapped within follicles and
were not released. A similar phenotype is also seen for
the EP2 PGE, receptor knockout mice (22) whereas an
absolute failure to ovulate is seen with cyclooxygen-
ase 2 and progesterone receptor knockout mice (7, 8).
In addition to these ovulation defects, Bmp15~/~ mice
also demonstrated a reduction of oocytes that could
develop to embryos although Bmp15™/~ oocytes also
appeared to have some reduction compared with
wild-type mice (Table 2; see below).

Analysis of Gdf9 and Bmp15 mRNA in
Mutant Mice

One possibility for the defects in the Gdf9 knockout
mice is that there is altered regulation of Bmp75 mRNA
whereas the less severe phenotype of the Bmp15

knockout mice could be due to increased compensa-
tion of GDF-9. To determine whether there were
changes in the transcriptional regulation of Bmp15
mRBNA in Gdf9 knockout ovaries or vice versa, we
performed Northern blot analysis of RNA derived from
control or mutant ovaries. Gdf9 mRNA expression was
identical in control and Bmp15~/~ ovaries (Fig. 3). In
contrast, Bmp15 mRNA levels were higher in the
Gdf9~’~ ovary samples compared with control ovaries
(Fig. 3). This relative increase in Bmp15 mRNA was
due to a dramatic increase in oocytes/unit volume in
the Gdf9~/~ ovaries (5). We have confirmed this by
showing that four other oocyte-specific genes also
show a relative increase in mMRNA levels in the Gdf9~/~
ovaries compared with wild-type ovaries (C. Yang, P.
Wang, and M. M. Matzuk, unpublished data). Thus, the
abnormalities in the Gdf9 knockout ovaries are not due
to transcriptional inactivation of the Bmp15 gene nor is
there a compensatory increase of Gdf9 mRNA in the
Bmp15 knockout ovaries.

Characterization of Bmp15~/~Gdf9*/~ Double
Mutant Mice

To study possible genetic, physical, and functional inter-
actions between Bmp 15 and Gdf9, we intercrossed mice
carrying the Gdf9 null mutation (5) with the Bmp15 null
mutants generated herein. Initial studies focused on
comparing the breeding of female mice homozygous for
the Bmp 15 mutation and heterozygous for the Gdf9 mu-
tation (Bmp15~/"Gdf9"'") to either Gdfo™" or
Bmp15~/~ or Bmp15"~ mutant mice. Whereas
Gdf9™~ mice appear to produce more offspring per litter
than Bmp 15"/~ mice, similar litters per month were seen
(Table 1). In contrast, the Bmp15~/~Gdf9*’~ females on
a C57/129 background that gave birth produced even
fewer pups per litter (3.67 * 0.22) compared with the
Bmp15~/~ females (4.93 * 0.25). Furthermore, the num-
ber of litters per month was further reduced to approxi-
mately half of the controls, and four females were com-
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Fig. 2. Histological Analysis of Bmp15 Mutant Ovaries

Vol. 15 No. 6

A, Ovary from a 4-month-old Bmp15~/~ 129 mouse showing normal follicular development and corpora lutea (CL). B, Ovary
from a 6-month-old Bmp15*/~ 129 mouse showing normal follicular development and corpora lutea except there is a single
follicle with two oocytes (black arrows) and accumulation of ZP remnants (yellow arrows). C, High-power magnification of a follicle
with two oocytes from a 4-month-old Bmp15~/~ 129 ovary. Additional examples of multiple oocytes in a single follicle were seen
in double mutant mice (see below). D, Ovary from a 1-yr-old Bmp15~'~ 129 mouse showing fairly normal follicular development
and corpora lutea except for the accumulation of PAS-positive material (arrows) and ZP remnants in the interstitium. There is also
a reduction in the number of oocytes and follicles compared with younger mice. E, Follicle with a small, trapped denuded oocyte
(arrow) from a superovulated Bmp15™~ C57/129 mouse. F, Follicle with a large, trapped denuded oocyte (arrow) from a
superovulated Bmp15~/~ C57/129 mouse. All sections were stained with PAS/hematoxylin; for the scale bars, white lines

represent 100 um; black lines represent 200 um.

