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Follicular development, follicular rupture, and corpus luteum (CL) formation are accompanied by
extensive tissue remodeling. We examined whether heparanase (HPSE), which cleaves heparan
sulfate glycosaminoglycans, is induced during these processes. Prostaglandin F2« injection, which
initiated luteolysis and the development of a preovulatory follicle, moderately increased HPSE
MRNA in bovine granulosa cells (GCs). GnRH, used to induce gonadotropin surge, markedly aug-
mented HPSE mRNA levels 12 h after its injection. The temporal pattern of HPSE gene expression
in follicular-luteal transition was further examined in follicles collected before, and 4, 10, 20, 25,
and 60 h after GnRH injection. HPSE mRNA increased transiently 10-20 h after GnRH injection to
levels 10-fold higher than in untreated heifers. HPSE protein levels were similarly elevated 20 h
after GnRH injection in GCs, but not in the theca layer. Cyclooxygenase-2 (PTGS2) mRNA peaked
before ovulation when HPSE levels returned to baseline levels. HPSE mRNA abundance also re-
mained low in the CLs. The antiprogesterone, RU-486, elevated HPSE levels in GC culture, sug-
gesting that progesterone secreted by CLs may inhibit HPSE. HPSE immunostaining was more
abundant in GCs than thecae. In cultured GCs, LH induced a transient increase in HPSE mRNA 3-6
h after its addition, but not at 24 h. However, PTGS2 mRNA was clearly induced at this time. These
findings suggest that: 1) HPSE may play a role in ovulation but much less so during CL development,
and 2) GC-derived HSPE may be a novel member of the LH-induced extracellular matrix-degrading
enzyme family and may contribute to follicular rupture. (Endocrinology 150: 413-421, 2009)

xtensive tissue remodeling occurs during the ovarian cycle;
follicular development, follicular rupture, and the forma-
tion and regression of the corpus luteum (CL) require contin-
uous changes in composition and/or degradation of the ex-
(ECM) (1-3). The ECM provides
mechanical support of tissue and influences numerous cellular

tracellular matrix
processes, including effects on cell shape and behavior, such
as migration, cell anchorage, division, and differentiation
(4, 5). The major molecular constituents of ECM are collag-
ens, fibronectin, laminin, and heparan sulfate proteoglycan
(perlecan, HSPG) (4, 5).
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Several different proteases with differing substrate specifici-
ties are required for ECM remodeling and degradation. Two
proteolytic systems that have been widely implicated in ovarian
matrix remodeling during ovulation and subsequent CL devel-
opment are the plasminogen activator and the matrix metallo-
proteinase systems (1, 6—8). These systems are composed of
proteases and associated inhibitors that tightly control the pro-
teolytic activity in the extracellular space and, thereby, the site
and extent of ECM remodeling. Another proteolytic enzyme, a
member of a disintegrin and metalloproteinase with throm-
bospondin-like motifs-1 (ADAMTS-1) family, was recently in-

Abbreviations: ADAMTS-1, A disintegrin and metalloproteinase with thrombospondin-like
motifs-1; CL, corpus luteum; Cy, threshold cycle number; ECM, extracellular matrix;
ER, estrogen receptor; Fl, forskolin and insulin; GC, granulosa cell; HPSE, heparanase; HS,
heparan sulfate; HSPG, heparan sulfate proteoglycan; PGF2a, prostaglandin F2«; PGR,
progesterone receptor; PTGS2, prostaglandin-endoperoxide synthase-2; TC, theca; VEGF,
vascular endothelial growth factor.
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duced in granulosa cells (GCs) of preovulatory rat follicles after
stimulation with LH (9, 10). Quite unexpectedly, the expression
of these proteins was found to be species dependent, e.g. different
members of these proteolytic systems were induced in rats, cattle,
and humans, suggesting species differences (1, 7, 9, 11-13).

Heparan sulfate (HS) and HSPGs are important constituents
of the ECM and basement membrane. HSPGs, which not only
occur in the ECM but are expressed on cell surfaces, are com-
posed of a protein core to which side chains of the complex
glycosaminoglycan HS are attached (14). Each HS side chain
consists of a linear polysaccharide of up to 400 sugar residues,
composed of a repeating disaccharide of hexuronic and p-
glucosamine, is substituted to varying extents by O- and
N-linked sulfate and N-acetyl groups (15). HSPGs regulate many
physiological processes such as adhesion, migration, differenti-
ation, and proliferation (16-18). Furthermore, HS can bind pro-
teins and regulate their availability and function. For example, a
number of growth factors bind HS and are sequestered in the
ECM and basement membranes (17). In addition, there is clear
evidence that cell surface HS can interact with HS-binding
growth factors and facilitate signal transduction via growth fac-
tor receptors (19).

