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Abstract

Progesterone (P4), acting through its nuclear receptor (PGR), plays an essential role in ovulation
by mediating the expression of genes involved in ovulation and/or luteal formation. To identify
ovulatory specific PGR-regulated genes, a preliminary microarray analysis was performed using
rat granulosa cells treated with hCG + RU486 (PGR antagonist). The transcript most highly down-
regulated by RU486 was an EST (Expressed Sequence Tag) sequence (gh: BI1289578.1) that
matches with predicted sequence for XlIr5c-like mMRNA. Since nothing is known about XIr5c-like,
we first characterized the expression pattern of Xlr5c-like mMRNA in the rat ovary. The level of
mRNA for XIr5c-like is transiently up-regulated in granulosa cells of periovulatory follicles after
hCG stimulation in PMSG-primed rat ovaries. The transient induction of XIr5c-like mRNA was
mimicked by hCG treatment in cultured granulosa cells from preovulatory ovaries. We further
demonstrated that the LH-activated PKA, MEK, PI3K, and p38 signaling is involved in the
increase in XIr5c-like mMRNA. The increase in XIr5c-like mRNA was abolished by RU486. The
inhibitory effect of RU486 was reversed by MPA (synthetic progestin), but not by dexamethasone
(synthetic glucocorticoid). Furthermore, mutation of SP1/SP3 and PGR response element sites in
the promoter region of Xlr5c-like decreased Xlr5c-like reporter activity. RU486 also inhibited
Xlr5c-like reporter activity. ChIP assay verified the binding of PGR and SP3 to the XlIr5c-like
promoter in periovulatory granulosa cells. Functionally, siRNA-mediated XlIr5c-like knockdown in
granulosa cell cultures resulted in reduced levels of mMRNA for Snap25, Cxcr4, and Adamts1.
Recombinant XIr5c-like protein expressed using an adenoviral approach was localized
predominantly to the nucleus and to a lesser extent to the cytoplasm of rat granulosa cells. In
conclusion, this is the first report showing the spatiotemporally regulated expression of Xlr5c-like
mRNA by hCG in rat periovulatory ovaries. P4/PGR mediates the LH-induced increase in XIr5c-
like mRNA. In turn, XIr5c-like is involved in regulating the expression of specific ovulatory genes
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such as Snap25, Cxcr4, and Adamts1, possibly acting in the nucleus of periovulatory granulosa
cells.
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1. INTRODUCTION

The preovulatory LH/FSH surge increases progesterone (P4) production and its nuclear
receptor, PGR, expression in periovulatory follicles of the ovary (Chaffin et al, 1999; Espey
L.L., 1994; Park & Mayo, 1991; Robker et al, 2000; Slomczynska et al, 2000). This rise in
preovulatory progesterone, via binding to its receptor, PGR, has been proved to be essential
for successful ovulation and/or luteinization. For instance, the administration of various
inhibitors of progesterone biosynthesis or PGR antagonists blocked ovulation and/or
luteinization in rats (Brannstrom & Janson, 1989; Pall et al, 2000; Snyder et al, 1984;
Tanaka et al, 1992; Uilenbroek et al, 1992), primates (Duffy et al, 1994; Hibbert et al, 1996)
and sheep (Murdoch et al, 1986). Studies using Pgr null mice further confirmed the
functional significance of preovulatory progesterone/PGR action on ovulation in rodents;
follicles develop normally, but fail to ovulate even when given exogenous gonadotropin
stimulation (Lydon et al, 1996; Robker et al, 2000).

Upon binding with progesterone, PGR is known to regulate the transcription of a distinct set
of genes in various reproductive tissues. In the ovary, considerable efforts have been made
to identify downstream targets of PGR to delineate the mechanisms of the ovulatory process.
Through the use of PGR null mice and PGR antagonists, over a dozen genes have been
identified to be downstream of P4/PGR’s action [reviewed in (Kim et al, 2009a; Robker et
al, 2009)]. These PGR-regulated genes encode a diverse array of factors ranging from
proteases, secreted peptides, transcription factors, cytokines, and cellular structure proteins,
indicating that P4/PGR affects various aspects of intra and extra-cellular events to
accomplish ovulation. However, whether these genes are truly the direct transcriptional
targets of PGR or indirectly regulated has yet to be determined. Intriguingly, the majority of
genes identified as PGR-regulated in periovulatory granulosa cells appear to lack PGR
response elements in their promoter regions. Rather, for a few PGR-regulated genes
analyzed thus far, their expression was found to be dependent on the binding of Sp1/Sp3
transcription factors to GC-rich elements in their promoter regions (Doyle et al, 2004;
Sriraman et al, 2008; Sriraman et al, 2003), thus suggesting that P4/PGR may regulate these
genes by enhancing or modulating the activity of Sp1/Sp3 transcription factors.

Our preliminary microarray data using a rat granulosa cell culture model identified an EST
(gb: B1289578.1) as the transcript most highly down-regulated by the treatment with PGR
antagonist, RU486. Importantly, this transcript matches 100% with the partial cDNA
sequence of predicted rat X-linked lymphocyte-regulated 5c-like (XIr5c-like, also known as
synaptonemal complex protein 3-like) gene. Currently, little to nothing is known about
XIr5c-like. The sequence analysis revealed that this gene is highly homologous (86%) to the
mouse XIr5c. XIr is a multigene family, the prototype of which was found to be expressed in
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the nucleus of lymphoid cell lineages and suggested to play an important role in lymphocyte
differentiation by acting as a transcriptional regulator (Cohen et al, 1985; Escalier et al,
1999; Siegel et al, 1987). Xlr has also been reported to be expressed in the nucleus of
oocytes during meiotic prophase | in the mouse ovary (Escalier et al, 1999). However,
unlike mouse Xlr genes which are located to the proximal part of the X chromosome, rat
Xlr5c-like is localized to chromosome 1. Structurally, the rat Xlr5c-like gene also encodes a
protein containing a conserved “Cor1/XIr” domain that was initially found in SYCP3 (also
called CORL1), a structural component of the synaptonemal complex (Kolas et al, 2004) and
is thought to facilitate the binding of these proteins to chromatin (Ellis et al, 2005).

Our initial computational analysis of the rat XIr5c-like gene revealed the presence of PGR
response elements in the putative promoter region. Together with preliminary microarray
data, this information led us to hypothesize that the expression of XIr5c-like is regulated by
hormones, i.e. LH and P4, in a spatiotemporal specific manner in the rat ovary and is a direct
transcriptional target of PGR. Therefore, the aims of the present study were to: 1)
characterize the expression pattern and localization of XlIr5c-like MRNA in the rat
periovulatory ovary, 2) dissect the regulatory mechanisms by which the LH surge increases
the transcription of XlIr5c-like, and 3) determine the cellular localization of Xlr5c-like.
Lastly, the potential function of Xlr5c-like in periovulatory granulosa cells was assessed
using a SiRNA approach in vitro.