pletely infertile. We also saw an increased incidence of
death in these breeding Bmp15 '~ Gdf9*/~ females (4 of
21 breeding females) but not in Bmp15~/~Gdf9™~
females that were caged without males; we attribute
these deaths to a failure to deliver singlets and subse-
quent intrauterine infection. Recent breeding of 129 in-

bred Bmp15~/~Gdf9*’~ females over a 6-month period
failed to produce any offspring in contrast to the breed-
ing of 129 inbred Bmp15™/~Gdf9*/~ females over a 4-
to 6-month period, which yielded 64 litters (0.73 litters/
month) with an average litter size of 4.39 (Table 1). These
findings for the 129 inbred Bmp15~/~Gdf9™’~ females
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Table 2. In Vivo “Fertilization” Data from Wild-Type and
Bmp15 and Gdf9 Mutant Mice

Female No. of Embryos/Total Percent
Genotype Females Eggs “Fertilized”
Wild-type 12 34.25/36.83 93.0%
Gdf9*/~ 10 24.00/37.30 64.3%
Bmp15*/~ 14 23.50/37.79 62.2%
Bmp15~/~ 11 14.73/29.18 50.4%
Bmp15~/~Gdf9*’~ 10 5.9/42.90 13.8%

All mice were C57/129 background and were mated to C57/
129 stud male mice. All female mice were 3—-4 weeks of age
at the time of the PMSG injection. The number of embryos
was determined after 24 h of in vitro culture.

wr Gdf9

Bmp15 > -"

GAPDH —> | " s

Bmp15 Bmp15
o Sl

- W < Gdd

® @ | <carpH

Fig. 3. Northern Blot Analysis of Gdf9 and Bmp15 in Control
and Mutant Ovaries

Analysis of the expression of Bmp15 mRNA in Gdf9~'~
ovaries and controls (top left). Analysis of the expression of
Gdf9 mRNA in Bmp15~/~ ovaries and controls (top right).
Each blot was subsequently analyzed for expression of
GAPDH mRNA as a control for RNA loading and integrity
(bottom panels).

are even more dramatic than the Bmp15~/~Gdf9*/~
hybrid strain data and 129 inbred Bmp15~/~ female
mice that breed poorly. Thus, by reducing the dosage of
these two related oocyte-expressed proteins, we have
uncovered important genetic interactions.

To further understand the subfertility defects of the
Bmp15~/~Gdf9*’/~ females, we analyzed the ovaries
histologically. Similar to the Bmp15~/~ ovaries, normal
folliculogenesis and corpora lutea could be observed
in a minority of Bmp15~/~Gdf9"’~ ovaries up through
1 yr (Fig. 4, A and F). However, abnormalities were
observed in five of nine ovaries from 6- to 7-month-old
mice, three of five 9-month-old mice, and 12 of four-
teen 11- to 12-month-old mice. These abnormalities
included decreased numbers of late-stage follicles,
increased oocyte loss, and increased ZP remnants,
accumulation of periodic acid Schiff (PAS)-positive
material in the interstitium, follicles with multiple oo-
cytes, and absence of corpora lutea (Fig. 4, B and C).
This progressed to the point where there were very few
oocytes and follicles in some ovaries by 1 yr of age
(Fig. 4G). Thus, these findings suggest that BMP-15
and GDF-9 play synergistic roles in oocyte survival
and folliculogenesis.

To follow up on some of the above findings, we
performed immunohistological analysis of the ovaries
that contained prominent PAS-positive (magenta-
colored) structures, which resembled ZP after oocyte
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degeneration. These structures are a prominent find-
ing in the GDF-9-deficient mice. Ovaries from five
independent mice presented in Figs. 4 and 7 were
analyzed using antibodies specific for ZP protein 1
(ZP1), 2 (ZP2), or 3 (ZP3) or a nonspecific antibody.
Antibodies to ZP1, ZP2, or ZP3 stained the ZP around
intact oocytes and also detected the prominent rem-
nants centrally (Fig. 5, A-C), confirming that these are
remnants of ZP after the oocyte had disappeared. The
nonspecific antibody failed to detect any signal in the
ovaries (Fig. 5D) confirming the specificity of the anti-
ZP antibodies. These ZP remnants appear to be quite
stable after oocyte loss (see below).