Heparanase (HPSE) is an endo-B-D-glucuronidase that de-
grades HS glycosaminoglycan side chains of proteoglycans (20,
21). Studies using HPSE overexpressing transgenic mice revealed
that this enzyme functions in normal processes involving cell
mobilization, HS turnover, and tissue vascularization (22).
HSPE appears to be the only endoglycosidase that degrades HS
and, thus, is an important participant in ECM solubilization.
Therefore, it is likely that HSPE plays a role in ovarian tissue
remodeling. Interestingly, inactive HPSE still retained an array of
biological functions, suggesting that this molecule has functions
that are independent of its enzymatic activity, therefore, increas-
ing its diversity (23). To date, very little information is available
regarding HPSE expression and its regulation in ovaries. Here,
we examined HPSE expression in the bovine ovary during the
periovulatory period and the subsequent luteal phase. To un-
derstand better how the HPSE mRNA levels are regulated, we
also conducted in vitro studies using cultured GCs.

Materials and Methods

In vivo studies

Experiment 1

The estrous cycle of lactating Holstein cows was synchronized by
injecting two doses of prostaglandin F2a (PGF2a analog) (625 ug clo-
prostenol, Estrumate; Coopers, Berkhamsted, UK) administered 12 d
apart. Animals were observed for estrous behavior three times a day for
2 d, starting 36 h after the second PGF2« injection. Only animals ex-
hibiting overt estrous behavior and with ultrasound-confirmed ovula-
tion (36-48 h after the onset of estrus) were included in the experiment.
From d 3 of the succeeding cycle, ultrasonography was performed daily
with a real-time ultrasound instrument (model SSD-900; Aloka, Tokyo,
Japan) equipped with a 7.5-MHz transrectal linear transducer. Cows
were sorted randomly into four experimental groups. On d 6 of the cycle,
GCs were aspirated from the first-wave dominant follicles (group 1), or
PGF2« was injected (to induce luteolysis and development of a preovu-
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latory follicle). Preovulatory follicles were aspirated 24 or 42 h later
(groups 2 and 3, respectively). A fourth group of cows was injected with
GnRH (250 pg gonadorelin acetate, Gonabreed; Parnell Laboratories,
Alexandria, Australia) 48 h after PGF2« injection, and GCs were aspi-
rated 12 h later. For retrieval of GCs (24), cows were injected im with 14
mg xylazine hydrochloride (Sedaxylan; Eurovet Animal Health BV, Bl-
adel, Holland) to induce effacement and muscle relaxation to minimize
rectal contractions, and with 2.5 ml (2%) lidocaine for achieving local
anesthesia. GCs were collected using a 7.5-MHz intravaginal sectorial
ultrasound probe (Pie Medical, Maastricht, The Netherlands), which
was attached to a metal rigid pipeline ending with an aspiration-needle
(21 gauge), which was then attached to a 5-ml syringe. The pipeline and
the attached syringe were filled with sterile saline solution (NaCl 0.9%).
The contents of the chosen follicle were aspirated and repumped two to
three times to facilitate detachment of the GCs from the follicle wall.
After centrifugation (2000 rpm, 5 min), follicular fluids were kept at —20
C, and the cell pellets were subjected to RNA extraction. There were 28
cows included in this experiment.

Experiment 2

The experimental procedure was described previously by Berisha
etal. (25). The animal experiments were approved by the Bavarian Author-
ity Institutional Care (AZ 211-2531.3-33/96) and Use Committee.

