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process: ADAMTS-1 and cathepsin L proteases
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Ovulation is a precisely timed process by which a mature oocyte is
released from an ovarian follicle. This process is initiated by the
pituitary surge of luteinizing hormone (LH), is temporally associ-
ated with transcriptional regulation of numerous genes, and is
presumed to involve the synthesis and/or activation of specific
proteases that degrade the follicle wall. The progesterone receptor
(PR), a nuclear receptor transcription factor, is induced in granulosa
cells of preovulatory follicles in response to the LH surge and has
been shown to be essential for ovulation, because mice lacking PR
fail to ovulate and are infertile. Using these mice as a model in
which to elucidate PR-regulated genes in the ovulation process, we
show that the matrix metalloproteinases MMP-2 and MMP-9 are
not targets of PR during ovulation. In contrast, two other pro-
teases, ADAMTS-1 (A disintegrin and metalloproteinase with
thrombospondin-like motifs) and cathepsin L (a lysosomal cysteine
protease), are transcriptional targets of PR action. ADAMTS-1 is
induced after LH stimulation in granulosa cells of preovulatory
follicles and depends on PR. Cathepsin L is induced in granulosa
cells of growing follicles by follicle-stimulating hormone, but the
highest levels of cathepsin L mRNA occur in preovulatory follicles
in response to LH in a PR-dependent manner. The identification of
two regulated proteases in the ovary, together with their abnor-
mal expression in anovulatory PR knockout mice, suggests that
each plays a critical role in follicular rupture and represents a major
advance in our understanding of the proteolytic events that
control ovulation.

rogesterone has long been regarded as the preeminent

hormone regulating female fertility. Although usually asso-
ciated with the maintenance of pregnancy, progesterone is also
essential for ovulation (1). Ovulation in rats is inhibited by
treatment with either anti-progesterone antiserum (2) or
epostane (3), a compound that blocks the synthesis of proges-
terone. The progesterone receptor (PR) is a member of the
nuclear receptor transcription factor superfamily (4). PR signal-
ing is required for progesterone-mediated effects on ovulation,
because the PR antagonist RU486 blocks ovulation in rats (5)
and mice (6), and because the anti-progestogen Org-31710
blocks ovulation of in vitro cultured mouse follicles (7). In the rat
ovary, PR mRNA is induced rapidly and only briefly by the surge
of luteinizing hormone (LH); this induction occurs selectively in
granulosa cells of preovulatory follicles destined to ovulate (8).
A similar pattern of rapid yet transient induction of PR is
observed in primary cultures of rat granulosa cells in response to
LH (9, 10). Additionally, both isoforms of PR (PRA and PRB),
differentially translated from a single transcript (11-14), are
induced by LH, with PR A being the prevalent translated product
(9). The significance of ovarian PR was demonstrated by the
targeted disruption of the PR gene; PR knockout (PRKO)
female mice lacking PR (PRA and PRB) fail to ovulate, even in
response to exogenous hormones, and are completely infertile
(15, 16).

The adult mammalian ovary contains follicles at all stages of
development. However, only a few follicles mature to the
preovulatory stage in which LH receptors (as well as other genes)
are expressed in granulosa cells, thereby allowing them to

respond to the LH surge and ultimately ovulate (17). Although
much is now known about the functional characteristics of
preovulatory follicles (17, 18), the biochemical mechanisms that
control the complex process of ovulation are not well under-
stood. Histological studies have shown that, in response to the
ovulatory LH surge, tissue degradation and extracellular matrix
remodeling occur at the apex of the preovulatory follicle,
ultimately leading to follicular rupture on the outer edge of the
ovary and release of the mature oocyte (1). These remodeling
events implicate precisely controlled induction and activation of
matrix-digesting proteases (1). Compounding the issue of iden-
tifying and analyzing the function of such proteases is that most
proteases have overlapping as well as distinct substrate specific-
ities and are synthesized as latent proenzymes requiring activa-
tion by additional proteases. The matrix metalloproteinases
(MMPs) have received considerable attention as candidate
proteases controlling ovulation (19). Of the 23 known MMPs
(20), collagenases (MMP-13 and MMP-8), which degrade col-
lagen type I, gelatinases (MMP-2 and MMP-9), which degrade
collagen types IV/V, and stromelysin-like enzymes (MMP-19)
have been shown to be present in the ovary (21-25). However,
their relationship, if any, to each other or to ovulation has
remained speculative. A membrane-bound MMP, MMP-14,
which has been shown to activate MMP-2 (20), is expressed in
granulosa cells of preovulatory follicles (23), but mice lacking
MMP-14 have normal fertility (26); thus, this protease is not
essential for ovarian function.