It was also a surprise to find follicles that con-
tained multiple oocytes (Fig. 4, D and E). To quan-
titatively study these findings, we analyzed multiple
adjacent sections (8-10 sections per pair of ovaries)
of 129SVEv inbred ovaries from Bmp15~/~Gdf9™/~
vs. Bmp157/~Gdf9™’~ mice (littermate controls).
Whereas only two of eight Bmp15™/~Gdf9*’~ mice
contained follicles with multiple oocytes (two folli-
cles total), four of eight Bmp15~/~Gdf9*’/~ mice
contained multiple oocytes (eight follicles total). In-
terestingly, two Bmp15~/~Gdf9*/~ mice and one
Bmp15™/~Gdf9"’~ mouse had follicles with three
oocytes in the follicle (Fig. 4E). These findings are
rare for wild-type inbred 129SvEv mice. Thus, the
dosage of these ligands appears to somehow alter
the development of the granulosa cell layers around
individual oocytes, allowing the formation of these
double and triple oocyte follicles.

Since folliculogenesis was relatively normal in the
Bmp15~/~Gdf9*’~ ovaries at early time points, we an-
alyzed the ability of the Bmp 15/~ Gdf9"’~ oocytes to be
pharmacologically released and fertilized in vivo.
Whereas the Bmp15~/~Gdf9"™’~ mice had high numbers
of oocytes released (Table 2), only 13.8% of these oo-
cytes developed to embryos. Analysis of eggs from
Bmp15~/~Gdf9*/~ females that were subjected to
PMSG/hCG treatment but were not mated with males
revealed the likely cause of the Bmp15~/~Gdf9*’~ de-
fects. Normally, cumulus cell-egg complexes from wild-
type and Gdf9*’~ mice demonstrate a resilient adhesion
of cumulus cells and eggs upon removal of the com-
plexes from the oviduct (Fig. 6A). In contrast, cumulus
cells fail to adhere to eggs isolated from the oviducts of
Bmp15~/~Gdf9™~ mutant mice (Fig. 6B). A similar find-
ing was also seen for many of the cumulus cell-egg
complexes isolated from Bmp15 '~ mice. Furthermore,
treatment of immature Bmp15~/~Gdf9*’~ mice with
PMSG for 48 h and subsequent analysis of their ovaries
8 h after hCG injection revealed the presence of some
follicles in which cumulus expansion had not occurred or
examples of large denuded oocytes (oocytes that were
completely lacking cumulus cells) (Fig. 4l). This finding
was in contrast to Gdf9™~ mice (Fig. 4H). Analysis of
individual sections of ovaries from wild-type or Gdf9*/~
ovaries revealed 25 preovulatory follicles in which cumu-
lus expansion appeared normal and 29 oocytes of antral
follicles that were appropriate in size (11). However, anal-
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Fig. 4. Histological Analysis of Bmp15~/~Gdf9*/~ Ovaries and Gdf9*/~ Control Ovary

A-F, Bmp15~/~Gdf9"/~ ovaries at 6 months (A-C), 4 months (D and E), 1 yr (F), and 10 months (G). Normal folliculogenesis
and corpora lutea (CL) are seen in two of these ovaries (A and F). Abnormalities in folliculogenesis, a decrease in number of
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Fig. 5. Immunohistological Analysis of ZP Proteins
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Anti-ZP2

The Bmp15~/~Gdf9*/~ ovary shown in Fig. 4B was analyzed with polyclonal antibodies to ZP1 (A), ZP2 (B), ZP3 (C), and a
nonspecific (control) antibody (D). Both ZP around intact oocytes around the periphery and the ZP remnants centrally after oocyte
loss are detected (dark staining) with all three antibodies but not the nonspecific antibody. The sections were counterstained with

hematoxylin. The black scale bars represent 200 um.