FSH (Ovagen, Immunochemical Products Ltd., Auckland, New Zea-
land) injections (a total of seven) were given im at 12-h intervals in
gradually decreasing doses: two times 1.4 mg, two times 1.2 mg, two
times 1.1 mg, and a last injection of 1.0 mg FSH. After the sixth FSH
injection, a luteolytic dose of 500 ug PGF2a analog (cloprostenol, Es-
trumate; BERNA Veterindarprodukte AG, Bern, Switzerland) was in-
jected im, and 40 h after PGF2« injection, 100 pg GnRH (Receptal;
BERNA Veterindarprodukte AG) was injected to induce the LH surge. For
confirmation of LH surge, blood samples were collected from the jugular
vein. Before GnRH, basal LH concentrations were present in blood
plasma (range 0.8-1.0 ng/ml); 3 h after GnRH, the mean LH level (in-
duced LH surge) was 11.50 ng/ml (range 8.5-14.1), and at 12 h, 0.73
ng/ml (range 0.2-1.0). For each time point [0, 4, 10, 20, 25 h (follicles)
and 60 h (new CL)] relative to injection of GnRH, the ovaries were
collected by transvaginal ovariectomy. For each time point, five cows
were ovariectomized, and one follicle from each was used per time point
(n = 5 follicles from five different cows per group). The other follicles
from superovulated animals were used in other experiments. Only fol-
licles that appeared healthy (i.e. well vascularized and having transparent
follicular walls and fluid) and whose diameters were more than 10 mm
were collected. For RNA extraction, follicles were dissected from the
ovary, and the surrounding tissue [theca (TC) externa] was removed with
forceps under a stereomicroscope. Follicles were aliquoted, quickly fro-
zen in liquid nitrogen, and stored at —80 C until RNA was extracted.

Experiment 3

The estrous cycle of lactating Holstein cows was synchronized as in
experiment 1. On d 6 of the estrous cycle, cows were injected with PGF2«
toinduce preovulatory follicular development and were sorted randomly
into two experimental groups. One group (n = 4) was injected with
GnRH 30 h after the PGF2 « injection, whereas the other group (n = 4)
remained untreated. Ovaries with large follicles (>10 mm in diameter)
were collected at a local slaughterhouse 20 h after the GnRH injection.
GCs were enzymatically harvested (as described below in In vitro stud-
ies), after which TC layers were peeled off from the follicle and were
immediately frozen. A small fraction of GCs was processed for RNA
extraction, and the rest were used for protein determination, as detailed
below.

The protocols of experiments 1 and 3 were approved by the local
ethics committee of the Hebrew University.

CL collection

CLs were collected at a local slaughterhouse, and the luteal stage was
determined by macroscopic examination of the ovaries, according to
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criteria described by Fields and Fields (26). CLs were divided into three
groups: early (d 2-6), mid (d 8-12), and late (d 15-18).

In vitro studies

Isolation and culture of GCs

Ovaries with large follicles (>10 mm in diameter) were collected at
a local slaughterhouse. To determine the status of the follicles, estradiol
and progesterone concentrations were measured in follicular fluid by
Diagnostic Products Corp. estradiol and progesterone kits (Diagnostic
Products Corp., Los Angeles, CA) according to the manufacturer’s in-
structions. Follicles with estradiol concentrations in follicular fluids
more than 100 ng/ml and ratios of estradiol to progesterone more than
one were classified as healthy large follicles (27, 28). GCs were enzy-
matically dispersed (29, 30) using 0.1% hyaluronidase, 0.1% collage-
nase I, and 5 ug/ml deoxyribonuclease 1 (Worthington Biochemical
Corp., Freehold, NJ). The TC layer was peeled from the ovary. Viability
of GCs was examined using Trypan blue staining. TC layers were pro-
cessed immediately for RNA extraction. GCs (0.5-1 X 10° cells per well)
were seeded in six-well plates and cultured in basal media (DMEM-F12
containing 3% fetal calf serum, 2 mM L-glutamine, and 100 pg/ml pen-
icillin streptomycin; Biological Industries, Kibbutz Beit Hemeek, Israel).
Bovine LH (100 ng/ml) or RU 486 (mifepristone, 0.5 uM; Sigma-Aldrich
Corp., St. Louis, MO) was added for 3, 6, and 24 h. For in vitro lutein-
ization, GCs (0.5-1 X 10° cells per well) were seeded in 24-well plates
and cultured in basal media (described previously) containing forskolin
(10 wm; Sigma-Aldrich) and insulin (2 pg/ml; Sigma-Aldrich). Cells were
harvested on d 3 and 6 culture (29, 30).

