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As the number of infertility patients is markedhcreasing, studies on ovarian

physiology, which elucidate the fundamental mectrasi involved in the dysfunction
and disease of the reproductive system, will leagliccess in infertility treatment.

The physiological roles of the ovary are integraiedhe continuous repetitive
process of folliculogenesis, ovulation and corpusedm formation (Figure 1).
Folliculogenesis describes the progression of abmuraf small primordial follicles into
large preovulatory follicles. The major steps inllidfologenesis include the
primordial/primary transition, the primary/secongldransition, selection and follicle

dominance. The ovarian follicle consists of an decgranulosa cells (GCs) and theca



cells. Primordial and primary follicles differ iheir diameters, due to differences in the

number and size of GCs. When follicles transfornth® secondary stage, theca cell

layers appear and GCs develop to multiple layergh Whe formation of antrum,

follicles are defined as tertiary follicles. In thete term of this stage, some healthy

follicles are recruited and constitute the popolainf selectable follicles. Among these,

only one follicle becomes dominant and others ungamleatresia. Eventually, this

dominant follicle grows rapidly to become a pre@taty follicle. During ovulation,

this preovulatory follicle develops a stigma andrexes an oocyte with a complement

of cumulus cells. The ruptured follicle transform& the corpus luteum in the process

called luteinization. The corpus Iluteum producesogpsterone, making the

endometrium receptive to implantation and suppertithe early pregnancy.

Gonadotropins, follicle-stimulating hormone (FSHpduteinizing hormone (LH),

are of primary importance in the regulation of ifallogenesis and female fertility.

However, FSH receptor (FSHR) and LH receptor (LHIRg not expressed until the

secondary follicle stage, which illustrates thag¢ tinitiation of follicular growth is

independent of gonadotropins. Intra-ovarian factams thought to be important for

regulating the early phases of follicular growth.méng these, activins and

anti-Mullerian hormone (AMH) are highlighted. Ading induce the proliferation and



differentiation of GCs, whereas AMH inhibits theitiation of primordial follicle

growth. However, the precise mechanism of theiull@gn remains obscure. LH/hCG

has a central role in the maintenance of the coggtesm function. It has been reported

that the expression level of LHR of the corpusuatels 700% compared to that of the

preovulatory follicle. On the other hand, progesteris secreted by the corpus luteum

to maintain pregnancy. The process of progestesgnthesis is reported to be primarily

mediated by the action of steroidogenic acute gy protein (StAR). To date, the

precise regulatory mechanism of luteinization séithains uncertain.

Evidence strongly indicates that BMPs play an intgadrrole in regulating ovarian

follicular development and female fertility in thgrimate.BMPs, originally isolated

from bone tissues as proteins that induce bonecartdage formation, are structurally

classified into the transforming growth factor (T)gFsuperfamily member. To date,

more than 20 members of the BMP family have beentitied in various species. They

can be further classified into several subgroupabld 1), including BMP-2/4 group,

BMP-3 group, BMP-7 group, growth and differentiatiéactor (GDF)-5/6/7 group,

GDF-8/11 group and GDF-9 group. Previous studie® mavealed two major types of

membrane-boundeceptors for the ligands of the T@Ffamily, type-I and type-li

receptors. BMP ligands bind to type-I receptorstfand then recruit type-Il receptors or



directly bind to the pre-existing complexes of tpand type-ll receptors, then

transphosphorylate the intracellular signaling @ireg. Activin receptor—like kinase

(ALK)-2, -3 and -6 have been identified as BMP typeceptors. BMPR-II appears to

bind exclusively to BMP ligands as type-Il receptdioreover, it is reported that BMP

and activin membrane-bound inhibitor (BAMBI), sttuially related to type-I receptor,

competes with the BMP receptors for ligand bindargd inhibits the signaling of

BMPs.

Among the members of the BMP family, BMP-2, BMPBP-7 and BMP-15

show specific effects in the ovary. BMP-2 ampliflE€SH action on sheep GCs. BMP-6

promotes normal fertility in female mice. BMP-7 ieases numbers of primary,

secondary, and tertiary follicles in rats. Mutat@ihBMP-15 in sheep causes infertility

due to a block in the early stage of folliculogeseklowever, most studies on BMPs in

the ovary have been conducted on non-human aniamalsthere is little data on the

human. Whereas BMP-7 and BMP-15 are reported texipeessed in theca cells and

oocytes of human ovarian follicles, respectivelycdlization of BMP-2 and BMP-6

remains to be investigated.

