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BACKGROUND: The LH surge promotes ovulation via activation of multiple signaling networks in the ovarian follicle. Studies in animal
models have shown the importance of LH-induced activation of the epidermal growth factor (EGF) signaling network in critical peri-ovulatory
events. We investigated the biological significance of regulatory mechanisms mediated by EGF-like growth factors during LH stimulation in
humans.

METHODS: We characterized the EGF signaling network in mature human ovarian follicles using in vivo and in vitro approaches. Amphir-
egulin (AREG) levels were measured in | 19 follicular fluid (FF) samples from IVF/ICSI patients. Biological activity of human FF was assessed
using in vitro oocyte maturation, cumulus expansion and cell mitogenic assays.

RESULTS: AREG is the most abundant EGF-like growth factor accumulating in the FF of mature follicles of hCG-stimulated patients. No
AREG was detected before the LH surge or before hCG stimulation of granulosa cells in vitro, demonstrating that the accumulation of AREG
requires gonadotrophin stimulation. Epiregulin and betacellulin mRNA were detected in both human mural and cumulus granulosa cells,
although at significantly lower levels than AREG. FF from stimulated follicles causes cumulus expansion and oocyte maturation in a recon-
stitution assay. Immunodepletion of AREG abolishes the ability of FF to stimulate expansion (P << 0.0001) and oocyte maturation (P <
0.05), confirming the biological activity of AREG. Conversely, mitogenic activity of FF remained after depletion of AREG, indicating that
other mitogens accumulate in FF. FF from follicles yielding an immature germinal vesicle oocyte or from an oocyte that develops into an
aberrant embryo contains lower AREG levels than that from follicles yielding a healthy oocyte (P = 0.008).

CONCLUSIONS: EGF-like growth factors play a role in critical peri-ovulatory events in humans, and AREG accumulation is a useful marker
of gonadotrophin stimulation and oocyte competence.
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Introduction - (CGCs) surrounding the oocyte, pave the way to the ovulatory

- process. These events are followed by the rupture of the follicle
Oocyte re-entry into the meiotic cell cycle and completion of @ and extrusion of a mature cumulus—oocyte complex (COC) compe-
maturation, as well as activation of two distinct programs of terminal :  tent for fertilization. All the events are triggered by a rapid increase in
differentiation in mural granulosa cells (mMGCs) and cumulus cells : circulating levels of the gonadotrophin LH. Although critical for fertility,

TThis work was selected for oral presentation at a special REI Fellows’ Research Session at the Annual Meeting of the American Society for Reproductive Medicine in October 2009 in
Atlanta, GA.
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the precise roles of LH in promoting the final stages of oocyte matu-
ration are incompletely understood. LH signaling is crucial for the final
stages of oocyte maturation (Chandrasekher et al., 1994; Sullivan et al.,
1999; Hillier, 2001). However, LH/hCG receptors are present on
theca, on mGCs as well as on cumulus granulosa cells in some
species, but not on the oocyte itself. The canonical Gy-mediated
cAMP pathway is activated by LH receptor signaling, but cAMP
levels are not the only mechanism by which LH exerts its effects on
oocyte maturation. Recent studies have shown that LH signaling at
the time of final oocyte maturation involves activation of the small
G protein Ras as well as activation of the mitogen-activated protein
kinases ERK1/2, although the precise mechanisms by which the LH
receptor signals in this manner have not yet been fully elucidated
(Fan et al., 2008, 2009).

In multiple species, including mouse, rat, pig, cow and rhesus
monkey, LH receptor activation causes up-regulation of the epidermal
growth factor (EGF)-like growth factor family (Ashkenazi et al., 2005;
Fru et al., 2007; Yamashita et al., 2007; Li et al., 2009). This is a poten-
tial mechanism for transducing the LH signal to the oocyte, since these
growth factors are known to interact with the CCs which are in inti-
mate contact with the developing oocyte.

In the mouse, amphiregulin (AREG), epiregulin (EREG) and betacel-
lulin (BTC) have been show to be mediators of LH signaling in the fol-
licle (Park et al., 2004). Further work has shown an impairment in
female mouse fertility following genetic disruption or pharmacological
blockade of LH-mediated transactivation of the EGF signaling network
(Hsieh et al., 2007). However, there does appear to be redundancy in
this system since the AREG and EREG knockout mice are fertile,
although with a decreased litter size compared with the wild type
(Lee et al., 2004). Previous work in human follicular fluid (FF) has
shown an EGF-like activity, although only very small amounts of EGF
protein were found (Westergaard and Andersen, 1989; Reeka et dl.,
1998). Furthermore, microarray analysis has shown that primary
human granulosa cultures do not show modulation of EGF expression
by either LH or FSH (Freimann et al., 2004). This discrepancy may be
explained by the presence of EGF-like ligands in human FF, which signal
by binding to members of the EGF receptor family but do not cross-
react with antibodies directed at EGF itself.