2. MATERIALS AND METHODS

2.1. Materials

Unless otherwise noted, all chemicals, steroids, and reagents were purchased from Sigma
Chemical Co. Molecular biological enzymes, pCRII-TOPO Vector, culture media,
Lipofectamine RNAIMAX, siRNAs, and TRIzol reagent were purchased from Invitrogen
Life Technologies, Inc. Oligonucleotide primers were purchased from Eurofins MWG
operon. Antibodies were purchased from Santa Cruz Biotechnology.

2.2. Animals

All animal experimentations were carried out in accordance with the guidelines and ethics of
the University of Kentucky Institutional Animal Care and Use Committee. Sprague Dawley
rats were obtained from Harlan, Inc. (Indianapolis, IN) and were maintained in the division
of laboratory animal resources, University of Kentucky. Animals were fed with standard
rodent diet ad libitum while kept on a 12-h light/12-h dark cycle. Immature female rats (22
or 23 day old) were injected with 10 IU of pregnant mare serum gonadotropin (PMSG)
subcutaneously to stimulate follicular development. Forty eight hours later, the rats were
injected with 10 IU human chorionic gonadotropin hormone (hCG) subcutaneously to
induce ovulation and subsequent formation of corpora lutea. The animals were killed at 0 h
(48 h after PMSG), 6 h, 12 h, 24 h or 48 h after hCG administration. In this gonadotropin-
induced superovulation model, ovulation occurs within 14-16 h after hCG administration
(Jo & Curry, 2006).
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2.3. Isolation and culture of rat granulosa cells

Ovaries were collected from immature rats at 48 h after PMSG administration and granulosa
cells were isolated as described previously (Jo & Curry, 2006). Granulosa cells were
cultured in Opti-MEM media supplemented with 0.05 mg/ml of gentamicin, and 1x ITS-X
[Insulin-Transferrin-Selenium-X supplement (Gibco, life technologies)]. The cells were
cultured in the absence or presence of various reagents for the time intervals outlined below
for each experiment.

2.4. Knockdown of Xlr5c-like expression by siRNA in granulosa cell cultures

Granulosa cells were isolated from ovaries collected at 48 h post-PMSG as described above
and the knockdown of XIr5-like expression was achieved by a siRNA approach as described
previously (Park et al, 2010). Briefly, granulosa cells were incubated overnight to
acclimatize. The cells were then transfected with siRNA specific for XlIr5c-like or negative
control siRNA (Stealth™ RNAI Negative Control Med GC) using Lipofectamine™
RNAIMAX according to the manufacturer’s instruction. Three hours later, the transfected
cells were treated with forskolin (FSK, 10 pM) + phorbol 12-myristate 13-acetate (PMA, 20
nM) and further cultured for 12 h. At the end of culture, the cells and conditioned media
were collected to isolate total RNA and to measure progesterone, respectively.

2.5. Analysis of gene expression

Total RNA was isolated from rat ovaries and other rat tissues using a TRIzol reagent and
from cultured granulosa cells using a RNeasy mini kit (QIAGEN, Inc.,) according to
manufacturer’s instructions. The synthesis of first-strand cDNA was performed by reverse
transcription of 500 ng total RNA using superscript 111 with Oligo(dT)g primer. Levels of
MRNA for rat XIr5c-like, Cxcr4, Snap25, Adamtsl, End2, Pacap, Btg2, Gos2, Mmp10 and
S$100a3 were measured by real-time PCR. Real-time PCR was performed using SYBR green
according to the manufacturer’s protocol (Stratagene, La Jolla, CA). Oligonucleotide
primers corresponding to each gene were designed using Primer3 software and listed in
Table 1. The specificity for each primer set was confirmed by both running the PCR
products on a 2% agarose gel and analyzing the melting (dissociation) curve using the
MxPro real-time PCR analysis program after each real-time PCR reaction. All genes were
analyzed in duplicate and the amplification efficiency of each transcript primer set was
determined by running a standard curve. The relative abundance of the target transcripts was
normalized to the endogenous reference gene Ribosomal Protein 32 (L32) and calculated
according to the Pfaffl method (Pfaffl, 2001).

2.6. Immunoassay of progesterone

Concentrations of progesterone in spent media were assayed using an Immulite kit on an
Immulite 1000 machine (Siemens Healthcare Diagnostics) as described previously (Park et
al, 2010). Assay sensitivity was 0.2 ng/ml, and the intra-assay and inter-assay coefficients of
variation were 6.3% and 9.1%, respectively.
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2.7. In situ localization of rat Xlr5c-like mRNA

Partial cDNA fragments were amplified using primers specific for rat XIr5c-like (XM_
003748905, (5’-CAGACTTGAAAGAGGCCAGG-3, 5/~
TTTGCTGACTGCCAATGAAG-3) and RT reactions of total RNA samples isolated from
ovaries at 12 h post-hCG. The amplified PCR fragment was cloned into pCRII-TOPO
Vector. Sequences of the cloned DNA were verified commercially (Eurofins Genomics).
Plasmids containing partial cDNA for XlIr5c-like were linearized with Hpal and EcoRV to
generate sense and antisense riboprobes, respectively. Linearlized plasmids were labeled
using a fluorescein RNA labeling kit (Roche Applied Sciences) and T7 and SP6 RNA
polymerase, as appropriate. Ovaries collected from immature rats injected with PMSG or
PMSG + hCG were sectioned at 10 pm and mounted on Probe On Plus slides (Fisher
Scientific). In situ hybridization analysis was carried out as described previously with a
slight modification (Jo et al, 2004). Briefly, the ovarian sections hybridized with the probes
were incubated with anti-fluorescein antibody (Roche Applied Sciences) at 4°C overnight
and the signals for XIr5c-like mRNA were amplified using a TSA™-plus fluorescein kit
(Roche Applied Sciences). The sections were counterstained with propidium iodide for 20
min and fluorescent staining specific for Xlr5c-like mRNA was visualized with an Eclipse
E800 Nikon microscope under fluorescent optics.

2.8. Generation of rat Xlr5¢c promoter-reporter constructs

Rat genomic DNA isolated from rat tail tissues was used to amplify DNA fragments
corresponding to promoter regions of the rat Xlr5c-like gene (LOC100366231). The 1879-bp
(-1841/+37), 1379-bp (-1841/+37), and 579-bp (-541/+37) fragments of proximal promoter
regions of the rat XlIr5c-like gene were amplified using the primers attached with restriction
enzyme sites (Kpnl and Bglll). The cloned fragments were digested with Kpnl and Bgll|
enzymes and subcloned into a multiple cloning site of the pGL3 basic vector (Promega
Corp). Site-directed deletion mutations of the XIr5c-like promoter were generated using a
QuikChange II site-directed mutagenesis kit (Stratagene). The sequences of the
oligonucleotide primers used to generate respective Xlr5c-like promoters and desired
deletion mutations in the Xlr5c-like promoter are listed in Table 2. All constructs cloned into
the vector were sequenced commercially to verify their authenticity (MWG Biotech, Inc.).