Analysis of the ovulatory defect of the PRKO mice affords a
unique opportunity to elucidate the cell types and proteases
critical for follicular rupture, because certain imperative ovula-
tory factors are lacking in these mice. The studies described
herein demonstrate the precise temporal and cell-specific ex-
pression of PR in the mouse ovary as well as the specific defect
in follicular rupture/ovulation in PRKO mice. In addition, the
hormonal regulation of putative ovulatory proteinases MMP-2
and MMP-9 was analyzed. Importantly, the expression after
ovulatory LH of two distinct proteases, ADAMTS-1 and ca-
thepsin L, is shown to occur in granulosa cells of normal mice but
not in anovulatory follicles of PRKO mice. As progesterone-
responsive genes that are transcriptionally activated in granulosa
cells at the time of ovulation, ADAMTS-1 and cathepsin L
represent the first clues about which cell type and proteases
impact the ovulation process.

Materials and Methods

Animals. PRKO mice were generated by insertion of a neomycin-
resistance cassette into the first exon of the PR gene (15),
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resulting in a severely truncated noncoding message. Female
mice homozygous for the mutation are completely infertile (15,
16). All mice were maintained in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Female mice at 22-24 days of age were injected
intraperitoneally with 4 units of pregnant mare serum gonado-
tropin/gestyl (PMSG; Professional Compounding Center of
America, Houston, TX), a follicle-stimulating hormone analog,
to stimulate follicular growth and again 46 h later with 5 units of
human CG/pregnyl (hCG; Organon), an LH analog, to trigger
ovulation and luteinization.

Immunolocalization of PR. Ovaries were fixed in 4% (vol/vol)
paraformaldehyde, paraffin-embedded, and sectioned. Immu-
nohistochemistry was performed as described (27) by using
polyclonal anti-human PR antibody (Dako), which recognizes
both PRA and PRB isoforms. Immunoreactivity was detected
with peroxidase reagents (Vector Laboratories), and the sec-
tions were counterstained with the cytoplasmic stain eosin.

In-Gel Zymography. Whole mouse ovaries were homogenized in
cold zymography extraction buffer (50 mM Tris-HCI, pH 7.4/
0.15 M NaCl/0.01 M CaCl,/0.25% Triton X-100/0.001% so-
dium azide) and centrifuged briefly; 5 ug of each supernatant
and molecular mass markers were separated on a SDS/10%
PAGE gel containing 1 mg/ml gelatin (Sigma). The gel was
washed to remove SDS, incubated to stimulate protease activity,
and stained with Coomassie blue (28). The gelatin substrate
stains dark blue, whereas the activated gelatinase MMPs digest
the substrate and appear as clear bands. Dried zymography gels
were quantitated by scanning and densitometric analysis with
IMAGEQUANT software. Differences were expressed as fold in-
creases above PMSG-treated control animals.

Reverse Transcription-PCR (RT-PCR). Total ovarian RNA was pre-
pared from whole mouse ovaries by using Trizol reagent (Life
Technologies, Grand Island, NY). RT-PCR was performed as
described (29). Total RNA [350 ng for cyclooxygenase-2
(COX-2) and 200 ng for cathepsin L and ADAMTS-1] was
reverse transcribed by using oligo poly(dT) (Amersham Phar-
macia) and AMYV reverse transcriptase (Promega). Specific primers
were used to amplify cDNAs: COX-2 sense, 5'-TGTACA-
AGCAGTGGCAAAGG-3"; COX-2 antisense, 5'-GCTGTG-
GATCTTGCACATTG-3'; cathepsin L sense, 5'-TGAC-
ACAGGGTTCGTGGATA-3’; cathepsin L antisense, 5'-
ACCGCTACCCATCAATTCAC-3"; ADAMTS-1 sense,
5'-CAGTACCAGACCTTGTGCAGACCTT-3'; ADAMTS-1
antisense, 5'-CACACCTCACTGCTTACTGGTTTGA-3'.
Primers for the ribosomal protein L19 (L19 sense,
5'-CTGAAGGTCAAAGGGAATGTG-3"; L19 antisense, 5'-
GGACAGAGTCTTGATGATCTC-3") were included in each
experiment as an internal control (8). Dried gels were quan-
titated by using a Storm 860 PhosphorImager (Molecular
Dynamics) and exposed to autoradiographic film. The mouse
cathepsin L and ADAMTS-1 cDNA products were cloned into
pCRII-TOPO vectors by using the TOPO TA Cloning kit
(Invitrogen). Their authenticity was verified by sequence
analyses.