The three EGF-like ligands AREG, EREG and BTC were discovered
within the past two decades (Shoyab et al., 1988; Shing et al., 1993;
Toyoda et al., 1995). AREG and the other family members are syn-
thesized as transmembrane precursors which are then cleaved to
release the active growth factor which can interact with different
members of the EGF receptor family (Sanderson et al., 2006). One
prior study has examined the expression of an EGF-like growth
factor, AREG, in FF (Inoue et al., 2009), and AREG was found in
human FF obtained at the time of oocyte retrieval (OR) at significantly
higher levels than either EGF or transforming growth factor-a.. There
was a non-significant trend towards higher AREG levels and poor
quality embryos, and a potential association of higher AREG and
lower fertilization rates. However, a limitation of the study of Inoue
et al. (2009) is the use of pooled follicular samples which prevents
any correlations with outcomes of individual oocytes or embryos.

The purpose of our study is to provide a detailed characterization of
EGF-like growth factors in human FF and their regulation. Here, we
provide evidence that bioactive AREG accumulation is induced by
hCG and that levels of AREG in FF correlate with oocyte maturation.

Materials and Methods

Source and collection of human FF samples

Patients undergoing assisted reproduction treatments by standard ovarian
stimulation protocols were recruited to collect FF. For this FF database,
each patient had either one or two follicle aspirates collected at the
time of OR 36 h after hCG from mature-sized follicles (>16 mm diam-
eter). For this particular study, only patients receiving down-regulated
ovarian stimulation protocols were included and only a single FF sample
from each patient was used. Details regarding the stimulation parameters,
OR and FF preparation and storage have been described previously
(Rosen et al., 2009). Additional information on the stimulation parameters
is given below. Pre-hCG FF was obtained from mature-sized follicles
(=16 mm diameter). Five samples taken before hCG administration
(pre-hCG samples) were obtained from the following types of patients:
one ovum donor who did not inject hCG, two stimulated IVF patients
with single lead follicles that were aspirated to allow salvage of ovarian
stimulation, one stimulated patient undergoing fertility preservation
enrolled in a clinical trial, and one normally cycling unstimulated patient
undergoing laparoscopic tubal ligation who had a dominant follicle aspi-
rated with a documented negative serum LH. mGCs were obtained by
aspiration from FF after microscopic identification. CCs were obtained
by mechanically separating a portion of the cumulus from the oocytes at
the time of ICSI. The decision for conventional insemination or ICSI ferti-
lization was made by the clinician based on the presence of a component
of male factor infertility. The study was approved by the institutional
review board at University of California, San Francisco (UCSF) and
informed consent was obtained from all patients involved in this study.

Detailed ovarian stimulation protocol

For this study, we only used FF samples from patients fulfilling certain cri-
teria. The stimulations involved only standard OCP-long luteal protocols
for stimulation. Gonadotrophin doses and tapering during stimulation
are based on a pre-determined clinical algorithm based on antral follicle
count (AFC) and serum estradiol (E;) with all patients being monitored
at the UCSF IVF Clinic. The dose of hCG for the samples used was
fixed at 10000 IU, given 36 h prior to OR. For all our comparisons,
samples were age matched to the extent this was possible. For the germ-
inal vesicle (GV) oocytes, there were fewer numbers therefore strict age
matching was not possible; however, the average ages were not signifi-
cantly different from the other groups. ICSI was used only for male
factor infertility indications.

Specific long luteal protocol doses:

Starting gonadotrophin dose (mixed recombinant FSH and hMG):
(150—450 IU) per day

AFC >20: 150/75
AFC 13-20: 150/150
AFC 8—12: 225/150
AFC <8:300/150

The dose-tapering protocol is as follows. Day 4 E; > 150 pg/ml: decrease
gonadotrophin by 75 IU of FSH product per day. Day 6 E, second taper:
E, > 350 pg/ml: decrease by additional 75 IU of FSH product per day.

Granulosa cell RNA extraction and
quantitative RT-PCR

Total RNA from CCs or mGCs was isolated using the RNeasy Micro Kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s instructions.