RNA isolation and real-time PCR

Total RNA was isolated from tissue and cells using Tri-Fast reagent
(Peglab Biotechnologie GmbH, Erlangen, Germany) according to the
manufacturer’s instructions. PCRs were performed using the PE Biosys-
tems GeneAmp 5700 sequence detection system, with the SYBR Green
I PCR kit (Eurogentec, Seraing, Belgium) used as previously described
(31, 32). Briefly, each real-time reaction (18 ul) contained the SYBR
Green Master Mix that comprised ROX 6-carboxy-X-rhodamine pas-
sive reference, 200 uM deoxynucleotide triphosphates, including de-
oxyuridine S-triphosphate, 5 mM MGCl,, uracil N-glycosylase, and Am-
plitag HotGoldStar DNA polymerase, 0.54 ul of a 1:10,000 dilution of
SYBR Green stock solution, 1.5 mM deoxynucleotide triphosphates, 10
nM of each primer, and 5-50 ng cDNA. The glyceraldehyde 3-phosphate
dehydrogenase gene was used as the housekeeping gene for CL, TC, and
GC from follicles. For cultured cells, actin 8 was used as the housekeeping
gene. Dissociation curve analysis was performed after each real-time exper-
iment to confirm the presence of only one product and the absence of the
formation of primer dimers. The threshold cycle number (Cy) for each tested
gene X was used to quantify the relative abundance of the gene; arbitrary
units were Calculated as: 2 —ACt _ 2~ (Ct target gene X—Ct housekeeping gene).

Table 1 presents a list of primers.

Western blot analysis

Cell extraction was performed as described by D’Souza et al. (33).
Briefly, 6-10 X 10° GCs were homogenized in lysis buffer [SO mm Tris
HClI, 8 M urea, 1% sodium dodecyl sulfate, 1% B-ME (pH 7), and 10%
protease inhibitor cocktail]. Cell lysates were sonicated on ice for 10 sec
at low speed. Proteins were precipitated overnight at 4 C by 100% (wt/
vol) trichloroacetic acid (diluted 1:4 with sample). Protein pellets were
washed twice with 500 ul acetone and air-dried. Finally, samples were
resuspended in sodium dodecyl sulfate sample buffer containing BME,
boiled, and centrifuged before being loaded onto the polyacrylamide gel.
Proteins were electrically transferred to nitrocellulose membranes,
blocked for 2 h in Tris-buffered saline-Tween 20 containing 5% low-fat
milk, then washed and incubated overnight at 4 C with monoclonal
human anti-HPSE antibody (InSight Biopharmaceuticals, Rehovort, Is-
rael). The antibody was diluted 1:1000 in 0.5% low-fat milk. Mem-
branes were then washed three times and incubated with horseradish
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TABLE 1. Primer list

Product
Gene Sequences length (bp)

GAPDH  f: ggcgtgaaccacgagaagtat r: cgtggacagtggt 141
cataagt

ACTB f: cgggacctgacggactaccte r:gccatctcctgeteg 137
aagtcc

CYP19A1 f: tggtgatgatgaaggtcgtcc r: cgaggc acttgtct 180
gaatttct

PGR f: caggc tggc atggttcttgg r: ggc ttagggce ttggc 127
tttcgt

HPSE f: cggattgttgagaagatcaga r: aaggtgttggaca 102
ggaaggg

VEGF f: ccatgaactttctgce tcttgg r: tccatgaacttcacc 135
acttcg

PTGS2 f: cagcggtgcagcaaatccttg r:ctgtgttgggagt 179
gggtttca

ACTB, Actin B ; f, forward; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
r, reverse.

peroxidase-conjugated goat antimouse IgG for 1 h at room temperature.
A chemiluminescent signal was generated with SuperSignal (Thermo
Scientific, Rockford, IL), and the membranes were exposed to x-ray film.

Immunohistochemistry

The procedure was performed as described previously (34, 35). Fol-
licles were fixed in 4% (vol/vol) paraformaldehyde (Sigma-Aldrich), em-
bedded in paraffin, and cut into 5-um sections. The sections were dew-
axed in xylene and rehydrated using decreasing ethanol concentrations.
Endogenous peroxidase activity was quenched by pretreatment with 3%
(vol/vol) hydrogen peroxide (Sigma-Aldrich) in methanol for 30 min.
Antigen retrieval was performed by treating sections for 5 min in a mi-
crowave in boiling citrate buffer [Na citrate 10 mm (pH 6.0)]. Tissue
sections were then washed in PBS and incubated (1 h) with normal horse
serum (10%) that served as a blocking agent for nonspecific binding.
Tissue sections were then incubated for 18 h with rabbit polyclonal
anti-HSPE antiserum (diluted 1:100). After three washes in PBS, the
slides were incubated with Dako antirabbit EnVision-horseradish per-
oxidase-labeled polymer (DakoCytomation, Carpinteria, CA) for 30
min. After a final PBS wash, the immunoreactive proteins were visualized
with AEC 3-amino-9-ethylcarbaxol solution and then counterstained
with hematoxylin.

Statistical analyses

Data are presented as means = SEM. Data were analyzed by either
one-way ANOVA or the Student’s # test. Differences were considered
significant at P < 0.05. All data were assessed for heterogeneity of vari-
ance using a Bartlett test and were found to be nonsignificant.