In Situ Hybridization. /n situ hybridization was performed accord-
ing to the detailed methods of Wilkensen (30) and as described
(31). 3S-UTP-labeled antisense and sense probes for cathepsin
L and ADAMTS-1 were synthesized from the cloned PCR
cDNAs (above) by using the Riboprobe In Vitro Transcription
Systems kit (Promega). Slides were dipped in photographic
NTB-2 emulsion (Kodak) and exposed at 4°C for 1-3 days.
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Fig. 1. Expression and localization of ovarian PR. Immunohistochemistry
with an anti-PR antibody and diaminobenzidine detection (dark nuclear
staining) was performed on sections from wild-type (A and D-F), heterozy-
gous (B), or PRKO (C) mice treated with PMSG only (A), PMSG and hCG for 4 h
(Band C), or PMSG and hCG for 8 h (D-F). E is a higher magnification of D, and
F is a serial section incubated without primary antibody. PR is expressed
specifically in large, preovulatory follicles (large arrows) in response to hCG
but not in neighboring small follicles (small arrows). Original images were
taken at x20 (A-C) and x50 (D-F).

cDNA Array Differential Hybridization. Mouse cDNA array mem-
branes were purchased from CLONTECH. Poly(A)* RNA was
isolated from total ovarian RNA by Oligotex purification (Qia-
gen, Santa Clarita, CA), radiolabeled, and purified according to
the CLONTECH protocol. Duplicate cDNA expression array
membranes were hybridized overnight with equal counts of the
labeled ¢cDNAs derived either from PR+/— or from PRKO
poly(A)* RNA. Membranes were washed and exposed to Kodak
X-Omat film, and signals from corresponding genes were
compared.

Results

Ovarian Expression of PR. The time course and cell-specific ex-
pression of PR protein in mouse ovary was analyzed by immu-
nohistochemistry. Mice were treated with PMSG followed by
hCG, which triggers ovulation approximately 14 h later. Immu-
noreactive PR was not detected in the ovaries of PMSG-treated
mice (Fig. 14). However, PR was present within 4 h and 8 h after
hCG, specifically in granulosa cells of large preovulatory follicles
(Fig. 1 B and D) and is localized to nuclei (Fig. 1E). Adjacent
sections in which the primary antibody was omitted showed no
detectable staining (Fig. 1F). Ovaries from PRKO littermates,
similarly treated with PMSG and hCG, had large, antral follicles
that did not have PR immunoreactivity (Fig. 1C). The expression
of PR protein was down-regulated by 12 h after hCG treatment
(not shown).

Ovarian Phenotype of PRKO Mice. Preovulatory follicles of PRKO
mice seem histologically indistinguishable from those of their
wild-type and heterozygous littermates (Figs. 1 B and C and 24
Upper). The histological appearance of corpora lutea formed in
response to PMSG and hCG also looked similar in the heterozy-
gous and PRKO mice with the exception of entrapped oocytes
in the PRKO ovary (ref. 15; Fig. 24 Lower).