2.9. Transient transfection and luciferase reporter assay

Granulosa cells isolated from rat ovaries (48 h post-PMSG) were transfected with respective
firefly luciferase reporter plasmids (0.2 pg/well) and Renilla luciferase vector (pRL-TK
vector, 0.01 ug/well) using Lipofectamine 2000 (Invitrogen Life Technologies) as described
previously (Park et al, 2010). The next day, cells were cultured in the absence or presence of
forskolin (FSK), PMA, or FSK+PMA for 8 h, and then harvested to measure firefly and
renilla luciferase activities using a dual-luciferase reporter assay system (Promega Corp) and
each reaction was monitored for 10 sec by a sequential auto-injection luminometer (Berthold
Technologies). Firefly luciferase activities were normalized to Renilla luciferase activities
and each experiment was performed in quadruplicate at least 3 times.

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 September 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mishra et al. Page 6

2.10. ChIP analysis

ChIP assay was performed for PGR, SP1, and SP3 binding sites in the rat XIr5c-like
promoter region. Briefly, preovulatory granulosa cells were cultured without or with hCG
for 8 h. The cells were fixed and then lysed to release nuclei using a ChIP-IT High
Sensitivity kit (Active Motif, CA) according to manufacturer’s instruction. The nuclei were
sonicated with a Fisher Sonic Dismembrator model 550 to obtain DNA fragments of an
average length of approximately 200-1000 bp. The sheared chromatin was
immunoprecipitated overnight at 4°C with the antibody (5 pg/reaction) for PGR (sc-538X),
SP1 (sc-59X), SP3 (sc-644X), or normal rabbit IgG (sc-2027X). The immunoprecipitated
chromatin and 1:10 dilution of input chromatin were analyzed by PCR using the primers
designed to amplify fragments spanning PGR, SP1 and SP3 motifs in the XlIr5c-like
promoter region (Table 2). After 26 cycles of amplification, PCR products were run on a 2%
agarose gel, stained with ethidium bromide, and visualized under UV light.

2.11. Generation of adenovirus expressing Xlr5c-like

The rat Xlr5c-like cDNA was amplified by PCR using total RNA isolated from granulosa
cells of rat ovaries (12 h post-hCG). EcoRV and Sall enzyme sites were added to specific
primers for XIr5c-like (forward, 5’- GAT ATC AGC CAT GTC AAG CAA GGA GC -3,
reverse, 5'- GTC GAC AGA TGG TTT CTT CAG AGC AGT CA -3'). The PCR product
was cloned into Topo vector and then subcloned into pShuttle-IRES-hrGFP-1 vector
(Stratagene). Our cloning strategy removed a stop codon and fused 3 flag tags to the C-
terminus of Xlr5c-like to aid the detection of this protein. This vector contains a second open
reading frame that directs translation of a hrGFP. This allows the detection of adenovirus
infected cells and monitoring of Xlr5c-like expression on a single cell level. The cloned
vectors were sequenced commercially to verify their authenticity (MWG Biotech).
AdEasyXL Adenovirus vector system was used to generate an adenovirus expressing flag-
tagged Xlr5c-like (Ad-Xlr5c-like) according to the manufacturer’s instruction as routinely
performed in our laboratory (Park et al, 2013). The adenoviral vectors were linearized by
digesting with Pacl enzyme and transfected to Ad293 cells where viral particles were further
amplified. The viral stocks were prepared by subjecting the cell suspension to 3 rounds of
freeze/thaw as described in the manufacturer’s instruction.

2.12. Immunocytochemical detection and Western Blot

Ad-XIr5c-like and Ad-null viruses were added to preovulatory granulosa cells (48 h post-
PMSG) plated onto poly-L- lysin-coated coverslips (Corning) in 24 well culture dishes. Six
hours later, the infected cells were washed with fresh media and further cultured in the
absence or presence of FSK + PMA for 14 h. To determine the cellular localization of flag
tagged Xlr5c-like protein, the infected cells were briefly washed with PBS and fixed in 4%
paraformaldehyde + 4% Sucrose in PBS for 15 min. After a PBS rinse, the fixed cells were
permeabilized with 0.25% Triton X-100 in PBS and then blocked with 10% BSA before
incubating them with the primary FLAG antibody (1 pg/ml, Monoclonal ANTI-FLAG®
M2, Sigma). Next day, the cells were incubated with TRITC-conjugate-goat anti-mouse 19G
(1:2000 dilution, sigma) and mounted with Fluoroshield™ containing DAPI. To further
verify the authenticity of recombinant Xlr5c-like protein, preovulatory granulosa cells plated
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in 75 mm plates were infected with adenoviruses and cultured as described above. At the
end of culture, the cells were briefly washed with ice-cold PBS and lysed in RIPA buffer.
The cell lysate was denatured by boiling for 5 min, separated by SDS-PAGE on a 8%
polyacrylamide gel and then transferred onto a nitrocellulose membrane. The membrane was
incubated with the primary antibody (Monoclonal ANTI-FLAG® M2) in 1% casein solution
overnight at 4°C, and then with anti-mouse HRP (1:1000 dilution, Santa Cruz
Biotechnology) for 1 hr. Peroxidase activity was visualized with SuperSignal West Pico
Chemiluminescent Substrate (Pierce Chemical Co).

2.13. Statistical Analysis

All data are presented as means + SEM. One-way ANOVA was used to test differences in
levels of MRNA, luciferase activities of respective XIr5c-like promoter constructs and
progesterone concentration among treatments. If ANOVA revealed significant effects of
treatments, the means were compared by Tukey’s test, with p < 0.05 considered significant.

3. RESULTS

3.1. Expression pattern of Xlr5c-like mRNA in rat periovulatory ovaries

In the rOGED database (Jo et al, 2004), the transcript of an EST sequence (gh:BI1289578.1)
was highly up-regulated after hCG stimulation in granulosa cells and ovaries of PMSG-
primed immature rats: the levels began to increase at 6 h and continued to increase at 12 h,
whereas the transcript level in residual ovarian tissue (ovary remaining after granulosa cell
collection) was undetected at any time points analyzed (Supplemental Fig. 1). Interestingly,
the sequence of the EST (512 bp) is a 100% match with the 3’-region of cDNA sequence for
predicted rat X-linked lymphocyte-regulated 5c-like (synaptonemal complex protein 3-like)
transcript. Because the complete cDNA sequence of rat Xlr5c-like was initially unknown,
we began this study by amplifying the complete cDNA of rat XIr5c-like by PCR using RT
samples of total RNA isolated from rat ovaries (12 h post-hCG) and primers designed based
on mouse XIr5¢c cDNA sequence. Sequence analyses of the amplified cDNA fragment (962
bp) revealed the presence of 5-UTR, open reading frame (708bp), and 3’-UTR
(Supplemental Fig. 2). We confirmed that the sequence of this DNA fragment is identical to
the complete cDNA sequence of predicted rat Xlr5c-like which became recently available in
the GeneBank sequence database (XM_003748905.1).

