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ABSTRACT

Oocyte maturation and cumulus cell expansion depend on
luteinizing hormone (LH)-mediated upregulation of membrane-
bound epidermal growth factor (EGF)-like ligands, including
amphiregulin, epiregulin, and betacellulin. These ligands then
transactivate the EGF receptor (EGFR) after release by matrix
metalloproteinases (MMPs). However, direct measurement of
released EGF-like ligands or MMPs from granulosa cells has not
been formally evaluated, nor has direct identification of
responsible MMPs. Here we address these issues by analyzing
LH-induced steroidogenesis, which is also MMP and EGFR
dependent, in freshly isolated mouse primary granulosa cells.
We demonstrate a correlation between amphiregulin and
epiregulin mRNA induction and steroid production in LH-treated
granulosa cells as well as in ovaries of human chorionic
gonadotropin-treated mice. In contrast, LH does not alter
Mmp1, Mmp2, Mmp3, Mmp8, Mmp9, or Adam17 mRNA
expression. We demonstrate that, in primary mouse granulosa
cells, LH triggers release of soluble amphiregulin that correlates
with steroid production, both of which are blocked by MMP2/9
inhibition, confirming that MMP2/9 likely regulates LH-induced
amphiregulin release and downstream processes. Notably, LH
does not alter secretion of MMP2/9 from primary granulosa cells,
nor does it modulate MMP activity. These findings indicate that,
in the ovary, LH dictates EGFR-mediated processes not by
regulating MMPs, but instead by increasing EGF-like ligand
availability. In contrast, LH stimulation of primary mouse Leydig
cells does not induce EGF-like ligand expression or require
MMP2/9 for steroidogenesis, confirming marked differences in LH
receptor-induced processes in the testes. Our results suggest that
MMP inhibition may be a means of attenuating excess ovarian
steroid production in diseases like polycystic ovary syndrome.

amphiregulin, granulosa cells, matrix metalloproteinase, ovary,
steroid hormones/steroid hormone receptors, steroidogenesis, testis

INTRODUCTION

At the time of the luteinizing hormone (LH) surge, multiple
processes are initiated to prepare for the eventual release of the
oocyte (ovulation). These processes include cumulus cell
expansion, oocyte maturation (meiotic reentry), and steroido-
genesis, all of which coincide and involve the cumulus
granulosa cells. However, the finding that the LH receptor is
undetectable in cumulus cells of the ovarian follicle at the time
of ovulation means that the observed effects of LH on these
cells are indirect. It is now known that the paracrine mediators
of the ovulatory LH signal are amphiregulin (AREG),
epiregulin (EREG), and betacellulin (BTC), which are rapidly
and transiently induced by LH in mural granulosa and possibly
theca cells [1–3]. All three are epidermal growth factor (EGF)-
like ligands that, similar to EGF, signal through the EGF
receptor (EGFR). Unlike EGF, however, these EGFR ligands
are synthesized as integral membrane precursors. Therefore, in
order for these ligands to communicate with the EGFR on the
cumulus cells they must be processed by proteases to allow
their release from the membrane. In fact, several studies have
shown that inhibitors for the matrix metalloproteinase (MMP)
class of enzymes effectively dampen LH-mediated events [3–
7], with some evidence suggesting that the specific enzyme
ADAM17/TACE might be the dominant regulator, at least for
LH-induced cumulus cell expansion and subsequent oocyte
maturation [8, 9]. Moreover, studies using granulosa cell-
specific Erk-depleted mice [10] as well as Areg�/�/Egfrwa2/wa2

double-mutant mice [11] demonstrate that the EGFR is an
essential signaling component in ovulation. Finally, the use of
Areg�/� and Ereg�/� mice [11] in addition to primate studies
[12, 13] has provided great insight into the role and
significance of the EGF-like ligands, specifically during
cumulus cell expansion and oocyte maturation.

Though steroid production is also initiated by the LH surge,
the involvement of these specific EGF-like ligands in LH-
induced steroidogenesis has yet to be examined. Importantly,
however, several observations implicate the EGF-like ligands
as a potential liaison between mural and cumulus granulosa
cells during LH-induced steroidogenesis. These observations
include that 1) EGF is capable of stimulating steroid production
in the LHR negative cumulus cells [5, 14], 2) LH transactivates
the EGFR [4], and 3) broad-spectrum MMP inhibitors as well
as partial MMP2/MMP9-specific inhibitors interfere with
steroid production following an LH stimulus [4, 5]. Interest-
ingly, LH-induced steroidogenesis in the male gonad also
involves EGFR transactivation, with some evidence to suggest
that LH-mediated EGFR transactivation may similarly require
the release of EGF-like ligands [15]. In contrast, other studies
show that LH-induced steroidogenesis in Leydig cell lines, as
well as in primary Leydig cells, is not affected by global MMP
inhibition, suggesting that EGF-like ligands are therefore not
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required in this tissue [4, 16]. To date, analysis of LH-induced
EGF-like ligands in primary Leydig cells has not been
examined.

Considering these findings, in combination with the
established involvement of the EGFR and EGF-like ligands
in cumulus cell expansion and oocyte maturation, it is possible
that amphiregulin, epiregulin, and betacellulin may also
mediate steroidogenesis that is initiated by LH in the ovary,
but not in the testes. Therefore, we wanted to determine
whether similar players were regulating LH-induced steroid
production in these tissues. Here we analyzed LH-induced
ovarian steroidogenesis in a simple primary granulosa cell
culture system that allows us to examine EGF-like ligand
expression and release, as well as MMP expression, release,
and activity. Studies in these primary cells, and in follicle
cultures and in vivo studies, show that LH induces amphir-
egulin and epiregulin expression, as well as amphiregulin
release, in ovarian granulosa cells but not testicular Leydig
cells, thus confirming a fundamental difference in LH signaling
in these two cell types. Although LH does not alter the
expression, activity, or release of MMPs in granulosa cells,
specific blockade of MMP2 and MMP9 using a fifth-
generation MMP2/9 inhibitor attenuates the release of
amphiregulin and subsequent LH-induced steroid production.
Together, these data suggest that LH-induced production of
amphiregulin and epiregulin, followed by their activation by a
stable cadre of MMP2 and MMP9, is the critical regulator of
steroidogenesis in primary mouse granulosa cells, but not
Leydig cells.