RNA quality was determined with the Bioanalyzer 2100 and RNA 6000
Pico LabChip assay (Agilent Technologies Inc., Palo Alto, CA, USA).
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Samples were reversed transcribed using an AffinityScript qPCR cDNA
synthesis kit (Stratagene, La Jolla, CA, USA) with random hexamers. Real-
time PCR was performed to quantify the expression levels of EGF-like
growth factors using the SYBR GreenER qPCR SuperMix system (Invitro-
gen, Carlsbad, CA, USA). All primers were designed to span introns to
ensure specific amplification of cONA (Table I). To compare expression
levels of different genes, the efficiency of each set of primers was calcu-
lated with a standard curve of serial dilutions, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used to normalize all the data.

Quantification of EGF-like growth
factor levels

AREG protein levels were quantified using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems Inc., Min-
neapolis, MN, USA) according to the manufacturer’s instructions. Serial
dilutions were used with a minimum of two points within the standard
curve used for each sample. Each dilution was run in duplicate, with 9%
inter-assay coefficient of variation. BTC levels were quantified using a com-
mercially available ELISA (R&D Systems Inc.). EREG levels were quantified
by ELISA using a mouse monoclonal anti-human primary antibody and a
biotinylated goat anti-human secondary antibody with similar conditions
to the AREG ELISA (R&D Systems Inc.).

Immunodepletion of human FF

Immunodepletion of FF was performed by incubating FF supplemented
with protease inhibitors (Complete Mini, Roche, Basel, Switzerland) and
either goat immunoglobulin (Ig)G anti-human AREG or goat IgG anti-
human EREG antibodies (R&D Systems Inc.) or control IgG and Protein
A/G beads, and tumbling overnight at 4°C. The supernatant was used
for subsequent experiments. For the AREG immunodepletions, the super-
natants were assayed by ELISA and showed >95% AREG removal.

COC expansion assay

COCs were isolated 44—48 h post-pregnant mare’s serum gonadotrophin
(PMSG) injection, as previously described, from C57BL/6 mice and were
cultured in minimum essential medium (MEM, Gibco, Grand Island, NY,
USA) supplemented with penicillin, streptomycin and 5% fetal bovine
serum (Su et al., 2002). COCs were cultured at 37°C in 5% CO,. Recom-
binant mouse AREG (100 nM) (R&D Systems Inc.) and 10% human FF
were added as controls. After culture for 16—18 h with the appropriate
FF sample, COCs were scored for cumulus expansion by quantification
of COC area using QCapture Pro Version 5.1 for Windows (Media
Cybernetics Inc., Bethesda, MD, USA). Data are presented as the

mean + SEM of nine or more COCs analyzed in three separate
experiments.

Oocyte maturation assay

COCs were isolated 44—48 h post-PMSG injection, as described above.
The COCs were then incubated for 5-5.5h at 37°C in MEM sup-
plemented with 3.85 mM hypoxanthine and 10% human FF where indi-
cated. The oocytes were then mechanically denuded by pipet and
assessed for nuclear maturation by microscopy.

Mitogenic assay

Mouse Balb 3T3 cells were used because of their ability to respond to
recombinant human AREG (Adam et al., 1999). Cells were grown to
~30% confluence in [2-well dishes and serum starved for 6-8h.
Medium supplemented with appropriate FF fractions to a final
concentration of 2.5% was then placed on the cells. [*H] Thymidine
(0.4 nCi/well, 20 Ci/mmol; Perkin Elmer) was added to each well for
~36 h. Cells were washed in medium and lysed in 0.2 N NaOH and
1% sodium dodecyl sulphate. [*H] Thymidine incorporation was deter-
mined by liquid scintillation counting. Results are expressed as pmol
[°H] Thymidine over unstimulated controls. All samples were assayed
in duplicate, and all values are expressed as mean + SEM, with
minimum n = 3.

Analysis of FF by chromatography

Pooled FF obtained from an ovum donor 36 h after hCG administration was
clarified by centrifugation at room temperature for [0 min at 1500g, ali-
quoted into 2 ml cryovials, and placed at —80°C for later analysis. This
fluid was thawed, diluted 1:8 with 20 mm Tris pH 8.5 and a cocktail of pro-
tease inhibitors was added (Complete Mini, Roche, Basel, Switzerland). The
FF was then centrifuged at 4°C for |5 min at 15 000g and the supernatant
loaded onto a Mono-Q column. Column parameters: bed volume | ml,
flow rate | ml/min, fraction volume 0.6 ml. Low salt buffer 20 mm Tris
pH 8.5, 10 MM NaCl. High salt buffer 20 mm Tris pH 8.5, | M NaCl.
Elution gradient: low salt buffer x 10 min, then linear gradient to 100%
high salt buffer over 40 min. Fractions were pooled in groups of three and
assayed for AREG by ELISA, and total protein concentration by bicinchoni-
nic acid (BCA) protein assay and OD,gg. Fractionation was repeated for fluid
from a different ovum donor, giving a similar column elution profile.