ysis of Bmp15~'~ or Bmp15~/~Gdf9*’~ ovaries re-
vealed 11 of 19 antral follicles where absence of cumulus
expansion had occurred or where oocytes were larger
than normal in size. In addition to these findings, there
was one case in which the cumulus granulosa cells were
seen invading the ZP. These findings were not unique to
pharmacologically treated mice but were also observed
in seven of ten 11- to 12-month-old Bmp15 '~ Gdf9*/~
mice in which denuded oocytes in antral follicles (total of
seven oocytes with cumulus cell defect) and oocytes
trapped in corpora lutea (total of eight trapped oocytes)
were observed. Six of six Bmp15*/~ mice of the same
age failed to demonstrate these defects. We believe that
these findings are part of the variation in the cumulus cell
adhesion/oocyte-cumulus cell interaction phenotype.

Thus, these studies demonstrate that BMP-15 and
GDF-9 play functionally redundant roles in cumulus ex-
pansion and maintenance of a cohesive interaction be-
tween cumulus cells and oocytes or eggs that influences
subsequent fertility.

Production of Mice Null for Both Bmp15 and Gdf9

One possible reason for the early block in folliculogen-
esis in the Gdf9 knockout mice could be due to per-
sistent (unopposed) BMP-15 protein levels since the
Bmp15 mRNA continued to be expressed in these
mice. Thus, to ensure that the Gdf9 knockout pheno-
type was due to absence of GDF-9 and not secondary
to unopposed BMP-15, mice lacking both BMP-15

corpora lutea, interstitial cell proliferation (I), increased oocyte loss, and multiple ZP remnants (arrows) are seen in the other
sections from independent mice (B, C, and G). Follicles with multiple oocytes are also seen (D and E). In panel D, two small oocytes
are seen (top right) as well as two other oocytes of differing sizes (bottom left) surrounded by a complete layer of granulosa cells
and basement membrane. In panel E, three similar size oocytes are surrounded by a single granulosa cell layer. H and I, Treatment
of Gdf9*/~ (H) and Bmp15~/~Gdf9*/~ (l) immature mice with PMSG (48 h) and hCG (8 h) revealed normal cumulus expansion
of the granulosa cells in the control (H, arrow) but an absence of cumulus cells around a large oocyte (arrow) in the
Bmp15~/~Gdf9"™'~ mutant (l). Sections A-G were stained with PAS/hematoxylin. Sections H and | were stained with toluidine
blue. For the scale bars, the red lines represent 50 um, the white lines represent 100 um, and the black lines represent 200 um.
The diameter of the “fixed” oocyte in panel | is 65 um.
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Fig. 6. Eggs Isolated from Gdf9*’~ (A) and Bmp15~/~Gdf9*/~ (B) Mutant Mice

Eggs isolated from the oviducts of Gdf9™/~ females after PMSG and hCG stimulation were embedded in a resilient three-
dimensional extracellular matrix which contained cumulus cells (A). In contrast, the cumulus cells of Bmp15~/~Gdf9*’~ mice were
loosely attached to the oocyte and readily fell off the oocyte (B). Eggs were isolated from C57/129 hybrid strain mice.