MATERIALS AND METHODS

Ethics Statement

Mouse studies were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals and were approved by the University
Committee on Animal Resources at the University of Rochester.

Steroid Production in Preovulatory Follicles

Follicle isolation from equine chorionic gonadotropin (eCG; Sigma)-treated
mice was carried out as previously described [4]. Follicles were then cultured in
M16 medium (Millipore) in the presence of 0.05 lg/ml of LH (Sigma) for 2 h.
Follicles were pretreated with either 20 lM AG1478 (Calbiochem) or 250 lM
doxycycline (Sigma) for 30 min prior to and during the 2-h LH stimulation.
Media was collected for radioimmunoassay (RIA) analysis as described below.

Steroid Production in Primary Mouse Granulosa Cells

Eight- to-nine-week-old female C57BL/6 mice were primed with 5 U eCG
and ovaries were collected 40–44 h later. Mice of this age were chosen because
they still respond nicely to eCG and provide us with increased numbers of
granulosa cells relative to prepubertal female mice. A fine needle was used to
puncture the ovaries to release granulosa cells into serum-free Dulbecco
modified Eagle medium: nutrient mixture F-12 (DMEM-F12; Gibco), which
was then filtered through a 40-micron mesh filter to remove any large pieces of
tissue or oocytes before plating. An average of 1.5–2 ovaries (approximately
750 000–1 000 000 cells) per well of a 12-well plate was used. Cells were plated
in serum-free DMEM-F12 and immediately stimulated with 0.05 lg/ml LH for
4 h. The inhibitors AG1478 (5 lM; Calbiochem), MMP2/9 V Inhibitor (20 lM;
Calbiochem), and doxycycline (75 lM; Sigma) were added 30 min prior to LH
stimulation. At the end of the experiment, contents of each well were spun
down, media was collected off for RIA, and pelleted cells were lysed for RNA
(E.Z.N.A. kit; Omega) or protein (RIPA; Santa Cruz).

Steroid Production in Primary Mouse Leydig Cells

Leydig cell isolation was carried out as previously described with some
modifications [16]. Briefly, testes were removed from male mice and
decapsulated before being placed in a 0.25 mg/ml collagenase (Sigma)/
DMEM-F12 solution that was warmed to 378C. Testes were incubated at room

temperature for 20 min with constant, gentle shaking. Following incubation, the
solution was filtered twice through a 70-micron mesh strainer. The Leydig cells
were then collected by centrifugation at 200 3 g for 5 min. Immunostaining for
3beta-hydroxysteroid dehydrogenase (using an antibody from Mario Ascoli,
University of Iowa) confirmed that Leydig cells were about 60% pure. Cells
were plated in serum-free DMEM-F12 and immediately stimulated with 0.05
lg/ml LH for 30 min. The inhibitors doxycycline (75 lM) or MMP2/9 V (20
lM) were added 30 min prior to LH stimulation for 30 min. At the end of the
experiment, contents of each well were spun down, medium was collected off
for RIA, and pelleted cells were lysed for RNA (E.Z.N.A. kit).

Steroid Production In Vivo

Four-week-old C57BL/6 female mice were primed with 1 U eCG.
Approximately 40 h later, mice were treated with PBS (mock) or 1 U human
chorionic gonadotropin (hCG) and serum and ovaries were collected 2 h later.
For animals that received doxycycline treatment, the drug was administered at a
dose of 50 mg/kg at the time of eCG, the day after, at the time of hCG
treatment, and 4 h into hCG treatment. This dose was chosen based on previous
investigation of dose response and doxycycline serum levels in mice [17] and
timing of injections was based on the doxycycline metabolism in mice [18].
Serum and ovaries were collected 8 h following hCG. Serum was analyzed by
RIA to determine steroid content, and ovaries were processed for RNA
(E.Z.N.A. kit) or protein (RIPA).

Real-Time PCR

RNA was isolated from primary mouse granulosa cells (E.Z.N.A. kit)
according to the provided instruction manual. Levels of amphiregulin (Areg),
epiregulin (Ereg), betacellulin (Btc), heparin-bound EGF (Hb-egf), Mmp1,
Mmp2, Mmp3, Mmp8, Mmp9, Adam17, Timp1, Timp2, and Gapdh mRNA
expression were analyzed by the DDCt method using inventoried Taqman gene
expression assay primers for mouse (Mm00437583_m1, Mm00514794_m1,
Mm00432137_m1, Mm00439306_m1, Mm00473485_m1, mm00439498_m1,
Mm00440295_m1, Mm00439509_m1, mm00442991_m1, Mm00456428_m1,
mm00441818_m1, mm00441825_m1, and Mm03302249_m1) on an ABI
StepOne Plus real-time PCR machine. Normalization was to Gapdh.

Gelatin Zymography

Lysates from granulosa cells or whole ovary were quantified using BCA
assay (Pierce) and prepared under nonreducing, nondenaturing conditions.
Protein from lysates or concentrated medium was separated on a 10% gel
containing 1 mg/ml gelatin (Sigma). Purified human MMP-2 (Millipore) and
MMP-9 (Millipore) were used as positive controls. After running, the gel was
incubated for 1 h on a shaker at room temperature in 2.5% Triton X-100
renaturing buffer. Next, the gel was equilibrated in 13 developing buffer (500
mM Tris-HCL pH 7.8, 2 M NaCl, 50 mM CaCl2, 0.2% Brij 35, 103) for 30
min on a shaker at room temperature. Then, fresh developing buffer was added
before the gel was placed at 378C overnight to develop. The next day, the gel
was washed three times, 5 min each, in doubly distilled water, then stained with
brilliant blue R250 for 30 min. Finally, if necessary, the gel was destained until
clear bands were visible. Gel was preserved using gel-drying frames (Sigma).