To investigate whether Xlr5c-like is expressed in the rat ovary and its expression is
hormonally regulated in a spatiotemporal manner during the periovulatory period, ovaries of
PMSG-primed immature rats were collected before and at defined hours after hCG
administration. Real-time PCR data indicated that the level of Xlr5c-like mMRNA was
transiently increased: the level was highest at 12 h and then declined to near 0 h level at 24 h
post-hCG (Fig. 1A). Next, we examined tissue localization of Xlr5c-like mMRNA by in situ
hybridization analysis. XIr5c-like MRNA was predominantly localized to the granulosa cell
layer of periovulatory follicles in the ovaries obtained at 12 h post-hCG (Fig. 1B-b &d),
while little expression of XlIr5c-like MRNA was detected in the ovaries collected at 48 h
post-PMSG (0 h-hCG, Fig. 1B-a) and 24 h post-hCG (Fig. 1B-c).
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Since nothing is known about XlIr5c-like expression, we also tested whether Xlr5c-like is
expressed in other tissues including the heart, spleen, kidney, uterus, liver and skeletal
muscle. XIr5c-like mRNA was detected in heart, kidney, and skeletal muscle, but the levels
of mRNA for XIr5c-like in these tissues were at least 20-fold lower than that in the ovary
obtained at 12 h post-hCG (Supplemental Fig. 3).

3.2. Identification of PGR-regulated genes in rat granulosa cells

The action of progesterone through its nuclear receptor PGR is essential for successful
ovulatory processes (Duffy et al, 1994; Hibbert et al, 1996; Lydon et al, 1996; Murdoch et
al, 1986; Snyder et al, 1984). In an attempt to identify new periovulatory genes that are
regulated by P4/PGR, granulosa cells isolated from rat preovulatory ovaries (48 h post-
PMSG) were treated with RU486, an antagonist for PGR, in the absence or presence of hCG
for 8 h. Total RNA samples were used for preliminary microarray analyses (n=1 /treatment,
pooled samples from 3 experiments). Transcripts that are up-regulated at least 2-fold by
hCG and down-regulated to 50% by RU486 were selected from the microarray data for
further verification. These genes include Snap25, Cxcr4, Adamtsl, Pacap, End2, Mmp10,
Runx1, Rgc32, Btgs2, Fam110c, Gos2, and S100a3. Our previous reports also showed that
the levels of MRNA for Runx1, Rgc32, and Fam110c were up-regulated by hCG treatment,
but the increase was inhibited by RU486 in cultured rat granulosa cells (Jo & Curry, 2006;
Li et al, 2012; Park et al, 2008). In the present study, real-time PCR confirmed that hCG
increased the levels of mMRNA for the other 9 genes, while RU486 treatment inhibited the
hCG-induced up-regulation of these transcripts in preovulatory rat granulosa cell cultures
(Fig. 2A-1).

Of particular interest, the microarray revealed an EST sequence (gh:B1289578.1) as the
transcript most highly down-regulated by RU486. The level of this EST transcript was
highly up-regulated by hCG (34-fold higher than that of control treatment) and this increase
by hCG was completed abolished by RU486. Since this EST is identical to rat XIr5c-like, we
further confirmed the microarray data by real-time PCR using specific primers for rat Xlr5c-
like (Fig. 2J).

3.3. Regulation of XlIr5c-like mRNA in vitro

The in vivo data revealed that hCG administration induces a transient increase in the level of
mRNA for XIr5c-like at 12 h in the rat ovary, close to the time of ovulation. To determine
whether the increase in Xlr5c-like mMRNA after hCG injection in vivo can be mimicked in
vitro and the induction of Xlr5c-like mMRNA is mediated by the direct action of LH,
granulosa cells isolated from preovulatory rat ovaries (48 h post-PMSG) were cultured in the
absence or presence of hCG (1 IU/ml) for 0, 4, 8, 12 or 24 h. The level of mRNA for Xlr5c-
like was transiently increased and the level was highest at 8 and 12 h after hCG treatment,
comparable to that observed in the rat ovary after hCG administration in vivo (Fig. 3A).

The LH surge triggers the ovulatory process in preovulatory follicles. LH binding to its
receptor (LHCGR) activates multiple cellular signaling pathways including the protein
kinase A (PKA) and protein kinase C (PKC) pathways (Morris & Richards, 1995). Each of
the LH-activated signaling pathways regulates the expression of a distinct set of
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periovulatory genes. To determine which LH-activated signaling pathways are involved in
the transcription of XlIr5c-like, granulosa cells isolated from preovulatory ovaries were
treated with various activators or inhibitors of cellular signaling molecules in the absence or
presence of hCG and cultured for 8 h, the time point of the highest level of Xlr5c-like
mMRNA. Treatment with forskolin (FSK), an activator of adenylate cyclase or FSK + phorbol
12 myristate 13-acetate (PMA, PKC activator) increased XIr5c mRNA (Fig. 3B). PMA
alone also increased XIr5¢ mMRNA, but the level was much lower compared to that of hCG.
In addition, the stimulatory effect of hCG on Xlr5c like mRNA was inhibited by H89, a
specific inhibitor of PKA, but not by GF10920X, a selective PKC inhibitor (Fig. 3C).
Furthermore, the stimulatory effect of hCG on Xlr5c-like mMRNA was reduced by specific
inhibitors of MAPK kinase (MEK, PD98059, 20 uM), p38 kinase (SB2035850, 20 uM),
phosphatidylinositol 3-kinase (LY294002, 25 uM) (Fig. 3D). A recent study has shown that
hCG treatment induces the activation of MEK and MAPK through the cCAMP/PKA-
dependent pathway, but also stimulates phosphorylation of p38 kinase in a PKA- and PKC-
independent manner in rat granulosa cell cultures (Salvador et al, 2002). Taken together, our
data indicated that the increase of Xlr5c-like mMRNA in cultured granulosa cells is mediated
by the LH-induced activation of various intracellular signaling molecules, including
adenylate cyclase, PKA, MEK, p38 kinase and PI3K, suggesting the involvement of
multiple signaling pathways in Xlr5c-like mRNA accumulation in periovulatory granulosa
cells.

To determine whether the increase in levels of mMRNA for Xlr5c-lik by hCG requires de novo
protein synthesis, granulosa cells of preovulatory ovaries (48 h-PMSG) were cultured
without or with cyclohexamide (CHX), an inhibitor of protein synthesis. As shown in Fig.
3E, the increase in Xlr5c-like mMRNA was completely blocked by CHX, indicating that the
up-regulation of Xlr5c-like mMRNA requires a LH-induced mediator(s) in periovulatory
granulosa cells.