and GDF-9 (i.e. Bmp15~/~Gdf9~'~) mice were gener-
ated. At early time points, the ovaries of these
Bmp15~/~Gdf9~’~ mice resembled the ovaries of
Gdf9~’~ mice and demonstrated a block at the type
3B primary (one-layer) follicle stage (Fig. 7B). Further-
more, similar to Gdf9~’~ mice, unilateral and bilateral
cysts were grossly (Fig. 7A) and microscopically (Fig.
7E) present. Only one cyst per ovary was present in
these double mutant mice as in the Gdf9~/~ mice. At
later time points, there were a number of unique ab-
normalities found in the Bmp15~/~Gdf9 '~ ovaries.
These abnormalities included increased loss of oo-
cytes, increased ZP remnants, complete absence of
oocytes, and proliferation of cells in the interstitium
(sometimes PAS-positive) (Fig. 7, C-F), and a rare
mouse that displayed a transformation of the granu-
losa cells into Sertoli-like cells (Fig. 7, G and H) similar
to mice lacking inhibin « (23) or estrogen receptors «
and B (24). Interestingly, accumulation of ZP remnants
are seen after loss of oocytes in the Gdf9~/~ ovaries
(5) but are not seen after loss of oocytes in animal
models that have blocks at later stages such as FSHp,
cyclooxygenase 2, or progesterone receptor knock-
outs (6-8). It is not clear whether there are altered
proteolytic processing defects in the ovaries of mice
that have blocks at the primary follicle stage vs. blocks
at later stages. Thus, unopposed BMP-15 is not the
cause of the Gdf9 knockout phenotype but BMP-15
appears to play some additional roles along with
GDF-9 in oocyte survival.

DISCUSSION

We have used knockout mouse technology and ge-
netic intercrosses to define the functions of BMP-15
and its interactions with GDF-9. Our studies have un-
covered periovulatory functions of BMP-15 in females
and confirm our in vitro studies (13, 15, 16) by showing
that GDF-9 also plays a key role in this period. We

have demonstrated that hybrid and inbred Bmp15
knockout mice are subfertile due to reduced ovulation
and fertilization; Bmp15~/~Gdf9"/~ mice demonstrate
further defects in early follicle development compared
with Bmp15~/~ or Gdf9*’~ mice. Previous studies had
demonstrated an important role of oocyte-secreted
proteins in cumulus expansion, hyaluronic acid syn-
thesis signaling through the PGE, receptor EP2, and
suppression of urokinase plasminogen activator and
LH receptor (25). Furthermore, cumulus-oocyte com-
plexes are known to synthesize progesterone and
PGE,. Using recombinant GDF-9, we have shown that
GDF-9 can perform all of the functions of the oocyte-
secreted protein(s) and also stimulate PGE, through
an induction of cyclooxygenase 2 in cumulus cells and
progesterone via induction of PGE, and the EP2 re-
ceptor. Our in vivo studies confirm these in vitro anal-
yses; oocytes from Bmp15~/~Gdf9™’~ fail to demon-
strate a stable “adherence” of cumulus cells likely due
to a reduction of key periovulatory factors (e.g. hyal-
uronic acid and PGE,). Bmp15~/~Gdf9"~ mice also
have some of the features of the progesterone recep-
tor and cyclooxygenase 2 knockout mice [i.e. failure to
release oocytes and the presence of oocytes trapped
in corpora lutea (7, 8)], further confirming the in vivo
relationship of these factors. Since Gdf9*/~ mice do
not demonstrate these defects and some Bmp15 "/~
mice demonstrate some of these defects, these find-
ings also indicate an important role of BMP-15 in at
least some of these processes.

Gdf9™/~ and Bmp15~/~Gdf9~/~ mice develop uni-
lateral and bilateral cysts with high frequency (Ref. 5
and the current study). These cysts can become very
large (Fig. 7), and analysis of the cystic ovaries of these
mice or after regression of the cysts demonstrates a
dramatic reduction in the number of oocytes (i.e. the
cysts lead to decreased oocyte survival). We believe
that these findings in our knockout mice have impor-
tant implications in humans. Polycystic ovarian syn-
drome (PCOS) is a major cause of reduced fertility in
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women, and our findings suggest that the presence of
cysts in the ovaries of these women could likewise
lead to increased oocyte loss through direct structural
destruction or via indirect growth factor/hormonal
effects.