ELISA

Mouse amphiregulin ELISA kit was purchased from Sigma. Culture
medium from primary mouse granulosa cell experiments was concentrated
using 3K Amicon centrifugal filters (Millipore) before use. CHAPS detergent
(Acros) was added to the media at a final concentration of 0.25% 10 min prior
to media collection to prevent aggregation and to stabilize the ligand in
solution. The addition of CHAPS for these reasons is well known with respect
to WNT ligands [19, 20]. Assay was performed according to the protocol
provided with the kit.

Steroid Assays

Progesterone concentrations in culture medium or serum and testosterone
concentrations in culture medium were measured using an RIA kit (MP
Biomedicals). Steroid concentration values were determined as described in the
RIA kit manual.

Fluorogenic Enzyme Activity Assays

Medium from granulosa cells treated with or without LH was collected and
concentrated while the cells were lysed in 25 mM Tris buffer (pH 7.4) with 1%
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Triton X plus 1 lM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 3
lg/ml leupeptin, and 3 lM aprotinin. The lysate or concentrated medium was
then used to determine ADAM17 activity using the fluorogenic peptide
substrate III (ES003; R&D Systems) or MMP2/9 activity using fluorogenic
peptide substrate IX (ES010; R&D Systems). The sample and peptide were
incubated in 25 mM Tris buffer (pH 8) in a black-walled 96-well plate for 1 h at
378C. To determine if MMP2/9 V inhibitor blocks ADAM17 activity, the lysate
and inhibitor were preincubated in 25 mM Tris buffer (pH 8) for 1 h at 378C
before addition of peptide III substrate and incubation for an additional hour.
To demonstrate MMP2 and MMP9 inhibition by MMP2/9 V inhibitor, 10 ng of
purified MMP2 or MMP9 (Millipore) was preincubated with the MMP2/9V
inhibitor in 25 mM Tris buffer (pH 8) for 1 h at 378C before addition of peptide
IX substrate and incubation for an additional hour. Following incubation, the
plate was read with a spectrofluorophotometer using an excitation wavelength
of 320 nm and an emission wavelength of 405 nm to determine fluorescence
intensity, which corresponds to enzymatic activity.

RESULTS

Amphiregulin and Epiregulin mRNAs Are Upregulated
Following LH Treatment in Primary Mouse Granulosa Cells

EGF-like ligands such as amphiregulin, epiregulin, and
betacellulin are important mediators of events initiated by the
LH surge, particularly cumulus cell expansion and oocyte
maturation. We wanted to determine if these ligands were also
relevant to LH-induced steroidogenesis, which coincides with
cumulus cell expansion and oocyte maturation. We also wanted
to take advantage of our endpoint of steroidogenesis, which
does not require the tertiary structure of cumulus-oocyte
complexes or whole follicles, to develop a simple primary
mural/cumulus granulosa cell culture system for our studies.
Using freshly isolated primary mouse granulosa cells derived
from eCG-treated female mice, we examined amphiregulin
(Areg), epiregulin (Ereg), and betacellulin (Btc) mRNA
expression at various time points following LH exposure with
quantitative RT-PCR. All three EGF-like ligands were
expressed at low (almost undetectable) levels in the absence
of LH. However, we observed a small rise in amphiregulin and
epiregulin mRNA levels after 1 h of LH stimulation, with a
robust increase in amphiregulin and epiregulin mRNA
expression after 2 h of LH stimulation (Fig. 1A). Amphiregulin
and epiregulin mRNA expression began to decline at 4 h of LH
stimulation, but remained significantly upregulated. Betacellu-
lin mRNA was also induced by LH at 2–4 h but to a much
lesser extent; therefore, subsequent experiments focused only
on amphiregulin and epiregulin. Notably, the progesterone
production by the same freshly isolated primary granulosa cells
increased after 2 h with LH, just when the EGF-like ligand
mRNAs were also first significantly detectable, and continued
to increase over 8 h (Fig. 1B).

EGFR Signaling Is Required During LH-Induced
Steroidogenesis

Because amphiregulin and epiregulin signal through the
EGFR, we next wanted to confirm the involvement of this
receptor. Using the EGFR inhibitor AG1478, we investigated
the role of the EGFR signaling using two different systems.
First, we used freshly isolated preovulatory follicles from eCG-
treated mice and found that AG1478 diminished both LH-
induced progesterone (Fig. 2A) and testosterone (Fig. 2B)
production, confirming that EGFR signaling is necessary for
LH-induced steroidogenesis in both granulosa (progesterone-
producing) and theca (androgen-producing) cells. Similarly, the
EGFR inhibitor effectively blocked LH-induced progesterone
production in freshly isolated primary mural/cumulus gran-
ulosa cell cultures (Fig. 2C). As expected, LH minimally
promoted testosterone production in the primary granulosa cell

cultures because of the lack of significant CYP17-expressing
theca cells (not shown). Finally, despite blocking LH-induced
progesterone production, AG1478 had no effect on the LH-
induced upregulation of amphiregulin and epiregulin mRNA in
primary granulosa cells (Fig. 2D), confirming that the EGFR is
acting downstream of amphiregulin and epiregulin production.
Importantly, previous studies have demonstrated that, follow-
ing their removal from the oocyte, cumulus granulosa cells
show a loss of EGFR expression that is evident by mRNA
expression at 2 h and becomes significant by mRNA and
protein expression at 20 h [21]. In consideration of this
observation, for this and subsequent studies, granulosa cells
were stimulated immediately following isolation and were
harvested at 2–4 h after isolation, when EGFR expression
would not yet be significantly reduced in the absence of
oocytes.