Our microarray data suggested that P4/PGR is involved in the increase in Xlr5c-like mMRNA.
However, RU486 is known to exhibit antagonistic activities for both glucocorticoid
receptors and PGR. To determine whether the inhibitory effect of RU486 on Xlr5c-like
mRNA is caused by blocking PGR or glucocorticoid receptors, the granulosa cells were also
treated with medroxyprogesterone acetate (MPA), synthetic progestin or dexamethasone
(DEX), a potent synthetic glucocorticoid to compete with RU486. The treatment with MPA
reversed the inhibitory effect of RU486 on hCG-induced Xlr5c-like mMRNA expression (Fig.
3F). The addition of MPA further increased hCG-stimulated increase in mRNA for Xlr5c-
like. However, DEX had no effect on the basal expression as well as hCG-stimulated
increase in XIr5c-like mMRNA. Consistent with the data from in vitro studies, we also found
that RU486 treatment reduced the level of XIr5c-like mMRNA in rat periovulatory ovaries
obtained at 12 h post-hCG (Supplemental Fig. 5). Taken together, these data indicate that
P4/PGR mediates the increase in mRNA for Xlr5c-like in periovulatory rat granulosa cells.

3.4. Transcriptional activation of the rat Xlr5c-like gene

To further assess the transcriptional regulation of rat XIr5c-like gene, we analyzed the
putative promoter region and found binding sites for various transcription regulators
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including PGR and SP1/3 (Supplemental Fig. 4). We generated 3 different Xlr5c-like
promoter reporter constructs (—1841/+37, —1341/+37, and —541/+37 bp). These promoter
reporter constructs were transfected into preovulatory granulosa cells and stimulated with
FSK, PMA, or FSK+PMA for 8 h. FSK and FSK+PMA treatments increased the luciferase
activity of all reporter constructs compared with that of control cultures, whereas PMA had
no stimulatory effects on any of the Xlr5c-like promoter constructs. Importantly, the full-
length XIr5c-like promoter construct (-1841/+37bp) showed significantly higher
transcriptional activities than those of the truncated promoter reporter constructs (-1341/+37
bp and —-541/+37 bp). The distal region of the full-length promoter construct contains
specific binding sites for SP1, SP3, and PGR (Fig. 4A). To determine the significance of
consensus SP1, SP3, and PGR bhinding sites within the —1841/+37bp region of the Xlr5c-like
promoter, deletion mutations for the SP3 binding site (—-1593/-1585 bp, mutant A),
overlapping binding sites for SP1/SP3 and PGR (-1573/-1560 bp, mutant B, see
Supplemental Fig. 4), and double mutation of these two regions (mutant AB) were
generated. Mutated promoter constructs were transfected into cultured preovulatory
granulosa cells in the presence of FSK+PMA. The results indicated that mutation of these
binding sites decreased the FSK+PMA-induced luciferase activity (Fig. 4B). The double
mutation further reduced the luciferase activity. Together, these data indicated that the
binding sites for SP1/SP3 and PGR are involved in transcriptional activation of the rat
Xlr5c-like promoter.

Next, to determine whether PGR, SP1, and/or SP3 specifically bind to these candidate sites
in the Xlr5c-like promoter, we performed ChIP assays on chromatin samples extracted from
granulosa cells cultured with hCG for 12 h. PCR data indicate that immunoprecipitation
with antibodies for PGR and SP3, but not SP1 enriches chromatin fragments containing
these binding sites in the promoter region compared to that with normal rabbit 1gG (Fig.
4C), indicating PGR and, with a lesser prevalence, SP3 binds to the specific region in the rat
XIr5c-like promoter.

Lastly, to determine whether P4/PGR is involved in transcriptional activation of the rat
Xlr5c-like promoter, granulosa cells transfected with the full-length Xlr5c-like promoter
construct (-1841/+37bp) were treated with RU486 in the absence or presence of FSK
+PMA. As expected, the treatment with FSK+PMA increased the transcriptional activity of
the Xlr5c-like promoter reporter construct, but the stimulatory effect was significantly
reduced by RU486 (Fig. 4D).

3.5. Identification of genes regulated by XlIr5c-like in luteinizing granulosa cells

To begin to decipher the potential function of Xlr5c-like, the level of MRNA for Xlr5c-like
was reduced using a sSiRNA approach. Granulosa cells were transfected with siRNA specific
for XlIr5c-like mRNA and then stimulated with FSK+PMA for 12 h or 20 h. The levels of
Xlr5c-like mRNA were reduced in Xlr5c-like sSiRNA-treated cells compared to that in
negative control (NC) siRNA-treated cells (Fig. 5A). First, the impact of XIr5c-like silencing
on luteinizing granulosa cells was assessed by measuring the levels of progesterone, a
hallmark of luteinization. As expected, FSK+PMA treatment steadily increased progesterone
accumulation. But, the levels of progesterone were lower in XIr5c-like siRNA-treated cells
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compared to those in NC siRNA-treated cells at 12 h, although the difference was not
detected at 20 h. These data suggested that XIr5c-like expression may be associated with
initial progesterone production (Fig. 5B).

The Xlr5c-like gene showed high sequence and structure homology to mouse XIr family
genes that are found to be expressed in the nuclei (Ellis et al, 2005), suggesting that rat
XIr5¢-like may be a nuclear protein. Thus, we explored the possibility that XIr5c-like affects
gene expression in luteinizing granulosa cells. Since the present study demonstrated that
Xlr5c-like expression is under control of PGR’s action, we tested whether the expression of
known PGR-regulated genes was affected in XlIr5c-like siRNA-treated cells. Interestingly,
the level of mMRNA for Snap25, Cxcr4, and Adamts1 was decreased in the cells treated with
Xlr5c-like SiIRNA compared to NC siRNA. In contrast, the level of Gos2, MMP10, and Btg2
MRNA was increased by Xlr5c-like silencing, while Pacap, End2, and S1003a expression
was not changed. These data suggest the selective regulation/impact of XlIr5c-like on the
expression of LH-induced and PGR-downstream genes (Fig. 6).

3.6. The expression of XIr5c-like protein in rat granulosa cells

To determine the subcellular localization of Xlr5c-like, preovulatory granulosa cells were
infected with an adenovirus expressing flag-tagged Xlr5c-like (Ad-XIr5c-like) and
stimulated with FSK+PMA.. The cells were immunostained with a monoclonal anti-flag
antibody. As expected, the cells infected with the adenovirus (GFP expressing cells) were
staining positively for flag-tagged Xlr5c-like (Fig. 7A-b&c). Flag-tagged XIr5c-like was
predominantly localized to the nucleus of infected cells. Flag-tagged XIr5c-like was also
detected in the cytoplasm, albeit with lower signal than in the nucleus. The rat Xlr5c-like
cDNA can be translated into 235 amino acids. This putative encoded protein has a predicted
molecular mass of 26.9 kDa. Western blot analysis using the anti-flag antibody detected a
single band corresponding to ~30 kDa in cultured rat granulosa cells infected with Ad-
Xlr5c-like (Fig. 7B). The difference in size can be accounted for by the 3 flag tags (~3 kDa)
fused to XIr5c-like (26.9 kDa).