Results

HPSE and aromatase mRNA levels in GCs during
follicular development and GnRH administration

In experiment 1, GCs were retrieved from first-wave dominant
follicles (d 6 of the cycle) or from preovulatory follicles collected 24
and 42 h after PGF2« injection (Fig. 1). The mRNA levels of cy-
tochrome P450 aromatase (CYP19A1) in GCs and the estradiol
concentrations in follicular fluids were used to ascertain the stage of
follicular development. CYP19A1 mRNA levels were low before
PGF2«a was administered but increased progressively after PGF2«
was injected, reaching the highest level 42 h after PGF2« (Fig. 1).
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FIG. 1. HPSE and CYP19AT mRNA abundance in GCs during follicular
development and GnRH-induced gonadotropin surge (experiment 1). GCs were
aspirated from first-wave dominant follicles on d 6 of the cycle and from
preovulatory follicles collected 24 and 42 h after PGF2« injection and 12 h after
GnRH, administered 48 h after PGF2« injection. RNA was extracted from cells at
each time point (n = 5-7 for each group) and reverse transcribed. HPSE and
CYP19A1 were determined by real-time PCR. Arbitrary units represent relative
gene expression and are calculated as: 2 (¢t 9ene ~CtGPDH) Reglts are presented
as means = seM. No common letters indicate significant differences (P < 0.05;
uppercase for HPSE and lowercase for CYP19AT).

CYP19A1 mRNA correlated well with estradiol concentrations in
follicular fluids (data not shown), and both measures confirmed
that PGF2a injection promoted follicular development. HSPE
mRNA levels increased as follicles progressed to become preovu-
latory follicles. Its levels in GCs increased 3-fold, 24 and 42 h after
PGF2«a administration, as compared with follicles on d 6 of the cycle
(Fig. 1). An additional, significant increment in HPSE mRNA oc-
curred 12 h after GnRH was administered to preovulatory follicles
(11-fold increase compared with d 6 follicle), suggesting LH-in-
duced increase in the steady-state levels of HSPE mRNA. As ex-
pected, GnRH sharply reduced CYP19A1 levels in preparation for
ovulation (Fig. 1).

Temporal gene expression in preovulatory follicles or
newly formed CLs after GnRH-induced LH surge

To resolve more precisely the dynamics of HPSE gene ex-
pression in preovulatory follicles exposed to the gonadotropin
surge, we determined next its levels in whole follicles collected
from superovulated heifers (25), 4, 10, 20, 25, and 60 h after
GnRH: experiment 2 (Fig. 2). Steady-state HSPE mRNA levels
exhibited a transient induction profile; it was low before GnRH
treatment but increased significantly 10 and 20 h after GnRH (or
7-17 h after the LH surge), to levels approximately 12-fold
higher (Fig. 2A). Twenty-five hours after GaRH [~5 h before
expected ovulation (25)] and 60 h after GnRH (early CL), HPSE
returned to basal levels. The mRNA levels of other genes [pro-
gesterone receptor (PGR) and prostaglandin-endoperoxide syn-
thase-2 (PTGS2), also known as cyclooxygenase-2] were also
measured in the same samples. The known pattern of these genes
(36-38) was used to ascertain the expected temporal profile, and
to compare it with that of the HPSE gene. All genes exhibited
unique temporal expression. PTGS-2 mRNA levels increased
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FIG. 2. HPSE (A), PGR (C), and PTGS2 (B) mRNA levels in preovulatory follicles or
newly formed CL collected at 0, 4, 10, 20, and 25 h (follicles), and at 60 h (new
CL) after injection of GnRH (experiment 2). RNA was extracted, reversed
transcribed, and the cDNA was subjected to real-time PCR. Arbitrary units
represent relative gene expression and are calculated as: 2 ~(t 9ene ~CtGPDH) pop
each time point, five heifers were ovariectomized, and one follicle of each was
taken (n = 5 follicles from five different cows per time point). Results are
presented as means =+ sem. No common letters indicate significant differences
(P<0.05).

steadily toward the expected time of ovulation, reaching their
peak 25 h after GnRH (~22 h after LH surge), 15 h after those
of HSPE, and became undetectable 60 h after GnRH (early CL;
Fig. 2C). PGR exhibited a significant change already 4 h after
GnRH; in fact, its levels at this time point were already maximal,
and declined at 20 and 25 h after GnRH as well as in the young
CLs (Fig. 2B).