Activation of the LH Receptor Does Not Alter MMP
Expression

Having established that expression of amphiregulin and
epiregulin, but not betacellulin, are significantly upregulated by
LH in our system of freshly isolated mouse granulosa cells, and

FIG. 1. LH induces EGF-like ligand expression and progesterone
production in primary mouse granulosa cells. Primary mouse granulosa
cells were cultured with or without LH for 30, 60, 120, 240, or 480 min.
Cells were collected for RNA to determine mRNA levels of amphiregulin,
epiregulin, and betacellulin by real-time PCR (A) and media was collected
to determine progesterone levels (B) at each time point. Results
represented as fold induction over unstimulated control at each time
point. Each bar represents the average 6 SEM (n ¼ 3). All studies were
performed at least twice with nearly identical results. *P , 0.05 relative to
unstimulated control using Student two-tailed t-test.
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that the EGFR is required for LH-initiated steroid production,
we shifted our focus to the MMPs. As mentioned, these
enzymes are presumed to cleave amphiregulin and epiregulin at
the cell surface to allow subsequent activation of the EGFR. In
fact, previous work using ovarian follicles demonstrated that
the broad-spectrum MMP inhibitor galardin blocks LH-
induced steroidogenesis [4], as well as cumulus cell expansion
and oocyte maturation [5, 22]. These observations implicate
MMPs as important mediators of LH-induced ovarian
processes. MMPs are largely regulated at the transcriptional
level, and their expression can be influenced by a wide range of
factors including various stimuli, cis-regulatory elements, and
changes in cell shape [23]. To determine which MMPs are
upregulated during LH-induced steroidogenesis in vitro, we
treated freshly isolated mouse granulosa cells from eCG-
stimulated mice with LH for 4 h, a time point at which
steroidogenesis is abundant and expression of the EGFR
ligands are significantly elevated, and looked at mRNA
expression of potential galardin targets Mmp1, Mmp2, Mmp3,
Mmp8, Mmp9, and Adam17. All values were compared to one
another and to Gapdh mRNA expression in the same sample.
In primary granulosa cells, Mmp1 mRNA expression was too
low to be determined (undetermined), Mmp8 and Mmp3
mRNAs were nearly undetectable (Ct values in the mid-30s),
and Mmp9 mRNA expression was detectable but extremely
low (Ct values in the low 30s). In contrast, Mmp2 and Adam17
mRNA expression were easily detectable in both control and
LH-treated conditions (Fig. 3, A and B). Importantly, LH had
no effect on the expression of any of these Mmp mRNAs. As a

control, amphiregulin and epiregulin mRNA levels were
measured (Fig. 3A), as was progesterone secretion in the
media (Fig. 3C). All rose in response to LH, demonstrating that
the primary granulosa cells used for these studies were
responding appropriately to the LH stimulus.

Additionally, we looked at the mRNA expression of these
same MMPs in whole ovaries collected from female mice
treated with hCG in vivo. The expression pattern of the MMPs
was identical to that in granulosa cells (Fig. 4, A and B).
Furthermore, similar to LH stimulation in vitro, hCG had no
significant effect on Mmp mRNA expression in vivo. As
before, amphiregulin and epiregulin mRNA levels in the
ovaries (Fig. 4C), as well as progesterone levels in the serum
(Fig. 4D), were measured to confirm that the hCG was
appropriately stimulating the ovaries in vivo. Together, these
findings suggest that, although MMPs are important for LH-
induced steroidogenesis in granulosa cells, unlike amphiregulin
and epiregulin, LH is not promoting increases in Mmp mRNA
expression.

Activation of the LH Receptor Does Not Alter Mmp2,
Mmp9, or Adam17 Expression, Secretion, or Activity

Although LH had no influence on MMPs at the RNA level,
MMPs can also be regulated at the protein level through several
means, including cleavage of the MMP proenzyme, release of
the MMP from the cell, and suppression of endogenous tissue
inhibitors of metalloproteinases (TIMPs). We therefore exam-
ined the expression and activity of MMPs, focusing on the

FIG. 2. EGFR signaling is necessary for LH-induced steroid production in the ovary. Whole follicles isolated from mice were stimulated with LH or LH
plus AG1478 (20 lM). Progesterone (A) as well as testosterone (B) levels in the medium were measured by RIA. Primary mouse granulosa cells were also
treated with LH or LH plus AG1478 (5 lM) and progesterone (C) levels in the medium were measured by RIA and amphiregulin (Areg), or epiregulin (Ereg)
mRNA levels (D) were measured by real-time PCR. Data are represented as fold induction over MOCK or inhibitor alone (AG). Each bar represents the
average 6 SEM (n¼3). Identical results were seen in two experiments. *P , 0.05 relative to MOCK or **P , 0.05 relative to LH using Student two-tailed
(B–D) or one-tailed (A) t-test.
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most abundant enzymes, MMP2, MMP9, and ADAM17. First,
using gelatin zymography, we assessed the expression, activity,
and secretion of MMP2 and MMP9 using whole ovaries and
primary granulosa cells from mice. We found that expression
of the pro- and active forms of MMP2 were similar in ovaries
from both mock and hCG-treated mice (Fig. 5A). MMP9
expression was lower than that of MMP2, consistent with our
mRNA data, but likewise was similar in both mock and hCG-
treated animals. In fact, no active MMP9 isoforms were
detectable by zymography, consistent with the low overall
MMP9 levels. In addition, no differences were found in the
levels of secreted MMP9 and MMP2 in medium from primary
mouse granulosa cells treated with LH compared to granulosa
cells cultured without LH (control, Fig. 5B), indicating that
MMP secretion by primary granulosa cells is not altered by LH
stimulation. To further address the activity of secreted MMP2
and MMP9, we used fluorogenic peptide IX substrate, as
zymography was not sensitive enough to detect active isoforms
in the medium. This protease-sensitive optical probe has a
target sequence for a variety of MMPs, including MMP2/9, and
produces a fluorescent signal when cleaved by the active
enzyme. Using this technique, there was 10 times more activity
in the medium from untreated primary mouse granulosa cells
relative to background. However, there was no difference in
MMP activity when comparing media from untreated (control)
to LH-treated primary mouse granulosa cells (Fig. 5C).
Because gelatin zymography cannot assess ADAM17 activity,

we alternatively used fluorogenic peptide substrate III, which
uses the same principle as fluorogenic peptide substrate IX but
instead has a specific target sequence for ADAM17. Relative to
background, there was about 1.5- and 4-fold more ADAM17
activity in untreated granulosa cell lysates (Fig. 5D) and
medium (Fig. 5E), respectively; however, we saw no
differences in activity between untreated (control) and LH-
treated primary mouse granulosa cells. This result again
confirms that overall MMP activity, although present, is not
increased by LH stimulation.