Statistical analyses

Analysis of variance (ANOVA) was performed to compare levels of AREG
between multiple groups. The mitogenic [*H] Thymidine results were

Table I Primers used for quantitative RT—PCR analysis of human ovary and amplicon size.

Ref Seq Sense primer sequence 5'-3’
AREG NM_001657.2 AGCCGACTATGACTACTCAG
EREG NM_001432.2 GCACAGCTTTAGTTCAGACAG
BTC NM_001729.2 AAAGGCCACTTCTCTAGGT
ErbBI NM_005228.3 GAGGATGTTCAATAACTGTGAGG
ErbB2 NM_004448.2 GCCTGTCCCTACAACTACC
ErbB3 NM_001982.2 TTCCTGCAGTGGATTCGAG
ErbB4 NM_005235.2 CTTGACAGAAATCCTAAATGGTGG
GAPDH NM_002046.3 CATTTCCTGGTATGACAACGA

Antisense primer sequence 5' -3’ Amplicon size (bp)

CTTAACTACCTGTTCAACTCTGAC 96
TGTCCACCAGATAGATGCAC 96
CCTTCATCACAGACACAGG 107
CCTGGATGGTCTTTAAGAAGG 95
TGTTCCATCCTCTGCTGTC 92
CAAACTTCCCATCGTAGACC 120
GTCCACATCCTGAACTACCA 148
TTCCTCTTGTGCTCTTGCT 101

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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analyzed by ANOVA with comparison t-tests where appropriate. Where
the ANOVA was significant, Student’s t-test with Bonferroni correction
was performed for pairwise comparisons between groups. Logistic
regression analyses were used to determine any significant relationship
between levels of AREG and other relevant clinical parameters (female
age, follicular size, follicular hCG). Tests were declared statistically signifi-
cant for a two-sided P-value <<0.05. All analyses were performed using
Graphpad PRISM version 5.0 for Windows (GraphPad Software, San
Diego, CA, USA).

Results

EGF-like growth factors are present in
human FF after hCG stimulation

CCs and mGCs were isolated from the FF of women undergoing OR
for IVF. We examined the expression of three EGF-like growth factors,
AREG, EREG and BTC, by quantitative RT—PCR, and the results are
summarized in Fig. |A. Expression of mRNAs coding for all three
growth factors was detected in both CCs and mGCs. With the
caveat of potential differences in amplification efficiency, Areg
mRNA was |0-fold higher than Ereg mRNA and 60-fold higher than
BTC mRNA (P <0.001). When the mRNA levels of Erbbl, the
receptor shared by these three factors, were measured, higher con-
centrations were detected in CCs compared with mGCs, confirming
that the CCs are a sensitive target for EGF-like growth factors
(Fig. 1B).

We next evaluated the protein levels of these three EGF-like ligands
in human FF. High levels of AREG protein were observed in both
pooled FF and individual follicle aspirates. AREG concentration
ranged from ~20 000 to 80 000 pg/ml with a distribution that was
not significantly different from normal (Fig. 2A). To confirm the speci-
ficity of AREG detection, we immunodepleted multiple FF samples
with an antibody different from that used in the ELISA and then

A 04,
. Areg
mBTC

I B Ereg

8 gal

2 o3

<

o

i}

@

2 0.2

=

[}

o

<

=

X 014

0.0- e i F— - i_

CCs mGCs

RNA Relative to GAPDH

assayed these depleted samples. Following this strategy, we were
able to specifically and almost completely remove immunoreactive
AREG from the FF (Supplementary data, Fig. SI).

In the five patients available where FF was obtained prior to hCG
administration, AREG was undetectable. A significant correlation
between hCG concentration in the FF and AREG accumulation was
established by comparing AREG and hCG levels within individual fol-
licles P=0.016 (Fig. 2B). The stringent dependence of AREG accumu-
lation on gonadotrophin stimulation was further assessed in an in vitro
system. Granulosa cells retrieved from mature-sized follicles accumu-
lated AREG in the culture medium only when exposed to hCG
(Fig. 3A). The FSH alone did not have a detectable effect in these lutei-
nized granulosa cells. As expected, hCG increased progesterone
secretion in these primary granulosa cell cultures when compared
with either the FSH or the control (Fig. 3B).