HPSE mRNA levels in CLs at different stages of the
luteal phase

Because this last experiment only contained very early CL
samples, HSPE mRNA levels at different stages of the luteal
phase were then determined (Fig. 3). HSPE mRNA was low in
CLs collected on d 2—-6 of the cycle, in fact, its levels in these
samples were comparable to those found 60 h after GnRH (Fig.
2A). There was a 3-fold increase in HPSE mRNA at midcycle CL,

254

HPSE mRNA levels
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= =] na

o (3,1 (=]

o
tn

o
o

Early Mid Late
Luteal phase

FIG. 3. HPSE mRNA abundance in CLs collected at different stages of the luteal
phase. CLs were either from early (d 2-6; n = 7), mid (d 8-15; n = 10), or late
(d 16-18; n = 9) luteal phases. Changes in mRNA levels in the different groups
were determined by real-time PCR. Arbitrary units represent relative gene
expression and are calculated as: 2~(Ct 9ene —CtGPDM) pjfferent Jetters indicate
significant differences (P < 0.05).
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FIG. 4. Induction of HPSE protein levels in GCs of bovine preovulatory follicles in
response to GnRH (experiment 3). GC protein extracts from untreated cows or at
20 h after GnRH injection were collected and analyzed by Western blotting, as
described in Materials and Methods. Lanes 1-4 and 5-8 each represent four
individual follicles (one per cow) from GnRH-injected or normal preovulatory
cows, respectively. Anti-HPSE monoclonal antibody was used to determine the
levels of HPSE in these samples. Western blotting of total MAPK was used as a
loading control. HSPE overexpressing cell extract was used as a positive control.

followed by a decrease during the late luteal phase (Fig. 3). Nev-
ertheless, HPSE levels in the CLs, even at midcycle, were at least
one order of magnitude lower than those present during the
periovulatory period (Figs. 2 and 3).

Induction of HPSE protein levels in GCs of preovulatory
follicles by GnRH

To determine whether the induction of HSPE mRNA during
the periovulatory period (Fig. 2A) was accompanied by an ele-
vation of its protein levels, we collected follicles 20 h after GnRH
injection (experiment 3) and probed GC protein extracts for
HSPE using a specific antibody. As shown in Fig. 4, there was
indeed a dramatic elevation in HPSE protein levels in GC derived
from GnRH-injected cows, as compared with cells from un-
treated preovulatory follicles. These GCs exhibited the expected
increase in HSPE mRNA. Interestingly, GnRH injection did not
alter HSPE mRNA in TCs (data not shown).

Differential expression of HSPE in GCs and TCs

GCs differed from TCs also in their basal HPSE mRNA levels,
which were approximately 2-fold higher than those of TCs (Fig. 5).

The immunohistochemical localization of HPSE at the protein
level (Fig. 6) was in good agreement with its mRNA abundance,
meaning that the GC layer was more intensely stained than the TC
layer in both the small and large follicles. In general, there was a
stronger staining in the large (Fig. 6, A and B) vs. the small follicles
(Fig. 6C).

In vitro regulation of HSPE in GCs

GCs were incubated with LH for different time periods rang-
ing from 3-24 h (Fig. 7A). LH up-regulated HPSE mRNA levels
after 3 and 6 h culture to levels approximately 4-fold higher than
controls. Similarly to the in vivo results, the stimulatory effect of
LH was transient because no increase was observed when cells
were incubated with LH for 24 h. To ascertain whether the cells
remained responsive at this time point, we probed another LH-
dependent gene, PTGS2, in these samples as well. As expected,
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FIG. 5. HPSE mRNA abundance in granulosa (GC) and TC cell layers from large,
healthy follicles. RNA was extracted from GCs and TCs of large follicles (n = 12),
followed by reverse transcription and real-time PCR analysis. Arbitrary units
represent the relative gene expression and are calculated as: 2 ~(Ct 9ene —CtGPOR),
Results are presented as means * sem. Different letters indicate significant
differences (P < 0.05).

LH and FRS stimulated PTGS2 mRNA at 24 h (Fig. 7B). The
effect of the PGR antagonist, RU-486, on HPSE gene expression
was also examined. This compound elevated HPSE mRNA
levels, but this effect was only evident 24 h after its addition
(Fig. 7C).