Finally, we assessed the expression of TIMP1 and TIMP2,
which are the endogenous inhibitors of MMP9 and MMP2,
respectively. In both primary granulosa cells (Fig. 5F) and
ovaries (Fig. 5G) from mice we observed no change in the
mRNA level of Timp1 following LH or hCG but noted a
modest though statistically significant decrease in Timp2
mRNA levels.

Inhibition of MMP2 and MMP9 Activity Prevents the
Processing of Amphiregulin and Blocks LH-Induced
Steroidogenesis

Because MMP expression and activity appear to be
unaffected by LH stimulation, but amphiregulin and epiregulin
mRNA expression is markedly upregulated by LH stimulation,
we postulated that substrate availability may be the primary
promoter of EGFR transactivation and subsequent steroido-

FIG. 3. LH treatment in primary mouse granulosa cells does not alter Mmp mRNA expression. Primary mouse granulosa cells were treated with LH for 4
h and mRNA levels of amphiregulin, epiregulin, Mmp1, Mmp2, Mmp3, Mmp8, Mmp9, and Adam17 were measured by real-time PCR (A). Absolute Ct
values are also reported (B). Progesterone levels in the medium were measured by RIA (C). Data are represented as fold induction over unstimulated
control (CON). Each bar represents the average 6 SEM (n¼ 3). Average of three separate experiments. *P , 0.05 relative to control using Student two-
tailed t-test.
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genesis in response to LH. Therefore, we next focused on
determining which MMPs are regulating cleavage of these
substrates. Although earlier studies from our laboratory showed
that an MMP2/9 inhibitor could block steroid production as
effectively as the broad-spectrum MMP inhibitor galardin, the
specificity of the MMP2/9 inhibitor used in this study was not
clear; thus, the potential off-target effects of the inhibitor on
ADAM17 were not ruled out [4]. Therefore, here we used a
fifth-generation inhibitor specific for MMP2 and MMP9,
MMP2/9 V inhibitor, which offers significantly better
specificity than the first-generation inhibitor (MMP2/9 I) used
in earlier studies. Notably, this inhibitor effectively blunted
steroid production in LH-treated primary mouse granulosa cells
(Fig. 6A), suggesting that MMPs 2 and 9 are the critical
regulators of LH-induced steroidogenesis. To address whether
or not blocking MMP2 and MMP9 activity results in a loss of
soluble amphiregulin, we performed an ELISA assay using
supernatant from granulosa cells treated with or without LH in
the presence of the inhibitor. Indeed, LH induced amphiregulin
release from primary granulosa cells, whereas the MMP2/9 V
inhibitor suppressed this LH-induced amphiregulin release
(Fig. 6B). Of note, the inhibitor did not affect the LH-induced
upregulation of amphiregulin or epiregulin mRNA (Fig. 6C).

To confirm that the MMP2/9 V inhibitor was specific and
did not also block ADAM17 activity, we used the ADAM17-
sensitive optical probe (fluorogenic peptide substrate III) with
granulosa cell samples as described earlier, but in the presence
of the MMP2/9 V inhibitor. Although ADAM17 activity was
approximately 2-fold over background, we found no decrease
in this ADAM17 protease activity when the MMP2/9 V
inhibitor was present (Fig. 6D). On the other hand, using the

MMP2/9-sensitive optical probe (fluorogenic peptide substrate
IX) we saw robust inhibition of purified MMP2 and purified
MMP9 protease activity (Fig. 6E), confirming that MMP2 and
MMP9 rather than ADAM17 are the primary mediators of LH-
induced amphiregulin release, EGFR transactivation, and
subsequent steroidogenesis, in primary mouse granulosa cell
cultures.

Doxycycline Prevents the Processing of Amphiregulin and
Blocks LH-Induced Steroidogenesis

We have previously shown that doxycycline effectively
blocks LH-induced progesterone production in isolated mouse
follicles [4]. Not only is this drug a known inhibitor of MMP2/
9, but it is also FDA approved for human use, giving this drug
great translational value. Therefore, we wanted to determine
whether doxycycline similarly blocks LH-induced steroid
production in our primary granulosa cell model. Further, we
wanted to determine whether doxycycline blocks LH-induced
steroidogenesis by interfering with amphiregulin processing
and release, as seen with the MMP2/9 V inhibitor. In fact,
doxycycline markedly reduced LH-induced progesterone
production in primary granulosa cells (Fig. 7A). Importantly,
although it had no effect on LH-induced amphiregulin or
epiregulin mRNA expression (Fig. 7C), doxycycline signifi-
cantly inhibited LH-induced amphiregulin release in primary
granulosa cells (Fig. 7B), indicating that, similar to the MMP2/
9 V inhibitor, doxycycline is likely blocking LH-induced
steroidogenesis by preventing the MMP-mediated release of
EGF-like ligands. Notably, we found that doxycycline
significantly reduced both LH-induced progesterone (Fig.

FIG. 4. In vivo hCG treatment does not alter Mmp mRNA expression. eCG-primed female mice were stimulated intraperitoneally with PBS (MOCK) or
hCG for 2 h and mRNA levels of Mmp1, Mmp2, Mmp3, Mmp8, Mmp9, and Adam17 (A) or amphiregulin and epiregulin (C) were measured by real-time
PCR analysis and normalized to Gapdh prior to fold induction calculations. Absolute Ct values are also reported (B). Serum progesterone levels were
measured by RIA (D). Data are represented as fold induction over MOCK. For (C) MOCK bars are present and normalized to 1. Each bar represents the
average 6 SEM (n ¼ 9 per treatment). *P , 0.05 relative to MOCK using Student two-tailed t-test.
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7D) and testosterone (Fig. 7E) production in freshly isolated
mouse ovarian follicles, indicating that MMP2 and MMP9 are
likely regulating EGFR transactivation and steroidogenesis in
both granulosa (where progesterone production would occur)
and theca cells (because testosterone is presumably derived
from the theca cells). Finally, hCG-stimulated mice treated
with doxycycline showed almost a 50% reduction in serum
progesterone levels (Fig. 7F), confirming that doxycycline can
reduce LH/hCG-induced steroid production in vivo.