To analyze functional characteristics of the PRKO preovula-
tory follicles that might account for this ovulation defect, several
molecular markers for specific stages of granulosa cell differen-
tiation were analyzed by RT-PCR and in situ hybridization.
Cytochrome P450 aromatase (CYP19), which catalyzes the
production of estrogen, is a marker of steroidogenic function in
granulosa cells of preovulatory follicles (32, 33). In PRKO
ovaries, aromatase mRNA was induced by PMSG treatment and
down-regulated by hCG in a pattern and magnitude indistin-
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Fig. 2. Ovarian phenotype of PRKO mice. (A Upper) PR+/— and PRKO
littermates have large preovulatory follicles in response to PMSG treatment.
(A Lower) In normal mice (PR+/—), follicles ruptured and expelled the oocyte
and formed hypertrophic corpora lutea 48 h after ovulatory hCG. In similarly
treated PRKO mice, the follicles do not ovulate, and the oocyte remains within
the ovary, identified by periodic acid Schiff's reagent staining (dark pink color)
of its zona pellucida layer. (B) RT-PCR analysis of the ovulatory marker COX-2.
COX-2 was induced normally in both PR+/— and PRKO mice treated with
PMSG and hCG (P, hCG 4 h). The ribosomal protein L19 was used as internal
control. (C) In-gel zymography of ovarian extracts from hormonally treated
PR+/— and PRKO mice showed active MMP-2 (clear bands at 66-72 kDa)
throughout follicular development. MMP-9 (clear bands at 92 kDa) was in-
duced and active 4 h after hCG treatment in both PR+/— and PRKO ovaries.

guishable from that of wild-type mice (not shown) and rats (32,
33). Similarly, follicle-stimulating hormone and PMSG-
dependent induction of LH receptor mRNA in granulosa cells of
preovulatory follicles and its expression in corpora lutea (34, 35)
occurred normally in PRKO ovaries (not shown). Thus, granu-
losa cells of preovulatory follicles in PRKO mice have a normal
ability to respond to gonadotropins.

To test LH responsiveness specifically, a gene associated with
LH-induced ovulation, COX-2, was analyzed (17, 36, 37). COX-2
catalyzes the production of prostaglandins known to be neces-
sary for ovulation (38); mice null for COX-2 have severely
impaired ovulation (39, 40). COX-2 mRNA was undetectable by
RT-PCR analysis in ovaries of PMSG-treated PR+/— and
PRKO mice but was induced rapidly by hCG in ovaries of both
genotypes (Fig. 2B). Thus, the anovulatory phenotype of PRKO
mice is not due to the absence or aberrant temporal expression
of COX-2 message. Despite the formation of corpora lutea (Fig.
2A Lower), which express normal genetic markers, such as
cholesterol side-chain cleavage cytochrome P450 (CYP21A; ref.
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41), the preovulatory follicles of the PRKO mice do not rupture;
rather, the oocyte remains trapped within the luteinized struc-
ture. Although these oocytes are not ovulated, they are viable,
can be fertilized in vitro, and grow to normal pups when
implanted in foster mothers (41).

These data establish that the ovarian follicles of the PRKO
mice develop normally to the preovulatory stage and differen-
tiate in response to the LH surge but are defective in a critical
step or steps essential in the ovulation process. Based on these
results, we hypothesized that the LH-mediated induction of PR
is essential for transcription of specific target genes, one or more
of which is likely to be a protease (or protease activator) required
to degrade the matrix proteins of the follicle wall and mediate
rupture.

Degradation of two basement membranes (one surrounding
the granulosa cells and one underlying the ovarian surface
epithelium) is required for successful ovulation. Therefore, the
activity of the gelatinases, MMP-2 (gelatinase A) and MMP-9
(gelatinase B), which digest the major component of basement
membranes, collagen IV, was analyzed by in-gel zymography
(Fig. 2C). In extracts of untreated mouse ovary, MMP-2 (mi-
grating at 66/72 kDa) was present and active. In response to
PMSG, MMP-2 remained present but migrated at a higher
molecular mass (72 kDa), most likely as a nonprocessed pro(la-
tent)-form of the enzyme. Treatment with hCG did not alter
MMP-2 content or activity in ovarian extracts. In contrast,
MMP-9 (migrating at 92 kDa) was induced rapidly (4 h) but
transiently (<8 h) by ovulatory hCG, a pattern confirmed by
Western blot analysis (not shown). Importantly, extracts from
PRKO ovaries showed the same pattern of gelatinase expression
and activity as their normal littermates (Fig. 2C). Analysis of
additional samples showed that the induction of MMP-9 activity
in PMSG, hCG 4-h ovaries was increased 1.90 *= 0.60-fold in
PR+ /— ovaries (n = 3) and 2.07 = 0.39-fold in PRKO ovaries
(n = 4) compared with PMSG-treated samples. Thus, neither
MMP-2 nor MMP-9 is a target of PR action.