To define whether AREG accumulation is confined to the follicle,
serum AREG levels were measured in five patients on the day prior
to hCG administration and 36 h after hCG. Serum AREG levels
were three orders of magnitude lower than in the FF and showed
no significant change after hCG administration (pre-hCG mean
I'l pg/ml SD 2.9; post-hCG mean |3 pg/ml SD 4.3).

A human EREG ELISA was developed with a sensitivity of ~200 pg/
ml and employed to assay 20 individual FF samples. Significant EREG
accumulation was detected in only a single sample at a level of
~400 pg/ml. A commercially available ELISA for BTC with a sensitivity
of I5 pg/ml was used to assess four pooled samples of FF with known
high levels of AREG, but no BTC was detected (data not shown).
These data demonstrate that AREG is the most abundant EGF-like
growth factor accumulating in the FF of the ovulatory follicle.

AREG in human FF is biologically active

The biological activity of AREG derived from FF was assessed in three
independent functional assays: COC expansion assay, an oocyte
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= Mural Cells n=3
0.0125+
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0.0075-
p<0.01

0.00504 M

hErbb1 hErbb2 hErbb3 hErbb4

Figure 1 Expression of EGF-like growth factors and cognate receptors in the human ovarian follicle. Mural (mGC) and cumulus (CC) granulosa cells
were collected 36 h after hCG administration. Total RNA was then isolated and RT—PCR performed. Results are reported as the mean + SEM of
three different samples for EGF-like growth factor expression and three to four different samples for EGF receptor (Erbb) subtype expression.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2 (A) Distribution of AREG protein levels within individual human pre-ovulatory follicles. Individual follicular aspirates were collected 36 h
after hCG, and AREG levels determined by ELISA. Each patient contributed a single FF specimen for the analysis. EREG was assayed by ELISA in 20
individual samples and was not detectable in |9 of these, and only present at a low level in one sample. BTC was not detectable in either individual or
pooled fluid samples. (B) Follicular AREG is positively correlated with follicular hCG levels. Within individual follicles, AREG and hCG levels were
determined and the results plotted. Follicular AREG and follicular hCG levels are positively correlated (P = 0.016).
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Figure 3 (A, B) AREG production and secretion is specifically mediated by LH signaling. Primary cell cultures were established from luteinized
human granulosa cells obtained at the time of OR. Cells were then stimulated by either recombinant human FSH, hCG or vehicle only for up to
60 h. Cultured medium was assayed for AREG (Fig. 3A) or progesterone (Fig. 3B). Results for AREG production are mean + SEM values from
three different primary cell cultures taken from different patients. Statistical significance is in comparison with the no gonadotrophin stimulation at
24 h. Progesterone results for the primary granulosa cell culture are from an individual patient.

maturation assay and a conventional and widely used mitogenic assay : EGF-like growth factors, blocks the ability of post-hCG FF to cause
for EGF-like growth factors. Figure 4C documents that human FF  this expansion (Fig. 4A and B). In the same vein, incubation of
obtained after the hCG trigger, but not before hCG, causes CC : mouse COCs with human FF induces oocyte maturation (Fig. 4D).

expansion. Immunodepletion of AREG, but not EGF or other : This stimulation was maximal with FF obtained after hCG trigger
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Figure 4 (A) Biologically active AREG in human FF causes CC expansion. Mouse COCs were incubated with |0% human FF (post-hCG) which was
immunodepleted (AB) of various EGF-like growth factors. AREG depletion specifically blocks normal CC expansion in this assay. Recombinant AREG
(rAREG) is included as a control. Magnification: x 0. (B) Biologically active AREG in human FF causes CC expansion. A histogram showing the
mean + SEM of nine or more COCs analyzed in three separate experiments. Statistical significance determined relative to the mock immunopreci-
pitated 10% FF. (C) Human FF sampled before hCG administration (pre-hCG FF) does not promote COC expansion. (D) AREG in human FF induces
oocyte nuclear maturation. Mouse COCs were incubated with 10% human FF (post-hCG) and assessed for nuclear maturation by light microscopy.
Results are mean + SEM of |5 or more COCs analyzed in three separate experiments. AREG IP, AREG removed by immunoprecipitation.

and was greatly reduced after immunodepletion of AREG. These
results confirm the presence of biologically active AREG in human
FF and suggest that AREG is a physiological mediator of oocyte matu-
ration and CC expansion.