LH-Induced Steroidogenesis in the Testes Does Not Require

the Same EGF-Like Ligands and MMPs as Needed in the

Ovary

Although several studies have implicated EGFR trans-
activation in LH-induced steroid production in Leydig cells of
the testes, some controversy exists regarding the need for EGF-
like ligand release in this process. Therefore, we examined the

effects of LH stimulation on the mRNA expression of
amphiregulin, epiregulin, and betacellulin as well as heparin-
bound EGF to see how they behaved during LH-induced
testicular steroidogenesis. Using primary mouse Leydig cells,
we looked at the expression of the EGF-like ligands following
a 30-min LH treatment, a time point when steroid production is
elevated in an EGFR-dependent fashion, as determined by
previous studies from our laboratory [16]. We confirmed that,
after a 30-min stimulation with LH, significant amounts of
testosterone were produced by primary Leydig cells (Fig. 8A).
However, no induction of amphiregulin, epiregulin, betacellu-
lin, or heparin-bound EGF mRNA was seen (Fig. 8B), and
their expression was extremely low to start. In addition, MMP
inhibition using doxycycline (Fig. 8C) or the MMP2/9V
inhibitor (Fig. 8D) did not block LH-induced steroidogenesis in
primary Leydig cells, in contrast to what was seen in the ovary.
Although we observed a subtle decrease in testosterone with
the MMP2/9V inhibitor, this drop was not physiologically
relevant, especially when compared to the dramatic effects of

FIG. 5. LH does not alter MMP2, MMP9, and ADAM17 expression, activity, or secretion. Levels of proMMP9 (first band), MMP9 (second band), proMMP
2 (third band), and MMP2 (fourth band) were compared in ovaries from hCG- and MOCK (PBS)-treated mice in vivo (A) or in medium collected from LH
treated and untreated (CONTROL) primary mouse granulosa cells (B) using gelatin zymography. MMP activity in the concentrated medium from LH-
treated and untreated control (CON) granulosa cells was measured using fluorogenic peptide substrate IX (C) and ADAM17 activity was measured in
granulosa cell lysates (D) or concentrated medium (E) using fluorogenic peptide substrate III. Timp1 and Timp2 mRNA levels were measured in LH-
stimulated primary mouse granulosa cells (F, n ¼ 9) and in ovaries from hCG-stimulated mice in vivo (G) using real-time PCR analysis. Data are
represented as fold induction over control (CON) or MOCK. Each bar represents the average 6 SEM. Zymography was performed at least twice with
identical results. Quantification of zymograms (not shown) showed no significant differences between CON versus LH or MOCK versus hCG. *P , 0.05
relative to CON or MOCK using Student two-tailed t-test.
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MMP inhibition of steroid production in ovarian cells.
Together, these results indicate that LH signals quite differently
in the testes to promote steroidogenesis, with MMP2/9-
mediated cleavage of amphiregulin, epiregulin, betacellulin,
or heparin-bound EGF being unnecessary.

DISCUSSION

The involvement of EGFR transactivation in ovarian LH-
mediated events, including cumulus cell expansion, oocyte
maturation, and steroidogenesis, has been established; howev-
er, a role for the EGF-like ligands amphiregulin, epiregulin,
and betacellulin has been confirmed only in cumulus cell

expansion and oocyte maturation. Here, using freshly isolated
primary granulosa cell cultures, as well as intact mouse ovarian
follicles, we demonstrate that these same EGF-like ligands are
likely mediating LH-induced steroidogenesis. We find that
steroid production following LH stimulation parallels the
expression of amphiregulin and epiregulin over time (Fig. 1).
Though the upregulation of these ligands in response to LH is
well documented in the ovary, the correlation of their
expression to steroid production is not. Importantly, the
expression pattern we observed is in agreement with previous
reports that also observe maximum levels between 1 and 3 h,
with amphiregulin being more transient than epiregulin [1, 3,
24, 25]. The finding that betacellulin upregulation in vivo at 2 h

FIG. 6. The specific MMP2/9 V inhibitor prevents steroid production in primary mouse granulosa cells. Primary mouse granulosa cells were treated with
LH or LH plus MMP2/9V inhibitor (20 lM). Progesterone levels (A) in the medium were measured by RIA and amphiregulin levels in concentrated
medium were measured by ELISA (B). The mRNA levels of amphiregulin or epiregulin were measured by real-time PCR (C). Data are represented as fold
induction over MOCK or inhibitor alone (MMP2/9V). Fluorogenic peptide substrate III was used to determine the effect of the MMP2/9V inhibitor on
ADAM17 activity in granulosa cell lysates (D) and fluorogenic peptide substrate IX was used to determine the effect of the same inhibitor on MMP activity
using purified MMP2 and MMP9 (E). Data are represented as fold induction over untreated control (CON) (D) or fold induction over MMP2 and MMP9 (E).
All experiments were performed at least twice with identical results. Each bar represents the average 6 SEM. *P , 0.05 relative to MOCK or MMP2/9V
alone; **P , 0.05 relative to LH using Student two-tailed t-test.
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is small in relation to amphiregulin and epiregulin conforms
with earlier findings that this ligand has a delayed expression
[1]. We did not see the more robust upregulation of betacellulin
in vitro that has been described elsewhere; however, our
studies used primary mouse granulosa cells and most of these
studies used whole follicles. Interestingly, one study that also
used granulosa cells did not report betacellulin as a rapidly LH-
induced gene [24], suggesting that there may be differences
related to the type of cell/tissue used. Nonetheless, it is clear
that amphiregulin and epiregulin expression is consistent
across experimental systems. Notably, it is not surprising that
steroid production continues to increase even when EGF-like

ligand expression starts to decrease around 4 h, because non-
EGFR-dependent mechanisms likely become dominant for
long-term LH-induced steroidogenesis (i.e., increased StAR
expression) and luteinization.