Regulation of ADAMTS-1. ADAMTS-1, a member of the A disin-
tegrin and metalloproteinase family of proteases, was shown
recently to be induced by the LH surge in the rat ovary by a
mechanism sensitive to the progesterone synthesis inhibitor
epostane (42). Therefore, the expression of ADAMTS-1 mRNA
was analyzed in both normal and PRKO mouse ovaries by
RT-PCR. ADAMTS-1 message was not detected in ovaries from
wild-type, untreated mice but was present at low levels in
PMSG-stimulated ovaries (Fig. 3). In response to hCG for 7 h or
12 h, ADAMTS-1 mRNA was dramatically up-regulated in
PR+ /— ovaries but not in ovaries of PRKO mice. At 12 h after
hCG treatment, near the time of ovulation, ADAMTS-1 expres-
sion was 12-fold lower in PRKO ovaries compared with that in
their normal littermates.

Tissue localization of ADAMTS-1 mRNA in PR+/— and
PRKO ovaries was analyzed by in situ hybridization by using
the cloned cDNA. Results confirmed the temporal regulation
and PR-dependence demonstrated by RT-PCR analyses.
ADAMTS-1 transcripts were not detected above background in
ovaries of mice treated with PMSG alone (Fig. 4). After a 12-h
hCG treatment, ADAMTS-1 mRNA was highly expressed in
PR+/— ovaries, specifically in granulosa cells of the large
ovulatory follicles, and this expression had declined by 16 h of
hCG in the ruptured, luteinizing follicles. In PRKO ovaries,
ADAMTS-1 mRNA induction by hCG did not occur and
remained undetectable above background. These results indi-
cate that LH induction of PR is essential for the induction and
expression of ADAMTS-1 in follicles destined to ovulate.

Regulation of Cathepsin L. To identify additional PR-regulated
genes, immobilized cDNA arrays were used to compare mRNA
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Fig.3. Ovarian expression of ADAMTS-1. As determined by RT-PCR analysis
of total RNA from whole ovaries of untreated (unt), PMSG-treated, and
PMSG/hCG-treated (P, hCG) PR+/— (+/—) and PRKO (KO) mice, ADAMTS-1
was dramatically up-regulated in response to hCG. The induction of
ADAMTS-1 did not occur in PRKO ovaries. ADAMTS-1 expression was normal-
ized to expression of ribosomal protein L19.

populations present in ovaries of normal PR+/— and PRKO
mice. Mice were primed with PMSG and hCG for 8 h; poly(A)*
RNA was prepared; and matching arrays were probed with the
radiolabeled cDNAs. Expression of one protease was present in
the RNA prepared from PR+/— ovaries but was reduced
markedly in the RNA from the PRKO mice (arrays not shown).
This protease was identified as cathepsin L, a lysosomal cysteine
proteinase.

Analysis of the expression of cathepsin L mRNA by RT-PCR
detected cathepsin L mRNA in ovaries from untreated wild-type
mice (Fig. 5); cathepsin L mRNA was up-regulated by PMSG in
both PR+ /— and PRKO mice. Further up-regulation by hCG (7
h and 12 h) in PR+/— mice did not occur in PRKO mice.
Immediately before ovulation (12 h), cathepsin L mRNA was
4-fold lower in PRKO ovaries than in PR+/— ovaries.

In situ hybridization experiments showed cathepsin L ex-
pressed in the small follicles as well as in the largest, preovulatory
follicles of PMSG-treated mice (Fig. 6). This expression pattern
was identical in PR+ /— and PRKO ovaries. In mice treated with
PMSG and hCG for 12 h, cathepsin L mRNA was specifically
detected in the large, ovulating follicles. Similar large follicles of
the PRKO ovaries did not express detectable levels of cathepsin
L mRNA, although it was expressed in adjacent smaller follicles.
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Fig. 5. Ovarian expression of cathepsin L. As determined by RT-PCR analysis
of total RNA from whole ovaries of untreated (unt), PMSG-treated, and
PMSG/hCG-treated (P, hCG) PR+/— (+/—) and PRKO (KO) mice, cathepsin L
was induced by PMSG and to highest levels by hCG. The induction of cathepsin
Lin response to hCG did not occur in PRKO ovaries. Cathepsin L expression was
normalized to expression of ribosomal protein L19.