Thus, this study focused on the function of sdvBMPs in the human ovary, by

investigating their effects on folliculogenesis arateinization, to expand our



understanding of human ovarian physiology and patjyo

The localization of BMP-2 and BMP-6 was examineshgsiormal human ovaries.

Tissue specimens of human ovaries were obtainedrigigned informed consent from

fifteen women (age range, 28-40 years old) who elet salpingo-oophorectomy for

the treatment of uterine cervical cancer. All patisehad normal ovarian cycles prior to

surgery and no histological abnormalities and nmaig lesions were observed in

ovarian tissues. The experimental procedure wasoap@ by the institutional review

board of University of Tokyo. Ovarian tissues wéred in neutral-buffered formalin

and embedded in paraffin blocks, anqu8-sections were prepared. Sections were

stained with 21g/ml anti-BMP-6 antibodies or mouse IgGs as negatontrol using an

Envision+ System/HRP Mouse (DAB+) kitn situ hybridization was performed using

an ISHR Starting kit according to the manufactweristructions. To prepare the

digoxigenin (DIG)-labeled RNA anti-sense probes f8MP-2, a primer set

(NM_001200: 1022-1041 and 1298-1279) was used. eSprnsbe hybridization was

used as a control for a background level.

The study of the function of BMPs was performedgsiuman GCs. The methods

to obtain and culture GCs were described previowlefly, follicular fluids with GCs

were aspirated from the patients undergoing ooosteeval for in vitro fertilization



(IVF). The clinical indications for IVF in these feents were primarily male factor or
tubal factor infertility. Patients with ovarian dyactions were excluded from the study.
The experimental procedures were approved by stautional review board (Case No.
325), and signed informed consent for use of GCs etdained from each patient. All
of the follicular aspirates from each patient werged and centrifuged at 200 x g for 5
minutes, resuspended in PBS with 0.2% hyaluronidaseincubated at 37° C for 30
minutes. The suspension was layered onto Ficol:®amd centrifuged at 150 x g for
20 minutes. GCs were collected from the interphaseshed with PBS and cultured in
DMEM/F12 media supplemented with 5% FBS and antid8q100 U/ml penicillin, 0.1
mg/ml streptomycin, and 250 ng/ml amphotericin &) I5 minutes at 37° C, in order to
remove contaminating macrophage cells from GCsndgJghis method, GCs remained
in the supernatant while macrophages were attadoedhe culture dish. The
contamination of monocytes/macrophages and endaithetlls was less than 1%
judged by immunohistochemistry for CD68 and vonlgtitand factor, respectively.
Collected GCs were cultured in DMEM/F12 containb®%) FBS and antibiotics in
12-well plates at a density of 2 x>16ells/ml and kept at 37° C in a humidified 5%
CO,/95% air environment for 5 days. All GCs used ftwe texperiments were

pre-cultured for 5 days prior to treatments towll@Cs to regain sensitivity to FSH



stimulation. In the dose-response study, GCs wendtured with increasing

concentrations of BMP-2, BMP-6, BMP-7 or BMP-15 309 ng/ml) for 24 hours.

Since the BMPs at 100 ng/ml maximally induced FSHHRNA expression (data not

shown), thus, 100 ng/ml of BMPs was utilized in thésequent experiments. In the

time course experiments, GCs were incubated withittrout BMP-2, BMP-6, BMP-7

or BMP-15 (100 ng/ml) for 3, 8, 24 and 48 hours.elaluate the effects of BMPs, GCs

were cultured with or without BMP-2, BMP-6, BMP-T BMP-15 (100 ng/ml) for 24

hours. To investigate which receptor was used moluction of FSHR by BMP-7,

SB-431542 was used 30 minutes before the stimuldiyp BMP-7 or activin-A. To

investigate the regulation of BMP-6, GCs were agelduwith BMP-2 (100 ng/ml),

BMP-6 (100 ng/ml), BMP-7 (100 ng/ml), BMP-15 (10@/ml), estradiol (E2) (10

ng/ml), activin-A (100 ng/ml), FSH (0.5 IU/ml), d8-bromo-cyclic adenosine"8’

monophosphate (CAMP) (1 mM) for 24 hours. To inigge the effect of hCG, GCs

were cultured with hCG (10 1U/ml) for 3, 8, 24 a#@l hours. Total RNA was extracted

from GCs using the RNAeasy minikit. Reverse traipsion (RT) was performed using

Rever Tra Dash. One microgram of total RNA was re¥eranscribed in a 20-

volume. For the quantification of various mRNA lyereal-time polymerase chain

reaction (PCR) was performed using LightCycler adie to the manufacturer's



instructions. To assess the levels of CAMP synfheSICs were cultured in 48-well

plates with DMEM/F12 containing 1% FBS and antilwstwith or without BMP-7

(100 ng/ml) for 24 hours. Then, cells were cultunedh 0.1 mmol/L IBMX, a

phosphodiesterase inhibitor, in the presence aratesof FSH (0.5 1U/ml) for 2 hours.