Importantly, by taking advantage of our primary cell culture
conditions (as opposed to working with follicles), we, for the
first time, could clearly detect LH-induced release of
amphiregulin from mouse granulosa cells (Fig. 6B). Further-
more, we show that MMP inhibition prevented this release.
These results demonstrate that LH directly promotes amphir-
egulin release in an MMP-dependent fashion. Notably,
inhibition of MMP-mediated amphiregulin release directly

FIG. 7. Doxycycline prevents steroid production through the inhibition of amphiregulin processing. Primary mouse granulosa cells were treated with LH
or LH plus doxycycline (75 lM). Progesterone levels (A) and amphiregulin levels (B) in the medium were measured by RIA and ELISA, respectively. Levels
of amphiregulin and epiregulin mRNA (C) were measured in primary mouse granulosa cells using real-time PCR. Whole follicles isolated from mouse
ovaries were stimulated with LH or LH plus doxycycline (250 lM) and progesterone (D) and testosterone (E) levels in the medium were measured by RIA.
Female mice were treated with doxycycline in vivo and serum progesterone levels (F, n ¼ 11 for each group) were determined by RIA. Data are
represented as fold induction over MOCK or inhibitor alone (DOX). Each bar represents the average 6 SEM (n ¼ 3). Identical results were seen in two
experiments. *P , 0.05 relative to MOCK or DOX alone; **P , 0.05 relative to LH/hCG using Student two-tailed t-test.
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corresponds with a significant decrease in steroidogenesis (Fig.
6A), further supporting the concept that amphiregulin, and
likely epiregulin, expression and subsequent release are
mediating steroid production in granulosa cells.

In addition to promoting EGFR ligand release, LH was also
thought to regulate MMP expression or activation. MMP
expression has been investigated during the ovarian reproduc-
tive cycle, which has been extensively reviewed elsewhere
[26]. As part of these studies, several proteases, namely
ADAMTS and cathepsin L, have been implicated in ovulation
[27, 28]. However, their expression is regulated by progester-
one and peaks well after the ovulatory signal, whereas here we
investigated proteases that contribute to the initiation of
progesterone synthesis. In fact, studies that examine the
regulation of MMP expression specifically at a time when
LH is inducing EGF-like ligand release and subsequent
steroidogenesis are lacking. Furthermore, no direct examina-
tion of LH-induced MMP activation in or release from
granulosa cells has been performed. Therefore, we looked at
MMP expression, release, and activity at 4 h post-LH in vitro,
when amphiregulin and epiregulin mRNA expression is highly
induced. We also examined ovarian MMP expression and
activity in vivo 2 h after hCG treatment. In both systems, there

was no change in MMP expression, and most of the MMPs
were nearly undetectable except for ADAM17, MMP2, and
MMP9 (Figs. 3–5). Furthermore, using both zymography and
fluorogenic peptides, we found that LH does not increase the
baseline activities of ADAM17, MMP2, or MMP9. We did
observe a slight decrease in Timp2 mRNA expression (the
endogenous inhibitor of MMP2) after LH stimulation (Fig. 5, F
and G), which could indicate an LH-induced increase in MMP2
activity in vivo that would be missed by zymography.
However, we did not measure TIMP2 protein levels.
Furthermore, a complex relationship exists between TIMP2
and MMP2, as TIMP2 is also known to be involved in the
activation of the enzyme [29, 30]. Thus, it is unclear in which
direction a decrease in TIMP2 would influence MMP2 activity.
Therefore, although we did not observe changes in overall
MMP activity using the fluorogenic peptide substrate IX (Fig.
5C), additional studies are needed to clarify whether this small
decrease in Timp2 mRNA expression truly influences MMP2
activity. Finally, we found that, in our primary granulosa cell
cultures, LH does not induce secretion of MMPs from
granulosa cells. Given the lack of effect on MMP expression,
activation, or release in response to LH, we propose that
substrate availability (primarily amphiregulin and epiregulin)

FIG. 8. LH induces testosterone production but not EGF-like ligand expression in primary mouse Leydig cells. Primary mouse Leydig cells were
stimulated with or without LH for 30 min then medium was collected to measure testosterone levels by RIA (A) and cells were collected to determine
mRNA levels of amphiregulin, epiregulin, betacellulin, and heparin bound EGF by real-time PCR (B). Leydig cells were also stimulated with LH in the
presence of doxycycline (75 lM, C) or MMP2/9 V inhibitor 9 (20 lM, D) and testosterone levels in the medium were measured as before. Data are
represented as fold induction over unstimulated control (CON) in A and B, and fold induction over MOCK or inhibitor alone (DOX, MMP2/9) in C and D.
Ct values were in the 30s (relatively low) for amphiregulin, epiregulin, betacellulin, and heparin-bound EGF before and after 30-min stimulation with LH.
Each bar represents the average 6 SEM. Identical results were seen in two experiments. *P , 0.05 relative to unstimulated control using Student two-
tailed t-test. **P , 0.05 relative to LH stimulation using Student two-tailed t-test.
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directs the actions of MMPs that are already present in the cell
during LH-induced steroidogenesis.

Currently, ADAM17 prevails as the potential sheddase for
amphiregulin and epiregulin during LH-mediated events [9].
However, we have previously reported that neither TAPI-0 nor
TAPI-1, ADAM17-specific inhibitors, affects LH-induced
steroidogenesis in the ovary [4]. Moreover, most of the
evidence for ADAM17 as the enzyme cleaving these EGF-like
ligands in the context of ovulation used a porcine model and
looked specifically at cumulus granulosa cells [8, 9, 31].
Although small studies in rat granulosa cells appeared to show
increased ADAM17 activity in response to gonadotropin, we
did not see this trend in mouse granulosa cells, and there are no
other studies in mouse that demonstrate ADAM17 activity is
elevated in response to LH. Also, though previous studies
examining specific MMP2/9 inhibition in rat follicle-enclosed
oocytes did not appear to affect meiotic reentry, there could be
timing or species differences involved [3]. Moreover, very high
concentrations of MMP antagonist were selected for this study,
bringing into question the potency and efficacy of this
inhibitor.