4. DISCUSSION

It is well established that the preovulatory gonadotropin (LH/FSH) surge initiates the
ovulatory process. Yet, the coordinated actions of a variety of local hormones produced in
periovulatory follicles are required to bring about the complex process of follicular rupture
and the release of the oocytes [reviewed in (Richards et al, 2002)]. One such local regulator
is progesterone. In response to the LH/FSH surge, preovulatory follicles increase
progesterone production/secretion (Smith et al, 1975) and its nuclear receptor, PGR,
expression in mural granulosa cells (Park & Mayo, 1991). A long list of experimental
evidence has proven that the action of progesterone through PGR is a critical step that links
extracellular signals of the gonadotropin surge and the final steps of ovulation [reviewed in
(Robker et al, 2009)]. Therefore, it is essential to identify progesterone/PGR-downstream
genes and events to understand the cellular and molecular mechanisms underlying
successful ovulation. Upon binding of progesterone, PGR undergoes a conformational
change which promotes DNA binding, allowing the transcriptional activation or repression
on its target genes (Allan et al, 1992). Thus, it is believed that follicular progesterone binds
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to PGR in periovulatory granulosa cells and regulates the expression of ovulatory genes. In
the present study, we have determined that XlIr5c-like is a direct transcriptional target of
progesterone/PGR and plays a role in modulating the expression of specific ovulatory genes
in rat periovulatory granulosa cells (Fig. 8).

The present study is also the first report of Xlr5c-like expression in various tissues of rats
including the ovary, heart, kidney, and skeletal muscle (Supplemental Fig. 3). More
importantly, in the ovary we found that Xlr5c-like mMRNA increases exclusively and
transiently in the granulosa cell compartment immediately prior to ovulation. After
ovulation, the expression of XIr5c-like MRNA was barely detected in the newly forming
corpus luteum. Using a culture model we further demonstrated that the transient induction of
Xlr5c-like mRNA after hCG injection in vivo can be mimicked by stimulating preovulatory
granulosa cells with hCG in vitro. These data indicated that XIr5c-like expression resulted
from the direct action of LH/hCG on preovulatory granulosa cells, and subsequently the
activation of LH/hCG-induced signaling. Indeed, the experiments with inhibitors of various
signaling molecules revealed the involvement of LH/hCG-activated multiple intracellular
signaling pathways in the induction of XlIr5c-like MRNA including PKA, MEK, p38 kinase
and PI3Kinase. In addition, we found that XIr5c-like expression requires the de novo
synthesis of protein(s) induced by LH/hCG in periovulatory granulosa cells, indicating the
involvement of regulatory mediator(s). Amongst the candidate regulatory protein(s) is PGR.
PGR expression transiently increases in periovulatory granulosa cells in response to
LH/hCG stimulation and its peak expression is only a few hours prior to that of Xlr5c-like
(Ko et al, 1999). Moreover, the promoter region of rat X15c-like contains progesterone
response elements (PRE)(Supplemental Fig. 4), suggesting a possible causal relationship
between PGR and Xlr5c-like expression. The present study validated this notion by showing
that 1) PGR antagonist (RU486) treatment completely abolished the hCG-induced increase
in the level of XlIr5c-like transcript in granulosa cell cultures, 2) the PGR binding site in the
Xlr5c-like promoter is involved in the agonist-induced transcriptional activity of this gene,
and 3) PGR directly binds to the promoter region of the Xlr5c-like gene that contains a PRE.

So far, a dozen genes have been identified to be downstream of P4/PGR-regulated pathways
[reviewed in (Robker et al, 2009)], but none were verified to be a direct transcriptional target
of PGR in periovulatory granulosa cells. Therefore, our data from ChIP analysis and
promoter reporter activity assay are the first experimental evidence suggesting that PGR is
directly involved in the transcriptional induction of XIr5c-like in periovulatory granulosa
cells of the rat ovary. In addition, the sequence analysis of the rat XIr5c-like promoter region
revealed the presence of binding sites for various transcriptional regulators including RUNX
and C/EBP (Supplemental Fig. 4), suggesting that these transcriptional regulators may be
involved in transcriptional activation of the Xlr5c-like gene. For instance, Runx1 expression
increases in periovulatory granulosa cells of the rat, mouse and human after the LH surge or
hCG administration to mimic the LH surge (Jo & Curry, 2006; Park et al, 2010; Shimada et
al, 2006). We have previously reported that RUNX1 is involved in the up-regulation of key
periovulatory genes in rat granulosa cells (Jo & Curry, 2006; Liu et al, 2009; Liu et al,
2010). Moreover, our preliminary experiment showed that the knockdown of Runx1
expression by Runx1 siRNA decreased the level of XlIr5c-like MRNA in granulosa cell
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cultures, suggesting that RUNX1 is involved in XIr5c-like expression (Supplemental Fig. 6).
Together, these data indicate that the up-regulation of XIr5c-like expression resulted from
the activation of multiple signaling pathways by LH/hCG and, at the transcriptional level,
the action of critical mediators of the ovulatory process, including PGR and RUNX1.

Regarding its function, nothing is known about XIr5c-like. Nonetheless, mouse Xlr, the
sequence of which exhibits a high degree of homology (> 73%) to the rat, was found to be
expressed in the nucleus of lymphoid cells and suggested to play an important role in
lymphocyte differentiation by acting as a transcriptional regulator (Cohen et al, 1985;
Escalier et al, 1999; Siegel et al, 1987). More recently, the second member of XIr family,
SLX2 (SYCP3-like X-linked 2) was identified and found to be expressed in the nuclei of
meiotic germ cells in the mouse testis and ovary (Shi et al, 2013; Zhuang et al, 2014). Like
all mouse XIr proteins, rat XlIr5c-like contains a conserved domain (referred as “Corl /XIr”)
that is believed to promote nuclear localization and DNA binding (Ellis et al, 2005). Of note,
computational analysis of XIr5c-like protein mapped a stretch of amino acid residues in the
N-terminal region (positions 9 to 19) as a putative nuclear localization signal (Supplemental
Fig. 2). Experimentally, we also showed that flag-tagged XIr5c-like expressed in cultured rat
granulosa cells is predominantly localized to the nuclear compartment. Although it remains
to be confirmed whether XIr5c-like is indeed expressed and localized to the nucleus, the
present data suggests that XIr5c-like may function in the nucleus of periovulatory granulosa
cells.