Conditioned medium was collected and the extraeellcontent of cAMP was

determined using a CAMP enzyme immunoassay kita Dadre analyzed by Student’s

t-test for paired comparison and one-way ANOVA wpbst hoc test for multiple

comparisons using Statview software. A p-value edslthan 0.05 was considered

statistically significant.

In the present study, BMP-6 was localized in theyt® of human ovary, and

human GCs expressed BMP-2 and BMP-6. Furthermoeeg gexpression of the

receptors for BMPs such as ALK-3, ALK-6 and BMPRwh&s confirmed in human

GCs by PCR (Table 2). The BMPs (BMP-2, BMP-6, BMBrd BMP-15) significantly

increased FSHR, inhibin/activfirsubunits, and AMH mRNA levels. On the other hand,

the BMPs (BMP-2, BMP-6, BMP-7 and BMP-15) inhibitetRNA levels of LHR and

StAR. In addition, hCG decreased gene expressioBMIP-2 and increased that of

BAMBI (Table 3).



Folliculogenesis involves a series of sequenti@pstin which a growing follicle

either develops to the preovulatory stage or digsapoptosis. The major steps in

folliculogenesis include the primordial/primary neation, the primary/secondary

transition, selection and follicle dominance. Themeeging concept is that

folliculogenesis is accompanied by a precise spatid temporal pattern of expression

of the BMP family.

Primordial/primary transition

In primordial and primary follicles, which do natgess FSHR, the mechanism of

follicular growth is poorly understood, but thesedvidence that BMPs are involved,;

BMP-15 is expressed in human oocytes from the \easly stage and BMP-6 is

strongly expressed in the oocytes of primordial pnohary follicles. These patterns of

expression suggest that BMPs might be essentighéinitiation of follicular growth in

the human.

In the early stage of folliculogenesis, inhibisubunit is barely detected and

activins are preferentially synthesized rather timambins. Activins are known to induce

the proliferation of GCs. Therefore, the presemdifigs that the BMPs increased

MRNA levels of inhibin/activin-subunits suggest that oocyte-derived BMP-6 and



BMP-15 might induce activins, regulating follicukrgesis in the primordial and

primary stages.

Primary/secondary transition

Progressively, follicles grow to the secondary stafeca cell layers appear, and

follicles are served by one or two arterioles, teating in an anastomotic network just

outside the basal lamina. The physiological impargaof this event is emphasized by

the fact that the follicle becomes directly exposethe factors circulating in the blood,

such as FSH. As the secondary follicle is beingnfxt, GCs develop FSHR, by which

all effects of FSH can be mediated. Therefore, tiechanism responsible for the

regulation of FSHR is important. Several factorachs as activins, FSH, cAMP

stimulants and cAMP analogs, are known to modulaesynthesis of FSHR mRNA in

GCs. The present study showed that the BMPs (BMBME-6, BMP-7 and BMP-15)

induced FSHR mRNA expression in human GCs, whigygssts that BMPs enhance

folliculogenesis by promoting the expression of RSHhe observation that the BMPs

increased MRNA levels of not only FSHR but alsabiffactivin -subunits led me to

examine the possibility that the increase in FSHRNA might be mediated by an

increase in activin protein synthesis. However,438542, an inhibitor of activins but

not BMP-7 signaling, failed to suppress BMP-7—inethld<SHR mRNA expression.
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Thus, it is speculated that BMPs and activin-A actdifferent receptors to increase

FSHR mRNA expression.

What's more, in view of the present finding that B, BMP-7, BMP-15 and

activin-A increased mRNA levels of BMP-6, thesetées might induce FSHR partially

by up-regulation of BMP-6 in GCs.