In a mitogenic assay, recombinant AREG caused the replication of
3T3 cells to the same extent as serum. Unfractionated FF was a
potent mitogen in this particular assay. However, depletion of
AREG did not diminish the mitogenic activity of this biological fluid.
(Fig. 5A).

Multiple forms of AREG are identified by ion
exchange chromatography

We next determined the physicochemical properties of AREG
present in human FF compared with those of the recombinant
protein. Utilizing mono-Q anion exchange chromatography,
post-hCG human FF was fractionated and assayed for AREG and
total protein. The column elution profile revealed two distinguishable
forms of AREG, as shown in Fig. 5B. Recombinant AREG expressed
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Figure 5 (A) Mitogenic activity of ovarian FF is not abolished by
AREG immunodepletion. [*H] Thymidine incorporation using
murine Balb 3T3 cells stimulated with either fetal calf serum
(FCS), various FF specimens (post-hCG) or rAREG. Results are
expressed as pmol [°H] Thymidine over unstimulated controls.
Al samples were assayed in duplicate, and all values are
mean + SEM, with minimum n= 3. [P, immunoprecipitation. (B)
Two major forms of AREG are distinguishable by ion exchange
chromatography. Pooled human FF obtained 36 h after hCG was
fractionated under the conditions described in Materials and
Methods. Fractions were assayed for total protein by OD280
and BCA, and AREG levels by ELISA.

in Escherichia coli elutes with a profile closer to the first peak than the
second peak (data not shown). Presumably these forms in FF may rep-
resent either differently processed polypeptides or species of free and
bound AREG. The fractions were then analyzed in the COC expansion
assay, with the first AREG peak showing some activity for CC expansion
but the second peak fractions caused oocyte degeneration, possibly
related to the higher salt concentrations in the second peak fractions

(data not shown). When the fractions from the anion exchange
column were tested for mitogenic activity, no clear correlation with
the AREG immunoreactivity could be established.

AREG levels as a predictor of oocyte quality

Using individual follicle aspirates, we correlated levels of AREG with
clinically relevant parameters. We examined AREG levels in follicles
yielding oocytes that did not fertilize, fertilized normally or fertilized
abnormally with ICSI, as well as follicles yielding immature oocytes.
Follicles producing immature GV oocytes have lower AREG levels
than follicles producing nuclear mature metaphase Il (Mll) oocytes
(P=0.0071, mean 19100 £ 5197 versus 33 000 + 1533 pg/ml).
Figure 6 shows that follicles yielding GV oocytes or abnormally fer-
tilized oocytes (defined as any fertilization other than two pronu-
clei) have significantly lower levels of AREG than follicles yielding
either normal or unfertilized oocytes. A similar analysis was per-
formed on oocytes fertilized by conventional IVF; however, this
showed no significant difference in AREG among the various fertili-
zation groups (Supplementary data, Fig. S2). Correlations of FF
AREG with other clinical parameters relevant to fertility treatment
were assessed. There was no significant correlation between
AREG and female age or follicle volume (Supplementary data,
Figs S3 and $4).
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Figure 6 Levels of AREG in human ovarian follicles yielding normal
oocytes or oocytes with compromised developmental potential.
Human FF samples were assayed as described in the Materials and
Methods. Each point represents a single FF sample with the bars
showing the mean. Only a single FF sample was used from a given
patient. Where possible, age-matched samples were used, with no
significant differences in ages among samples in each of the groups.
Data were stratified according to oocyte fertilization after ICSI, as
assessed by an embryologist. Abnormal (Abn) embryos are defined
as anything other than fertilization of two pronuclei. The GV group
is a subgroup where individual follicles produced an immature oocyte.
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Discussion

With this study, we provide evidence that gonadotrophin stimulation
of the human ovulatory follicle produces massive accumulation of
the EGF-like growth factor AREG in FF. This conclusion is supported
by the finding that no immunoreactive AREG is detected in FF prior
to the LH surge, that LH/hCG stimulates AREG secretion in vitro,
that bioactive AREG appeared in FF after hCG stimulation, and that
a positive correlation is established between hCG levels and AREG
concentration in the FF of the mature-sized follicle. Given the biological
effects of AREG and the presence of its cognate receptors, we
propose that AREG is a critical signal for the gonadotrophin-
dependent stimulation of cumulus expansion and oocyte maturation
in humans. Although a wide range of AREG concentrations were
measured in FF, follicles yielding an immature oocyte or an oocyte sup-
porting aberrant embryo development showed significantly lower
levels of AREG. Although these correlations need to be further
refined taking into consideration the different AREG forms, they estab-
lish a clear link between the accumulation of this growth factor and
oocyte quality.