FIG. 6. Immunolocalization of HPSE in bovine follicles. Follicles were fixed in 4%
(volivol) paraformaldehyde, embedded in paraffin, and cut into 5-pum sections.
Tissue sections were then incubated with rabbit polyclonal anti-HPSE antiserum
(Pab 733). A and B, Preovulatory follicles. C, Small antral follicle. D, Negative
control. Preovulatory follicle sections were incubated in the presence of
nonimmune serum. Positive staining appears in dark red-brown. All sections were
counterstained with hematoxylin (blue). A-D were photographed at X100
magnification. GC, GC layer; TC, TC cell layer.
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Next, we examined HPSE mRNA levels during iz vitro lu-
teinization of GCs. Cells were cultured in the presence or absence
of forskolin and insulin (FI) (Fig. 8). On d 3, FI treatment did not
affect HPSE; however, it moderately elevated the HPSE level on
d 6 culture (Fig. 8A). In contrast, FI induced a marked increase
in vascular endothelial growth factor (VEGF) mRNA (4- to
5-fold vs. control) both on d 3 and 6 culture (Fig. 8B).

Discussion

The present study demonstrates for the first time that HPSE is
markedly induced during the ovulatory process. This induction
was observed in vivo, in GCs and in whole follicles during
GnRH-induced gonadotropin surge and in cultured GCs chal-
lenged with LH. TCs had lower levels of HSPE than GCs, which
remained unaffected by GnRH. These results suggest the involve-
ment of GC-derived HPSE in LH-induced events during the peri-
ovulatory period and possibly in ovulation itself.

Successful ovulation is necessary for fertilization and repro-
ductive success. Coinciding with the termination of specific gene
expression in mature follicles, LH induces a set of genes that
culminate in ovulation (39, 40). Because the ovulatory process
involves follicular rupture, extensive proteolytic degradation of
the basement membrane and connective tissue composing the
follicular wall takes place (8,41). Many studies have shown that
several protease families, plasminogen activator, matrix metal-
loproteinase systems, and ADAMTS-1 are induced in GCs by the
LH surge, suggesting that it plays a role in degrading the ovarian
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experiments. *, Significant (P < 0.05) difference in comparison with the
matching control time point.

follicular wall during ovulation (6, 8,41). The expression pattern
of HSPE reported here suggests that it may be a novel member
of LH-induced ECM-degrading enzymes that participates in fol-
licular rupture in cattle. Its possible involvement in ovulation in
other species remains to be determined.

Although the time span of the ovulatory process varies among
mammalian species, the cellular mechanisms involved are rather
well preserved. Both the PGR and PTGS2 induced by the LH
surge (36, 37, 42, 43) were shown, in many species, to be indis-
pensable for ovulation. Their pharmacological inhibition or ge-
netic elimination prevents expulsion of the oocyte, which re-
mains trapped in the follicle. In cattle, the PGR is quickly induced
by 4 h (~1 h after LH surge), and it remains high for atleast 10 h
after GnRH administration (Ref. 44 and this study). Here, we
found that HSPE was induced soon after PGR mRNA was in-
duced; it remained high 10-20 h after GnRH, and declined later.
PTGS2,0n the other hand, was delayed compared with these two
genes and peaked only 25 h after GnRH (~35 h before the ex-
pected ovulation).

Clearly, all three mRNAs had unique transient expression
profiles; however, whereas the roles of PGR and PTGS2 in the
ovulatory process are well understood, the functional conse-
quences of the unique pattern of HPSE mRNA steady-state levels
and the early induction of HPSE mRNA were not previously
investigated. However, it is reasonable to assume that cleavage
of HS by HPSE could directly contribute to ECM breakdown and
remodeling in preparation for ovulation. Changes in HSPE
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mRNA levels were observed here not only during the ovulatory
process but also during development of the preovulatory follicle.
The composition of the follicle’s ECM is continuously modified
during follicular development and ovulation. In a series of stud-
ies, Rodgers and colleagues (5, 45) had shown that of the HSPGs,
perlecan is up-regulated during early follicular development and
is degraded at ovulation. Given the high concentration of per-
lecan-containing focimatrix in the membrana granulosa before
ovulation, it is possible that its degradation by HSPE would
release sequestered growth factors. This may be an initial part of
a cascade of events leading to the migration and proliferation of
cells from the TC interna during formation of the CL.