The presence of cathepsin L transcripts in small follicles of
PRKO ovaries explains the only partial reduction of cathepsin L
message observed in whole ovary RNA analysis by RT-PCR.
Similarly, 16 h after hCG, cathepsin L mRNA was highly
expressed in ruptured follicles of normal ovaries but was not
detected in the large nonovulated follicles of PRKO ovaries.
Therefore, cathepsin L expression is localized to the granulosa
cells of the ovary. Interestingly, PR is required for the enhanced
cathepsin L expression in ovulating follicles, whereas the lower
expression levels in small follicles are independent of PR.

Discussion

The biochemical events that control the process of ovulation are
not yet known. However, the profound changes in follicle
structure and the extensive tissue remodeling that occur during
the ovulatory process almost certainly require the action of
specific and tightly regulated proteases. The data presented
herein indicate that the LH-induced transcription factor PR is
required for the production of two such regulated proteases,
ADAMTS-1 and cathepsin L. In normal mice, these proteases
are dramatically up-regulated in granulosa cells of LH-
stimulated ovulatory follicles, but in anovulatory PRKO mice,
these proteases remain at preovulatory levels. The spatial/
temporal expression of these two proteases and their specific
dependency on the actions of LH and PR make them highly

PMSG P,hCG 12h P,hCG 16h

Fig. 4. Regulated expression of ADAMTS-1 in preovulatory follicles. In situ
hybridization with a radiolabeled antisense probe showed undetectable
ADAMTS-1 expression in ovaries of PMSG-treated PR+/— and PRKO mice. In
response to hCG, ADAMTS-1 expression was induced in granulosa cells of the
large, ovulating follicles of PR+/— mice (black arrows) but not in similar large
follicles of PRKO mice (red arrows). ADAMTS-1 expression in ovulating follicles
was transient and had decreased in PR+/— granulosa cells by 16 h after hCG.
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Fig. 6. Regulated expression of cathepsin L in preovulatory follicles. In situ
hybridization with a radiolabeled antisense probe showed cathepsin L expres-
sion in small follicles of PMSG-treated PR+/— and PRKO mice. In response to
hCG, cathepsin L was induced in the large, ovulating follicles of PR+/— mice
(black arrows) but was not induced in similar large follicles of PRKO ovaries
(red arrows).
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attractive candidates for mediating specific steps in the ovulatory
process.

ADAMTS-1 is a modular protein (43), consisting of a disin-
tegrin domain and three thrombospondin type I motifs, in
addition to a metalloproteinase domain (10). Unlike other
ADAM family members, ADAMTS-1 does not have a trans-
membrane region but is secreted from cells in a catalytically
active form; however, an in vivo substrate or substrates have yet
to be identified (44, 45). Disintegrin domains, which generally act
to inhibit integrin function and intracellular signaling cascades by
blocking their binding to adhesive ligands (46), may play a role
in the disruption of cellular interactions with the collagenous
matrix or the inhibition of granulosa cell interactions mediated
by integrins (47). ADAMTS-1 has been shown to interact with
extracellular matrix via the thrombospondin type I motifs (44),
alikely mechanism by which it is targeted in tissue to specific sites
of action. Thrombospondin type I has been shown to inhibit
endothelial cell proliferation, migration, and angiogenesis (48)
and is also present in the ovary (41). Interestingly, the human
ortholog of ADAMTS-1 (METH-1) as well as its homolog
METH-2 have angioinhibitory activity (49)—even greater than
that of thrombospondin itself. After ovulation, the ruptured
follicles rapidly reorganize to form corpora lutea, a highly
vascularized tissue. Therefore, any role for ADAMTS-1 at the
time of ovulation as an angiostatic factor would need to be of
limited duration, consistent with the transient expression pattern
of ADAMTS-1 in ovulating follicles (Fig. 5; ref. 42). The distinct
matrix-interacting capability and multiple domain structure of
ADAMTS-1 most likely enable it to localize and exert multiple
biological effects simultaneously. The generation of site-specific
mutations within each domain as well as the generation of mice
null for ADAMTS-1 will be required to determine the contri-
bution of each domain to its biological activity and to elucidate
roles for ADAMTS-1 in specific tissues. In the ovary, perhaps the
ADAMTS-1 protease domain mediates aspects of cellular deg-
radation and dissolution of the follicle wall, whereas the throm-
bospondin and disintegrin domains control its localization and
aspects of inflammation, differentiation, and/or neovasculariza-
tion, thereby coordinating many facets of follicle rupture and
corpus luteum formation. Recently, other members of the
ADAMTS family have been identified (50, 51). However, the
dramatic ovarian expression pattern of ADAMTS-1 and the
absence of expression in the anovulatory PRKO mice suggest a
particular significance in ovulation.