In vitro data from human granulosa cell cultures as well as a recent
study of IVF patients have shown that AREG is secreted by granulosa
cells (Freimann et al., 2004; Negishi et al., 2007; Inoue et al., 2009).
Our data confirm and extend these findings. Of note, a prior publi-
cation had noted a negative correlation of follicular AREG and follicular
hCG which was only apparent in a small subset of patients (Inoue
et al, 2009). The biological rationale of dividing patients in this
manner and the use of pooled FF is likely to confound results, since
our analysis of multiple individual aspirates from the same patient
shows that the concentration of AREG in different follicles varies
within the same patient (data not shown). This is the likely explanation
for why we find a positive association of AREG and hCG which is
consistent with both murine and in vitro human cultured granulosa
cell data (Freimann et al., 2004; Park et al., 2004; Negishi et al., 2007).

Furthermore, we show that 36 h after hCG administration, in both
CC and mGGCs the predominant EGF-like growth factor mRNA
expressed is AREG, with much lower levels of EREG and BTC
mRNAs. This is consistent with our protein data showing no significant
levels of EREG or BTC in FF. This is in contrast to murine studies,
where up-regulation of all three EGF-like growth factors was seen
after LH administration (Park et al., 2004) which could either reflect
species-specific differences, such as differential LH receptor signaling,
or be related to the sampling timing, since we do not have available
FF at different times after hCG administration. One possibility is that
EREG or BTC is expressed earlier than 36 h after hCG. Later
expression is not likely to be biologically relevant for IVF since a sub-
stantial portion of IVF cases have removal of the CCs 4—6 h after OR
in order to perform ICSI. Given that AREG is present in FF after hCG
administration, we tested whether AREG was detectable in serum and
if this could be used as a correlate for FF AREG levels, but we were
unable to find any measurable clinical differences in serum level.
This result is not necessarily surprising since the production of
AREG would only occur for 36 h and it may not have had time to
diffuse into the serum, or it could reflect degradation.

The AREG accumulating in FF is biologically active, because it
supports both oocyte maturation and cumulus expansion. Previous
work has identified multiple pathways and ligands which are

important for CC expansion (Downs, 1989; Buccione et al., 1990;
Chen et al.,, 1993; Dragovic et al., 2005; Pangas and Matzuk, 2005;
Diaz et al., 2006; Fan et al., 2008; Kawashima et al., 2008; Yeo
et al., 2009). Both in vitro and in vivo studies suggest that multiple
signals are involved in CC expansion (Russell and Salustri, 2006). It
has been previously reported that human FF causes murine CC expan-
sion (Das et al., 1992) and that recombinant AREG also produces a
similar effect (Park et al., 2004). Our study suggests that AREG is
physiologically a critical ligand for this process. Under our experimen-
tal conditions, recombinant AREG alone is sufficient to cause COC
expansion, although at a concentration significantly higher than that
detected in FF (100 nM versus ~5 nM, respectively). There are two
possible explanations for this discrepancy. Other factors in the fluid
may be contributing either directly or indirectly to AREG’s ability to
cause COC expansion; indeed oocyte-derived growth factors, such
as GDF-9, function as enabling factors for cumulus expansion and
GDF-9 is detected in human ovarian follicles (Aaltonen et al., 1999).
Alternatively, the potencies of the native and recombinant forms of
AREG are different. The recombinant protein is expressed in E. coli
and therefore may have aberrant post-translational modifications.

The findings of AREG’s importance in the physiologically critical
processes of oocyte maturation and CC expansion provide a mechan-
istic explanation for the current use of EGF to improve in vitro matu-
ration (IVM) conditions. On the basis of findings in several animal
models, previous work has examined the effects of EGF on human
IVM conditions and shown that addition of this growth factor can
improve IVM outcomes (Das et al., 1991; Gomez et al., 1993). The
addition of physiological concentrations of EGF to IVM culture
media has been shown to promote both nuclear and cytoplasmic
maturation of human GV oocytes, with the finding that the improve-
ment in nuclear maturation was marked for denuded oocytes (an
2-fold increase in rates of Ml formation) versus a small non-significant
increase in MIl formation for cumulus-enclosed oocytes (Goud et dl.,
[998). Additional work in rhesus monkeys has shown that AG 1478 (a
chemical EGF receptor inhibitor) decreased oocyte maturation,
cumulus expansion and blastocyst formation in vitro, highlighting the
critical importance of EGFR activation for proper oocyte maturation
in vitro (Nyholt de Prada et al., 2009). In this model, additional EGF
did not improve conditions, leading the authors to conclude that
EGF-like peptides from CCs may already be providing maximal EGF
receptor stimulation (Nyholt de Prada et al., 2009).