Degradation of HS in the basement membrane of blood ves-
sels is known to promote angiogenesis (16, 17) by facilitating
endothelial cell invasion through the subendothelial basement
membrane (19, 46). Furthermore, Hspe gene silencing is asso-
ciated with a marked reduction in tumor angiogenesis (47). CL
formation is one of the few physiological angiogenic events that
occurinadults (48,49). Therefore, it was unexpected to find that
HSPE expression was down-regulated much before angiogenesis
commences in the CLs. Moreover, we showed here that HSPE
levels in the CLs remain low throughout the luteal phase. In
contrast to HSPE, VEGF, a bona fide angiogenic factor, is up-
regulated in CLs soon after ovulation, and remains elevated in
the mature and active glands (48, 50). Luteinizing agents (either
LH or forskolin) maintained their ability to induce VEGF in GCs
in vitro. In addition, unlike HPSE, VEGF expression was not
transient but instead exhibited a sustained induction. For both
HSPE and VEGF, the in vitro data were highly consistent with the
in vivo regulation of these genes. In fact, there was a small in-
crease in HPSE mRNA both iz vivo during midcycle, and in
vitro, but only in cells incubated for 6 d with luteinizing agents
and not at earlier time points. The importance of this expression
pattern of HSPE remains unclear. However, it should be em-
phasized that in vivo as well as in vitro, HPSE levels were much
higher in GCs or whole follicles than in luteal cells or CLs. The
lack of significant HSPE gene expression in CLs, unlike in tu-
mors, for instance, is intriguing and may suggest a preferential
role for the enzyme in cancer vs. physiological angiogenesis. This
observation may also be related to the fact that HSPE was lo-
calized to endothelial cells of vessels within invasive cancers (51,
52), whereas it was absent (both mRNA or protein) in luteal
endothelial cells (our unpublished data).

HPSE may play an additional role during ovulation, which is
unrelated to its enzymatic activities. It was recently shown that
HPSE localizes in the nucleus and contributes to the induction of
various genes, and especially PTGS2 (53). HSPE and PTGS2
expression are highly correlated in cancer cells (54, 55), as well
as in cells transfected with HSPE cDNA, and up-regulation of
PTGS2 was observed (56). Therefore, it is suggested that HSPE
could play a role in PTGS2 induction during the periovulatory
period. Several lines of evidence support this proposition: 1)
HSPE peaks before PTGS2 during the periovulatory period, 2)
both genes are expressed by the same cell type (GC), and 3) both
genes are induced in GCs in response to LH. Experiments are
now being conducted in our laboratory to elucidate the relation-
ship between HSPE and PTGS2.
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Examination of the transcriptional activation of HPSE re-
vealed that its promoter region contains estrogen response
elements. Transcription of a reporter gene driven by the HPSE
promoter was significantly increased in estrogen receptor (ER)-
positive MCF-7 human breast carcinoma cells treated with
estrogen (57). In another study, it was shown that estrogen
augmented HPSE expression and HS degradation on the cell
surface and in the basement membrane of the endometrium
(58). With regard to HPSE expression in the ovary (this study
and Ref. 52), follicular GCs are not only major estradiol pro-
ducers; they were also shown to possess ERs [ER B (59)],
enabling the autocrine regulation of HPSE by estradiol. Yet
when HSPE peaks (>20 h after GnRH), estradiol levels have
already been reduced as a result of LH-induced suppression of
CYP19A1 (60). This argues against the involvement of estra-
diol in ovarian HSPE expression. This is further supported by
the in vitro data reported here, showing that LH has a direct
stimulatory effect on HPSE in GCs cultured without a source
of aromatizable androgens.

Adding RU-489, a PGR antagonist to cultured GCs, elevated
HSPE mRNA levels, as compared with untreated cells. There-
fore, one may hypothesize that the periovulatory increase in pro-
gesterone levels is responsible for the dramatic decrease in
mRNA for HPSE observed before ovulation. This may be rele-
vant, in addition to the CLs, where progesterone secreted by the
developing CLs may inhibit HPSE. Nevertheless, the detailed
effects and role of progesterone in HSPE induction require fur-
ther research.

In our study, GCs of large bovine antral follicles expressed
higher HPSE mRNA levels and were more intensely stained with
anti-HSPE antiserum than TC interna cells. This staining pattern
was also observed in small follicles. These findings appear to
contradicta previous study in which HSPE was immunolocalized
primarily in TC interna of follicles but also in both luteal cell
types within human and rat CL (61). However, the latter study
did not quantify HSPE protein or mRNA in follicles vs. CLs.

In summary, the findings reported here show that HSPE is
transiently induced by LH during the ovulatory process and
may be down-regulated by the increasing progesterone levels
in the CLs, implying that HSPE may play a significant role in
ovulation but much less so during CL development. There-
fore, HSPE appears to be a novel member of the LH-induced
ECM-degrading enzyme that contributes, together with other
proteases, to follicular rupture. HPSE may also affect ovula-
tion by participating in PTGS2 expression. Future studies tar-
geting HSPE in follicles will be required to better define its role
during ovulation.
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