Unlike Bmp15™/~ mice, BMP15 heterozygous mu-
tant sheep demonstrate increased fertility (i.e., in-
creased twins and triplets), suggesting that the
BMP-15 propeptide sequences (present as the sheep
mutations are in the mature peptide encoding region)
are acting in a dominant negative fashion. This
BMP-15 propeptide may be somehow interfering with
GDF-9 homodimer, BMP-15 homodimer, and/or GDF-
9/BMP-15 heterodimer formation. For example, the
BMP-15 propeptide may preferentially bind to a wild-
type GDF-9 propeptide monomer to cause decreased
BMP-15/GDF-9 heterodimers and shift the equilibrium
toward increased BMP-15 homodimers.

Interestingly, sheep homozygous for null muta-
tions in the BMP15 gene do not phenocopy Bmp15
knockout mice but instead resemble Gdf9~/~ mice
(i.e. homozygotes are infertile due to a block at the
primary follicle stage). How might one explain these
findings? Based on the available animal models and
in vitro studies, two different models could be
evoked to explain the functions of GDF-9 and
BMP-15 in sheep vs. mice (Fig. 8). In model A (the
mouse model), GDF-9 homodimers would be the
most bioactive and play the major function. This
model is based on our findings from Gdf9 /'~ mice
(5, 11, 12), which display an early block in folliculo-
genesis, and also on the present study on the
Bmp15~/~ mice (which have a defect in late follicu-
logenesis and ovulation). Furthermore, mouse
GDF-9 homodimers, but not mouse BMP-15 ho-
modimers, are active in our mouse in vitro bioassays
(13, 16). A similar situation has been shown recently
by our group in the case of the activin BA and 8B
monomers (26); using a gene “knockin” strategy, we
demonstrated that activin BB (which shows 63%
amino acid identity in the mature peptide sequence)
can replace activin BA for some, but not all, func-
tions, demonstrating that BB is less bioactive than
BA. However, in model B (the sheep model), BMP-15
homodimers would be postulated to be the most
bioactive compared with either GDF-9 homodimers
or BMP-15/GDF-9 heterodimers. This model would
explain how the sheep BMP15 homozygous mutant
phenotype mimics the Gdf9/~ mouse ovarian phe-
notype. Interestingly, mouse and sheep GDF-9 pro-
teins are highly conserved whereas mouse and
sheep BMP-15 proteins have diverged greatly (78%
amino acid identity). Thus, it is possible that this
protein divergence has altered the biopotency of
these proteins, allowing BMP15 to become the more
essential protein in sheep. Although these models
assume signaling of the ligands through the same
receptor, we cannot rule out evolutionary diver-
gence of a common GDF-9 or BMP-15 receptor (or
multiple receptors) to permit higher affinity interac-
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tion of the sheep receptor with BMP-15 homodimers
to explain the in vivo findings. However, recent stud-
ies demonstrate that recombinant human BMP-15
stimulates in vitro rat granulosa cell proliferation and
decreases FSH-induced progesterone production
(27). This finding suggests that the BMP-15 recep-
tors are conserved between species. Future struc-
ture-function and receptor binding studies should
help us clarify the active forms of these ligands in
the different mammalian species and determine
whether BMP-15, GDF-9, or both are essential for
human fertility.

MATERIALS AND METHODS

ES Cell Technology and Southern Blot Analysis

More than 20 kb of genomic sequence encompassing the
two-exon mouse Bmp15 gene were isolated from a 129SvEv
genomic library (19). These genomic sequences were used to
construct a targeting vector to mutate the Bmp15 gene in ES
cells. The targeting vector contained 2.6 kb of Bmp15 intron
1 sequence, a positive selectable marker (the PGK-hprt ex-
pression cassette), 5.0 kb of sequence 3’ to the coding
portion of exon 2, and a negative selectable marker [the
MC1-tk (thymidine kinase) expression cassette (Fig. 1A)]. Lin-
earized vector was electroporated into the hprt-negative
AB2.1 ES cell line, cell clones were selected in HAT (hypo-
xanthine, aminopterine, and thymidine) and FIAU [1-(2'-
deoxy-2'fluoro-B-b-arabinofuranosyl)-5-iodouracil], and DNA
from the clones analyzed by Southern blot and targeted ES
cell clones were expanded and injected into blastocysts as
described previously (23, 28, 29). Fourteen percent of the ES
cell clones were targeted at the Bmp15 locus (data not
shown), and two of these ES cell clones (Bmp15-79-D7 and
Bmp15-79-F7), which were injected into blastocysts, pro-
duced male chimeras that successfully transmitted the mu-
tant Bmp15™'24% allele to F, female offspring. F, and F,
female heterozygotes and F, null male offspring were inter-
crossed to produce Bmp15 null homozygotes. Chimeras
were either bred to C57BL6/J females to produce 129SvEv/
C57BL6/J hybrid mice or to 129SvEv females to produce
129SvEv inbred mice. Southern blot analysis was used for
genotype analysis of all Bmp15 mutant offspring as shown
(Fig. 1B) and all Gdf9 mutant offspring as described (5).