Cathepsin L may also possess complex functions. Although
commonly known as a lysosomal protease, cathepsin L is also
secreted from cells (52), and its substrates include collagen (I and
1V), elastin, and fibronectin. Cathepsin L therefore has the poten-
tial to act on extracellular matrix proteins, such as those that
maintain the integrity of the follicle wall. Although secreted as a
proenzyme, cathepsin L can be activated when complexed with
extracellular glycosaminoglycans, which are known to be present in
follicular fluid and extracellular matrices (53). Both the proenzyme
and the cleaved form of cathepsin L can degrade matrix proteins but
with different specificities (54). Cathepsin L has also been observed
to stimulate DNA synthesis (55) and steroidogenesis (56), perhaps
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by activating or inactivating locally secreted cytokines. Also of
interest, cathepsin L was identified as a progesterone-induced
secretory protein in the cat uterus (57).

The transcriptional mechanisms by which PR regulates the
promoters of ADAMTS-1 and cathepsin L remain to be re-
solved. The mouse cathepsin L gene does not have a consensus
PR binding site in the 240 bp of known upstream sequence
(GenBank accession no. L06427). Nor does the murine
ADAMTS-1 gene have a consensus PR binding element within
the 440 bp of its known 5" sequence (GenBank accession no.
ABO001735). Based on these rather limited data, one cannot
resolve whether the effects of PR are direct or indirect. Both
genes have multiple Sp1 binding sites, and for cathepsin L, this
site has been shown to be important for expression in the 3Y1
cell line (58). Spl is present at high levels in the ovary (59) and
directly regulates the expression of serum and glucocorticoid-
inducible kinase (sgk) in granulosa cells. In addition, PR regu-
lates expression of the p21©P! gene in a DNA-independent
mechanism by interacting with Sp1 bound to the promoter (60).
Thus, if a consensus PR regulatory site is not identified in
additional upstream or intronic sequences, PR may regulate the
expression of cathepsin L and/or ADAMTS-1 by similar, indi-
rect mechanisms.

MMP-9 and MMP-13 have long been considered to be po-
tential mediators in the ovulatory process. The induction of
MMP-9 by hCG at the time of ovulation, reported herein and by
others (23), suggests a role in follicle remodeling but not an
essential role in ovulation per se, because mice lacking MMP-9
are fertile (61) and have completely normal ovarian histology (Z.
Werb, personal communication). Of course other MMPs with
overlapping substrate specificities, such as MMP-2, may account
for the lack of a more dramatic ovarian phenotype in the MMP-9
null mice. Based on increased collagenase (against collagen I)
activity in ovaries of ovulating rats (21, 22) and bovine follicles
(62), it is highly likely that MMP-13 plays a role in ovulation.
However, the temporal pattern of MMP-13 expression in the
rodent ovary (24) and its presence in PRKO mice (J.S.R,,
unpublished data) indicate that it is not a PR-regulated gene. It
is possible, however, that MMP-13, an additional collagenase
such MMP-8 (25), or MMP-19 (23) acts in conjunction with the
PR-regulated proteases (ADAMTS-1 and cathepsin L) to gen-
erate a proteolytic cascade that ultimately degrades the ovarian
follicle wall and ovarian surface epithelium.

In summary, PRKO mice fail to ovulate and have an ovarian
phenotype in which the expression and/or activation of key
ovulatory proteases is impaired. We have identified two candi-
date proteases, ADAMTS-1 and cathepsin L, which are induced
in the ovary at the time of ovulation and depend on PR for
normal expression. Our demonstration of markedly reduced
expression of ADAMTS-1 and cathepsin L in anovulatory
PRKO follicles suggests an important role for each enzyme in the
ovulatory process, providing new perspectives for future studies
on the proteolytic events that impact the ovulation process.
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