Previous studies have shown that AREG is synthesized as a 252
amino acid transmembrane precursor with multiple N-linked and
O-linked glycosylation sites (Shoyab et al., 1988; Sanderson et dl.,
2006). Differential proteolytic cleavage is thought to generate two
different AREG isoforms of slightly different molecular weights (78
and 84 amino acids). Our chromatography studies suggest the pres-
ence of either two isoforms of AREG, or a free and bound species
of AREG in human FF. For technical reasons, we could not directly
compare the biological activities of these two peaks. We did show
in a mitogenic assay that FF mitogenic activity did not correlate with
AREG immunoreactivity in the column fractions, and that FF depleted
of AREG had mitogenic activity similar to native FF. This finding
demonstrates that additional mitogens accumulate in the FF prior to
the ovulatory process. Future work will focus on the potencies of
these two different chromatographic species to determine whether
they are structurally different isoforms or represent AREG complexed
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with an as yet undefined binding partner, and how this may differ in
different cell populations.

Since our in vitro studies show that AREG is biologically active and
up-regulated by hCG, we examined levels of AREG in individual follicu-
lar aspirates to determine if there was any correlation with certain
patient characteristics or oocyte-related outcomes, such as fertilization
and early embryo growth. We did not find a significant correlation
between AREG and female age or follicle size. We did find that GV
oocytes and abnormally fertilized oocytes with ICSI had significantly
lower AREG levels than either unfertilized or normal, two pronuclei,
fertilized oocytes. With ICSI, it is assumed that an abnormal
number of pronuclei is caused by an oocyte defect, through mechan-
isms such as failed polar body extrusion or failed coordination of
nuclear and cytoplasmic divisions. This may represent incorrect cyto-
plasmic maturation, since with ICSI only Ml oocytes are used, control-
ling nuclear maturation. Similarly, GV oocytes retrieved after hCG are
presumed to have an abnormality which prevented proper oocyte
maturation. A similar analysis was performed on conventional insemi-
nation samples but did not show any significant differences among the
fertilization groups. We had hypothesized that given the importance of
AREG for COC expansion, a subset of unfertilized oocytes from con-
ventional [VF would result from poor cumulus expansion, and that this
sample would have lower AREG levels. The fact that we did not see
this could be explained by a threshold effect where AREG was
already at high enough levels in the majority of the samples, or the
limited sample size available and the inability to precisely assess the
oocyte maturation stage with conventional IVF. Furthermore, certain
physiological conditions with altered LH responsiveness or altered
granulosa cell physiology, such as polycystic ovarian syndrome, may
have abnormal AREG production leading to suboptimal results from
ovarian stimulation during fertility treatment. This is an important clini-
cal question, which warrants further study.

Taken together, our findings strongly support a critical role for
AREG during the peri-ovulatory period as an intrafollicular signal.
However, the function of this growth factor may extend beyond
oocyte maturation and cumulus expansion. Together with the demon-
stration that additional mitogens are present in the FF, the high concen-
tration of AREG indicates that factors with high levels of mitogenic
activity are released in the peritoneal cavity during each ovulation. An
additional, extrafollicular physiological function for these mitogens
may be facilitation of the healing process of the surface of the ovary
after ovulation. If this is correct, a burst of cell replication is induced
by AREG and other mitogens during each ovulatory event. In addition
to healing of the ovarian epithelium, these mitogens may promote the
selection and expansion of ovarian epithelial cells carrying oncogenic
mutations. The levels of AREG in FF are at least |00-fold higher than
the levels reported in the serum of cancer patients with tumors expres-
sing AREG, or in conditioned media from human cancer cell lines known
to express AREG (Ishikawa et al., 2005; Yotsumoto et al., 2008). Thus,
the massive peri-ovulatory AREG accumulation may establish a func-
tional link between repetitive ovulations and increased risk of ovarian
epithelial carcinomas (Purdie et al., 2003; Ben-Ami et al., 2006).

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.
org/.
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