Based on the present finding that XIr5c-like is only expressed in periovulatory granulose
cells at the time of ovulation and is localized to the nuclear compartment, it is conceivable
that XIr5c-like may be involved in the ovulatory process by regulating periovulatory gene
expression. As a first step toward determining the function of Xlr5c-like, the expression of
Xlr5c-like was knocked down by a siRNA approach and its effect on ovulatory
characteristics was assessed in granulosa cell cultures. Distinct characteristics of
periovulatory granulosa cells during the ovulatory period include the increase in
progesterone production and ovulatory gene expression. In our granulosa cell cultures, the
knockdown of Xlr5c-like expression had only a minor impact on progesterone accumulation.
Next, to identify ovulatory genes whose expression may be affected by Xlr5c-like, we began
with the list of genes identified as PGR-regulated genes in the present study. Our rationale
was that the expression of these genes was confirmed to be highly up-regulated by hCG at
the time when Xlr5c-like expression was highest in our granulosa cell cultures. Notably, we
found that the expression of Snap25, Cxcr4, and Adamts1 was reduced by XIr5c-like siRNA,
indicating that Xlr5c-like expression is involved in the up-regulation of Snap25, Cxcr4, and
Adamts1 expression in periovulatory granulosa cells. The question still remains as to how
Xlr5c-like expression affects these gene expressions, thus warranting further investigation. It
is also noteworthy that this is the first report showing the transient induction of Snap25,
Cxcr4, and Adamts1 expression by hCG in rat granulosa cell cultures (Supplemental Fig. 7),
although other laboratories have previously reported a similar expression pattern of these
genes in mouse granulosa cells in vivo and/or in vitro (Hernandez-Gonzalez et al, 2006; Kim
et al, 2009b; Robker et al, 2000; Shimada et al, 2007). More importantly, a previous study
has demonstrated that the periovulatory expression of Adamtsl, a multifunctional protease
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capable of cleaving extracellular matrix proteoglycan, is involved in the remodeling of the
ovulating follicle wall and COC matrix and is crucial for successful ovulation (Brown et al,
2010). Snap25 is a component of SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) protein which is required for intracellular membrane fusion
events during exocytosis of vesicles. Shimada et al. (Shimada et al, 2007) have recently
demonstrated that Snap25 expression is hormonally regulated in mouse granulosa cells of
periovulatory follicles during the ovulatory period and it promotes cytokine/chemokine
exocytosis. As for the Cxcr4, a chemokine receptor specific for CXCL12 (also called
SDF1), Kryczek et al. (Kryczek et al, 2005) have reported the expression of CXCL12 and
Cxcr4 in human periovulatory granulosa cells. Moreover, they also demonstrated that
CXCL12 facilitates T lymphocyte recruitment and increases granulosa cell survival through
Cxcrd (Kryczek et al, 2005). Together, these studies indicated Adamts1, Snap25, and Cxcr4
contribute distinct, yet intertwined aspects of the ovulatory process such as tissue
remodeling, secretory process, and chemokine response. Therefore, the effect of Xlr5c-like
on the expression of these genes indicates that XIr5c-like may contribute to diverse aspects
of the ovulatory process by regulating the expression of ovulatory genes.
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Figure 1.
Ovarian expression of Xlr5c-like mRNA during the periovulatory period in the rat. Ovaries

were collected at indicated hours (h) after hCG injection from PMSG-primed immature rats
(n=4 animals/time point). A) Ovarian levels of XlIr5-like mMRNA were measured using Real-
time PCR and were normalized to the L32 value in each sample. Bars with no common
superscripts are significantly different (p < 0.05). B) Localization of XlIr5c-like MRNA was
analyzed using in situ hybridization. Sections of rat ovaries obtained at 0 h (48 h-post
PMSG, a), 12 h (b and d) and 24 h post-hCG (c). A box in panel b was magnified in panel d.
Scale bar, 500 um for all the images. F; follicle, PF; periovulatory follicle, nCL; new corpus
luteum, Gc; granulosa cell, Tc; theca cell layer

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 September 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mishra et al.

(A)

Snap25 mRNA
(Fold change to Veh)

(D)

Btgs2 mRNA
(Fold change to Veh)

(G)

End2 mRNA
(Fold change to Veh)

—
&

EST (BI289578.1) transcript
(Fold change to Veh)

==
(=]

-l
L]

[+

£

-
(=]

-k
]

w

w

-
(=]

W
(=]

[
(=]

-
(=]

Page 20

(€)

—
o
—

(2]
]

o
-
[=2]

N
E=Y
Y]

>
Adamts1 mRNA
(Fold change to Veh)
[+ ]

N

Cxcr4 mRNA
(Fold change to Veh)
=]
(+]

Veh RU hCG hCG+RU Veh RU hCG hCG+RU Veh RU hCG hCG+RU

—_—
m
—

(F

—

@
o
]
(=]

r-.
o
ly
wm

(]
(=]

-
o

Gos2 mRNA
(Fold change to Veh)
o

Mmp10 mRNA
(Fold change to Veh)
=

Veh RU hCG hCG+RU Veh RU hCG hCG+RU Veh RU hCG hCG+RU

(H) ()}
24 200 g
= T
b (7]
<518 < > 150
2 Z 9
Eo ‘é o
o 12 s £100
S8 g2
c SO 5 G
“3 6 3 50 ¢
a L =
a a a
Veh RU hCG hCG+RU Veh RU hCG hCG+RU Veh RU hCG hCG+RU

Xir5c-like

Veh RU hCG hCG+RU

Figure 2.
Identification and verification of P4/PGR-downstream genes in rat granulosa cells.

Granulosa cells obtained from rat preovulatory ovaries (48 h post-PMSG) were cultured for
8 h in medium alone or with RU486 (PGR antagonist; 1uM) in the absence or presence of
hCG (1 IU/ml). The levels of mRNA for Snap25 (A), Cxcr4 (B), Adamts1(C), Btg2 (D),
Gos2 (E), Mmp10(F), End2 (G), S100a3 (H), Pacap (l), and Xlr5c-like (J) were measured
using real-time PCR and normalized to the L32 value in each sample. Experiments were

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 September 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mishra et al.

Page 21

repeated at least 4 times, each with different granulosa cell samples (mean £ SEM). Bars
with no common superscripts are significantly different (p < 0.05).
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Regulation of XlIr5c-like MRNA in periovulatory granulosa cells in vitro A) Granulosa cells
obtained from rat preovulatory ovaries (48 h after PMSG) were cultured in medium alone
(Control) or with hCG (1 IU/ml) for 0, 4, 8, 12, 24 h. B) Preovulatory granulosa cells were
cultured for 8 h in medium alone (Vehicle, Veh) or with hCG (1 IU/ml), FSK (PKA agonist;

10 uM), PMA (PKC agonist; 20 nM), FSK (10 uM) + PMA (20 nM). C) Preovulatory

granulosa cells were cultured for 8 h in medium alone (Veh), or with H89 (PKA inhibitor;