Here we utilized a potent and specific fifth-generation
MMP2/9 inhibitor called MMP2/9V and demonstrated that it

effectively suppresses LH-induced steroidogenesis in primary
granulosa cell cultures (Fig. 6A). Furthermore, as mentioned,
this inhibitor significantly attenuates LH-induced release of
amphiregulin from cells into the media (Fig. 6B). Using the
ADAM17/TACE-specific optical probe (fluorogenic peptide
substrate III), we confirmed that MMP2/9 V does not alter
overall ADAM17/TACE activity (Fig. 6D). Thus, in primary
mouse granulosa cells, and likely in ovarian follicles as well,
MMP2/9 rather than ADAM17/TACE appears to be the
primary regulator of LH-induced release of amphiregulin,
and likely epiregulin. Attempts were made to detect release of
epiregulin; however, the sensitivity of the current ELISA kits is
not sufficient to detect epiregulin release, even after concen-
trating the media.

Accordingly, although ADAM17 is known to cleave
membrane-bound EGFR ligands, including TNF alpha,
amphiregulin, epiregulin, and heparin-bound EGF [32–37],
there is also abundant evidence documenting the involvement
of MMPs 2 and 9 in ectodomain shedding [38–42].
Furthermore, MMP2/9 has been shown to be involved in
gonadotropin-releasing hormone-mediated EGFR transactiva-
tion in pituitary gonadotroph cells [43].

FIG. 9. Model for EGFR transactivation in LH-induced steroidogenesis. LH binds to its receptor (Ga
s
-coupled G protein-coupled receptor [GPCR]) on the

theca and mural granulosa cells to initiate cAMP and protein kinase A (PKA) signaling. This induces the upregulation of EGF-like ligands, specifically
amphiregulin and epiregulin, which are not expressed prior to the LH signal. Production of the secreted form of amphiregulin and epiregulin occurs
though MMP-mediated cleavage, via MMP2 and MMP9, which are expressed and active prior to and during the LH stimulus. Upon release, these EGF-like
ligands bind to theca, mural, and cumulus granulosa cells to enhance steroid production.
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Finally, our studies address the specificity of these EGF-like
ligands to LH-induced steroidogenesis in the ovary (Fig. 8).
The finding that LH-induced steroidogenesis is significantly
increased in the absence of amphiregulin, epiregulin, betacel-
lulin, or heparin-bound EGF upregulation in primary mouse
Leydig cells indicates that these EGF-like ligands are not
mediating this process in the testes. Moreover, both the specific
MMP2/9 V inhibitor and doxycycline had little or no effect on
testosterone levels following LH in these cells, further arguing
against a role for EGF-like ligands, at least for steroid
production. Previous studies have suggested that LH-mediated
EGFR transactivation in Leydig cells requires the release of
EGF-like ligands. Although our findings suggest that the
involvement of MMP2/9, as well as the aforementioned EGFR
ligands, is unlikely in Leydig cells, they do not completely
eliminate their possible involvement at the level of cleavage, or
that of other MMPs and EGFR ligands. Nonetheless, these
findings support the notion that LH receptor-mediated
signaling, including regulation of EGF-like ligands, EGFR
transactivation, and the need for MMP2 and MMP9, is
markedly different in the ovary and testes.

To summarize, the studies presented here support the
involvement of amphiregulin, epiregulin, and MMPs2/9 in LH-
induced ovarian steroidogenesis, and, in combination with
previous studies, suggest the following sequence of signaling
events in this process: 1) LH signaling upregulates the
expression of amphiregulin and epiregulin in mural granulosa
cells, and possibly the theca cells; 2) MMP2 and MMP9, which
are already expressed and active, process the release of these
ligands that are then able to bind to the EGFR; and 3) binding
of amphiregulin and epiregulin to the EGFR on mural
granulosa cells, cumulus cells [5], and likely the theca cells
promotes steroidogenesis (Fig. 9). The finding that inhibition
of EGFR signaling (e.g., using AG1478 or doxycycline)
decreases testosterone production in intact follicles suggests
that EGFR transactivation is occurring in mouse theca cells.
That said, additional studies should be pursued to specifically
confirm the involvement of theca cells in this process, as we
did not directly examine EGFR expression in mouse theca
cells. Importantly, however, there is sufficient evidence to
suggest that theca cells express EGFR and respond to EGFR
ligands in other animal systems, including chicken, hamster,
pig, and human [44–48].

Notably, our studies may have important clinical implica-
tions, as they suggest that MMP inhibition could be a possible
treatment option for women with polycystic ovary syndrome
(PCOS), characterized in part by excess ovarian androgen
production. We report here that LH-induced testosterone
production in freshly isolated ovarian follicles requires EGFR
transactivation, and that doxycycline partially but significantly
decreased this LH-induced testosterone production (Fig. 7E).
These data indicate that, as in mural granulosa cells, MMP-
mediated release of EGFR ligands, followed by autocrine,
paracrine, or even juxtacrine signaling in theca cells, may be
playing a critical role in androgen production. Doxycycline is a
common antibiotic with known MMP2/9 inhibition properties.
In fact, this compound has been used in vitro and in vivo to
decrease MMP2/9 activity in several diseases where MMP
activity contributes to their severity [49–52], and there are
numerous active clinical trials exploring this feature of this
drug. Furthermore, there is evidence that MMP2 and MMP9
activities are elevated in women with PCOS [53–57].
Therefore, the use of doxycycline or other MMP2/9 inhibitors
in the setting of PCOS or other disease of excess ovarian
steroidogenesis could prove useful for normalizing elevated
androgen levels.
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