Breeding Experiments

Bmp15 heterozygous and homozygous mutant females from
both hybrid (129SvEv/C57BL6J) and inbred (129SvEv) ge-
netic backgrounds were bred to males of the same genetic
backgrounds at 6 weeks of age and breeding was continued
for up to 1 yr. To generate the Bmp15/Gdf9 double mutant
mice, mice carrying the Gdf9'™'#"k mutation (5) on either
hybrid or 129SvEv inbred genetic backgrounds were bred to
Bmp15 mutant mice of similar genetic backgrounds. Breed-
ing of the double mutants was also initiated at 6 weeks
of age.

Immunohistological Analysis

Immunohistological analysis was carried out using epitope-
selected antibodies purified from antisera of rabbits immu-
nized with porcine ZP proteins as previously described (30,
31). To select ZP1-, 2-, and 3-specific antibodies that would
recognize mouse ZP proteins, we used an epitope selection
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Fig. 7. Morphological and Histological Analysis of Bmp15~/~Gdf9~/~ Ovaries (A-H)
A, Morphological analysis of large bilateral cysts (1 cm and 1.7 cm) attached to the uterine horns of a 1-yr-old
Bmp15~/~Gdf9~'~ mouse. B, Ovary from a 5-month-old mouse showing primary (type 3) follicles around the periphery and
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Fig. 8. Models for the Differential Functions of BMP-15 and GDF-9 in Mammals

A, In mice, GDF-9 homodimers appear to be the major signaling protein, whereas BMP-15 homodimers and BMP-15/GDF-9
heterodimers appear to play synergistic roles in the ovary. B, In sheep, BMP-15 homodimers play a major role although we cannot
rule out significant roles of GDF-9 homodimers or BMP-15/GDF-9 heterodimers. In sheep, a model in which BMP-15/GDF-9
heterodimers are the active form could also explain the findings. We have shown that mouse and human BMP-15/GDF-9
heterodimers can form in vitro (N. Wolfman, unpublished data; P. Wang and M. M. Matzuk, unpublished data). Other members
of the TGFB superfamily can also form heterodimers that are more potent than the respective homodimers [e.g. heterodimers

between the BMP-2/4 subgroup and the BMP-5/6/7 subgroup (36-38)].

method to enhance for cross-species ZP epitopes. Antibod-
ies recognizing all three porcine ZP proteins were epitope
selected using human ZP proteins made from cDNAs ex-
pressed using the baculovirus expression system (32, 33).
Briefly, antibodies were incubated with each of the three
human ZP proteins that had been isolated from SF9 insect
cell lines. The individual proteins were transferred to polyvi-
nylidenefluoride (PVDF) membrane and incubated with anti-
serum. Nonspecific antibodies were washed from the mem-
brane and ZP-specific antibodies were eluted with 200 mm
glycine buffer, pH 2.7, which was neutralized to pH 7. Anti-
body specificity to each of the ZP proteins was demonstrated
by SDS-PAGE and immunoblot analysis as previously de-
scribed (32, 34, 35).

Other Methods

RNA isolation, Northern blot analysis, histological analysis,
pharmacological superovulation, and statistical methods
were performed as described previously (5, 6, 12, 13, 19) and
have been described briefly in the body of the text or the
figure legends.
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