10 uM), GF109203X (PKC inhibitor; 1 uM) in the absence or presence of hCG (1 1U).
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Granulosa cells were cultured for 8 h in medium alone (Veh) or with LY294002 (P13K
inhibitor; 25 uM), SB2035850 (p38 inhibitor; 25 uM), PD98059 (MEK inhibitor; 20 pM) in
the absence or presence of hCG (1 1U/ml). E) Preovulatory granulosa cells were cultured in
medium alone (Veh) or with cyclohexamide (1 ug/ml, CHX) in the presence or absence of
hCG (1 IU/ml). F) Granulosa cells were cultured in medium alone (Veh) or with RU486
(PGR antagonist; 1 uM), MPA (synthetic progestin, 10 uM) and DEX (dexamethasone,
synthetic glucocorticoid, 10 pM) in the absence or presence of hCG. The level of Xlr5c-like
mRNA was measured by real-time PCR (mean = SEM; n=3 experiments). Bars with no
common superscripts in each panel are significantly different (p < 0.05).
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Figure 4.
Regulation of transcriptional activities of the XIr5c-like promoter. Preovulatory granulosa

cells were isolated from gonadotropin-primed immature rats (48 h-post-PMSG). A) The
cells were transfected with empty luciferase reporter vector (LUC), 1879-bp (-1841/+37),
1379-bp (-1841/+37), and 579-bp (-541/+37) Xlr5c-like luciferase reporter constructs,
treated with FSK+PMA and further cultured for 8 h. B) The cells were transiently
transfected with wild type, mutant-A, mutant-B, and mutant-AB Xlr5c-like luciferase
reporter constructs, and stimulated with FSK+PMA for 8 h. C) ChlIP detection of PGR
binding to the rat Xlr5c-like promoter region in periovulatory granulosa cells. Chromatin
samples prepared from 0 h or 12 h after hCG stimulation were immunoprecipated with
antibodies for SP1, SP3, PGR. The immunoprecipitated chromatins were analyzed by PCR
using the primers (arrows) designed to amplify fragments spanning SP1, SP3 and PGR
binding motifs in the Xlr5c-like promoter. The experiment was repeated at least 3 times with
different granulosa cell samples. D) Preovulatory granulosa cells transfected with the wild
type 1379-bp (-1841/+37) Xlr5c-like luciferase reporter construct were treated without or
with RU486 (PGR antagonist; 1 uM) and then stimulated with FSK+PMA for 12 h. Firefly
luciferase activity was normalized to Renilla luciferase activity in each sample. Experiments
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for A, B, and D were repeated 4 times, each with different granulosa cell sample (mean +
SEM). Bars with no common superscripts in each panel are significantly different (p < 0.05).
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Figure 5.

Knockdown of Xlr5c-like expression by Xlr5c-like siRNA and its effect on Granulosa cells
isolated from rat preovulatory ovaries (48 h post-PMSG) were transfected with negative
control sSiRNA (NC siRNA) or XlIr5c-like siRNA, and stimulated with FSK+PMA for 12 h
or 20 h. A) The level of mRNA for XlIr5c-like was measured by real-time PCR and
normalized to the L32 value in each sample. B) Concentration of progesterone was
measured in the spent media of granulosa cells transfected with siRNAs and cultured with
FSK+PMA for 12 h or 20 h. Experiments were repeated 4 times, each with different
granulosa cell sample (mean + SEM). Bars with no common superscripts are significantly
different (p< 0.05).
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Effects of XIr5c-like silencing on the expression of ovulatory genes in cultured granulosa
cells. Granulosa cells isolated from rat preovulatory ovaries (48 h post-PMSG) were
transfected with negative control sSiRNA (NC siRNA) or XIr5c-like siRNA, and stimulated
with FSK+PMA for 12 h. The level of mRNA for Snap25 (A), Cxcr4 (B), Adamts1(C), Btg2
(D), Gos2 (E), Mmp10 (F), End2 (G), S100a3 (H), and Pacap (1) was measured by real-time
PCR and normalized to the L32 value in each sample. Experiments were repeated at least 4
times, each with different granulosa cell sample (mean £ SEM). Bars with no common

superscripts are significantly different (p< 0.05).
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Figure 7.
The expression of flag-tagged rat XIr5c-like in granulosa cells. Granulosa cells isolated from

rat preovulatory ovaries (48 h post-PMSG) were infected with an adenovirus containing null
vector (Ad-) or expressing flag-tagged XlIr5c-like (Ad-XIr5c-like), and stimulated with
FSK+PMA for 14 h. A) Flag-tagged Xlr5c-like protein was immunostained with
monoclonal anti-flag antibody (M2), followed by TRITC-conjugate-goat anti-mouse 1gG
(red staining, b & €). The cells infected with Ad-XIlr5c-like also express hrGFP (green
staining, c). Note that hrGFP freely defuses to the nucleus, staining for both the nucleus and
cytoplasm. Nuclei were stained by DAPI (blue staining, a & d). Panel f represents the
merged image of d and e. Scale bar, 20 um for all the images. B) Cell lysates from
adenovirus-infected cells were subjected to Western blots using anti-flag antibody (M2). p-
Actin was used as a loading control.
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Figure 8.
A hypothetical model of regulatory pathways involved in Xlr5c-like expression and potential

function of XIr5c-like in granulosa cells of rat periovulatory follicles. hCG increases
transcription of the XIr5c-like gene by activating signaling molecules including PKA,
MAPK, MEK and PI3K. At the promoter level, PGR, RUNX1 and SP3 are involved in
transcriptional activation of the XIr5c-like gene. In turn, Xlr5c-like affects the expression of
specific ovulatory genes such as Snap25, Cxcr4, and Adamts1.
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Table 1

List of primers used for Real-time PCR

Gene hame Accession no Primer sequence, 5’-3/)

XIr5c-like XM_003748905.1 ATAGCGGATCATGAAACCAA
TAACTCTGTCCTGCACCTT

Snan2s NM_030991.3 AATTCTGCGGGCTTTGTGTG
P TTCCCGGGCATCGTTTGTTA
Cxerd NM_022205.3 GCTGAGGAGCATGACAGACA
GATGAAGGCCAGGATGAGAA

Adamtsl NM_024400.2 GCACCTCCGCGGTTCCACAT
CGCGACCCGAGTTGCTGGTT
Mmo10 NM_133514.1 GTCCGAGGAAATGAAGTCCA
P GTCTCGGGAAGCCTTTATCC
Btg2 NM_017259.1 TCAAAGCTCCAGGGAACTCC

g CTAAAACCCACCAGGAATCAGG

Endo2 NM_012549.2 CTCCCTATGGCCTGGGAAAC
CAGCAGTCCACGTCTTGCTA

$100a3 NM_053681 TGCCATCGTGTGTACCTTCC
CACACTCCCGGAACTCACTC
Pacap NM_016989.2 TTACGATCAGGACGGAAACC
TGTCGGCTGGGTAGTAAAGG

Gos? NM_001009632.1 TGGCTAAGGAGATGATGA

CACACAGTCTCCACTAGA
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Table 2

List of primers used for Promoter reporter activity assay

Reference (Accession no./Primer sets, 5-3’)

XM_003748905.1

Forward : GGTACCCTCAAGGAGAGGCAAAGGTCTGGG
Forward : GGTACCTGATTCACTCAGGGTGGACCAGGA
Forward : GGTACCGGAATGTCACCTGACCCTCGACCA

Reverse : AGATCTACTTTTCTTCATGGCCTTCTGCT
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