Salection and follicle dominance

Not all follicles are guaranteed to ovulate becay®sving follicles are vulnerable

to atresia. Healthy follicles will be selected frgrmowing follicles to be a preovulatory

follicle. The immunohistochemistry study of BMP-@haovered the significance of

BMP in follicular selection. In the human ovary, BM was found to be strongly

expressed in GCs of healthy tertiary follicles. dontrast, BMP-6 was only weakly

expressed in GCs of atretic follicles. These dat#icated that BMP-6 might be an

important factor in the selection of follicle. Thevitro experiment showed that BMP-6

increased MRNA levels of inhibin/activBisubunits in GCs. In addition, the observed

expression pattern of BMP-6 in GCs is consisterth whe finding that inhibin/activin

B-subunits are expressed in healthy follicles, bot im the similarly sized atretic

follicles.
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Serum FSH concentration decreases in the lattdr diathe follicular phase.

Therefore, the sensitivity of follicles to FSH dugithis period is critical and determines

whether follicles become atretic or dominant. lawiof the present finding that BMPs

increased the expression of FSHR, follicles withhhBMP expression might be more

likely to survive the decrease in serum FSH, timgsgasing the chances of surviving to

the dominant follicle stage.

Another intra-ovarian factor, AMH is produced by §&©f growing follicles.

Female mice lacking AMH show accelerated depletdrfollicles, suggesting that

AMH inhibits recruitment of primordial follicles to the growing pool. Although it is

reported that FSH and estradiol down-regulate AM#pression in GCs, no AMH

up-regulators have been identified to date. Thegrestudy showed that the BMPs

(BMP-2, BMP-6, BMP-7 and BMP-15) increased the espion level of AMH. Thus, |

hypothesize that BMPs in the healthy growing fddigc up-regulate AMH, which, in

turn, suppresses the growth of the surrounding qndral follicles, thereby preserving

the ovarian reserve.

LHR is a key factor for GCs in the tertiary folkcto undergo luteinization. During

folliculogenesis, it is important to prevent GCenr precocious luteinization which

might lead to premature ovulation. The present datawed that the BMPs (BMP-2,

12



BMP-6, BMP-7 and BMP-15) suppressed LHR mRNA exgms in human GCs,

suggesting a possible role of BMPs in the inhibitiof premature luteinization and

eventual promotion of follicle development to thtage of ovulation. Pangas et al.

reported that in Smad4 conditional knockout mou&&s underwent premature

luteinization and expressed higher levels of LHR &ower levels of FSHR compared

with control. Smad4 is a common Smad for TBBuperfamily signaling. Given that

BMPs also use the Smad signaling pathway, the pretsta appear to be consistent

with the phenotype of Smad4 knockout mouse.

Luteinization

After ovulation, residual GCs undergo luteinizat@amd the follicle transforms to

the corpus luteum. Progesterone, produced by iae#nGCs, sustains the initiation and

maintenance of pregnancy. If embryo implantatioesdoot occur, the corpus luteum

stops synthesizing progesterone and degeneratethCG has a central role in the

maintenance of the corpus luteum function. StARjctvhmediates translocation of

cholesterol from the outer to the inner mitochoadnimembrane, is one of the

rate-limiting factors in progesterone productiomyAperturbation of these events, such

as luteinization failure, can impair reproductidrne finding that the BMPs (BMP-2,

BMP-6, BMP-7 and BMP-15) suppressed gene expresdgi®iiR and StAR indicates

13



that BMPs might play a role as anti-luteinizati@ctbrs in the ovary. Because BMP-6

and BMP-15 are derived from oocyte, it is reasomaéblconclude that the release of the

oocyte at ovulation results in the promotion okloization in GCs. The finding that

hCG suppressed BMP-2 mRNA levels in cultured GGgyests that the expression of

BMP-2 might be attenuated in response to LH sungevo. In situ hybridization in the

present study further confirmed this hypothesis. BRImRNA was expressed in GCs

of tertiary follicles whereas its expression was@dt undetectable in the corpus luteum.

The vanishment of BMP-2 expression in the corptesulon would facilitate luteinization.

In this context, it should also be noted that h@@uced the expression of BAMBI in

GCs. BAMBI inhibits dimerization of type-lI recep$pr thereby inhibiting BMP

signaling. It is speculated that LH surge not omibits BMP-2 expression but

increases BAMBI expression in GCs to extinguishdffects of BMPs that impede the

establishment of the corpus luteum.

Taken together, BMPs play crucial roles in coningll folliculogenesis and

luteinization in the human ovary. During gonadoineipndependent phase, BMPs are

expressed in the oocytes of the early folliculagstand contribute to the initiation of

follicular growth by inducing activin expression®@Cs. With the growth of follicle, the

suppression of LHR by BMPs prevents GCs from precsc luteinization, which is

14



essential for follicle maturation. In turn, BMP<irase AMH expression to suppress

the growth of the surrounding primordial follicledereby preserving the ovarian

reserve. Because BMPs induce FSHR mRNA expressio6Cs, sufficient FSHR

allows follicles to fully respond to serum FSH tapport follicular growth. With

continuous stimulation of FSH, LHR is dramaticaltgluced through FSHR signaling

to respond to LH surge, and eventually induces atian. After ovulation, LH/hCG

suppresses BMPs directly or indirectly to maintai@ corpus luteum function. Here we

can see human reproduction is controlled by thenbaious cooperation of BMPs and

gonadotropins. BMPs regulate gonadotropins in #ré/estage of folliculogenesis, and

then gonadotropins become predominant to promolieuiar growth. Ultimately,

BMPs are inhibited by gonadotropin to maintain¢bepus luteum function (Figure 2).

The present study provides a comprehensive ingighthe biological activities of

the BMPs (BMP-2, BMP-6, BMP-7 and BMP-15) in thentan ovary. The physical

ovarian function is dependent on the action of BN&inily within the follicle,

including: 1) initiation of follicular growth fronthe very early stage, 2) modulation of

folliculogenesis, and 3) inhibition of luteinizatioBetter understanding of BMP system

may expand our concept of the diverse mechanisnwvafian physiology, providing

the potential for a novel approach to the infaxtitreatment.
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Figurel
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Thephysiological roles of the ovary areintegrated in the continuous repetitive process of
folliculogenesis, ovulation and cor pus luteum formation.

Falliculogenesis describes the progr ession of anumber of small primordial folliclesintolarge
preovulatory fallicles.

Theovarian follicle consists of an oocyte @,granulosacells(GCs) @ , and theca cells (TCs) y

Falliculognesis

Primordial oocyte; onelayer of flat GCs
Primary oocyte; onelayer of cuboidal GCs
Secondary oocyte; multiple layers of GCs; appear ance of theca
cell layer
Tertiary oocyte; GCs; TCs; formation of antrum
only onetertiary fallicle can become dominant and
Preovulatory

grow rapidly tothe preovulatory stage

Ovulation

cells

preovulatory follicle excretes the oocyte with a complement of cumulus

L uteinization

ruptured follicle transforms into the cor pus leteum, which produces
progesteroneto support the early pregnancy
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Figure 2
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Figure?2
BM Ps and gonadotr opins cooperate with mutual communication to regulate the human

ovarian function.
BM Ps regulate gonadotr opins in the early stage of folliculogenesis, and then

gonadotr opins become predominant to promote follicular growth. Ultimately, BMPs are

inhibited by gonadotropin to maintain the corpus luteum function.
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Tablel

List of Bone Mor phogenetic Proteins (BM Ps)

Group BMP Known Functions
BMP-2 |Amplifies FSH action on sheep GCs
BMP-2/4 BMP-4 Mutation of BMP-4 in mice results in defects in
mesoderm formation
BMP-3 BMP-3 |Controls bone mass
BMP-5 |Performs function in cartilage development
BMP-7 BMP-6 |Promotes normal fertility in female mice
BMP-7 Increases numbers of primary, secondary, and tertiar,
follicles in rats
GDF-5 |Induces cartilage and tendon-like tissues
GDF-5/6/7 GDF-6 |Induces cartilage and tendon-like tissues
GDF-7 |Induces cartilage and tendon-like tissues
GDF-8 |Controls the growth of muscle tissue
GDF-8/11
GDF-11 |Controls anterior-posterior patterning
GDF-9 |Deficiency of GDF-9 in mice causes infertility
GDF-9
BMP-15 |Mutation of BMP-15 in sheep causes infertility
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Table?2

Expression of BM Ps and their receptorsin the human ovary

Oocyte Granulosa cdll

BMP-2
BM P-6
BM P-6 ALK-3
ALK-6

BMPR-I|
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Table3

Biological activities of BM Psregulating the human ovarian function

FSHR

BMP-2

BM P-6

BMP-7

BMP-15

- =) =) =)

inhibin/activin
B A-subunit

1

1
1
1

inhibin/activin
B B-subunit

1

1
1
1

AMH

- =) =) =)

LHR

a a a @

StAR

a a a @

hCG

BMP-2

!

BAMBI

1
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