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ABSTRACT

FAM110C belongs to a family of proteins that regulates cell
proliferation. In the present study, the spatiotemporal expression
pattern of FAM110C and its potential role were examined during
the periovulatory period. Immature female rats were injected
with equine chorionic gonadotropin (eCG) followed by human
chorionic gonadotropin (hCG) and ovaries or granulosa cells
were collected at various times after hCG administration (n ¼ 3/
time point). Expression levels of Fam110c mRNA and protein
were highly induced both in intact ovaries and granulosa cells at
8 to 12 h after hCG treatment. In situ hybridization analysis
demonstrated Fam110c mRNA expression was induced in theca
and granulosa cells at 4 h after hCG, primarily localized to
granulosa cells at 8 h and 12 h, and decreased at 24 h after hCG.
There was negligible Fam110c mRNA detected in newly forming
corpora lutea. In rat granulosa cell cultures, hCG induced
expression of Fam110c mRNA was inhibited by RU486, whereas
NS398 and AG1478 had no effect, suggesting that Fam110c
expression is regulated in part by the progesterone receptor
pathway. Promoter activity analysis revealed that an Sp1 site
was important for the induction of Fam110c expression by hCG.
Overexpression of FAM110C promoted granulosa cells to arrest
at the G

1
phase of the cell cycle but did not change progesterone

levels. In summary, hCG induces Fam110c mRNA expression in
granulosa cells by activation of an Sp1-binding site and the
actions of progesterone. Our findings suggest that FAM110C
may control granulosa cell differentiation into luteal cells by
arresting cell cycle progression.

differentiation, granulosa cell, ovary, ovulation, progesterone, SP1

INTRODUCTION

Cellular proliferation is regulated by controlling the
structural machinery of DNA replication as well as by altering
the delicate balance between stimulatory and inhibitory factors
that control the transition through the checkpoints of the cell
cycle. Factors that control the transition through the check-
points of the cell cycle include cyclins and cyclin-dependent
kinases (cdk). Cyclins and cdks are essential for early transition
through the G

1
phase of the cell cycle [1]. Inhibitors of cdks (or

CKIs) can arrest the cell cycle in the G
1

phase by inhibiting the
activity of cyclin-cdk complexes. In the ovary, granulosa cell
proliferation, cell cycle arrest, and terminal differentiation are
critical for normal follicular growth, ovulation, and luteiniza-

tion [2]. In the preovulatory follicle, the midcycle luteinizing
hormone (LH) surge results in an arrest of the cell cycle in
granulosa cells which in turn cease dividing and begin to
differentiate into luteal cells [3, 4]. The mechanisms controlling
granulosa cell proliferation and differentiation remain to be
fully elucidated; however, information from studies in mice
lacking cell cycle regulators has begun to provide insight into
this complex process. Granulosa cells from mice lacking cyclin
D2 are unable to proliferate in response to follicle-stimulating
hormone (FSH), and ovulation fails to occur [5]. Likewise,
deletion of p27, a protein that under normal cell cycle
conditions prevents premature DNA replication, results in
mice that are sterile due to the failure of luteinization in
response to LH [6, 7]. Previously, we reported that the B cell
translocation genes (BTGs) regulate the exit of granulosa cells
from the cell cycle and promote their survival, which would
direct their differentiation into luteal cells [8]. The present
study was undertaken to further investigate cell cycle regulators
in the ovary, specifically a newly identified centrosome/spindle
pole-associated protein, family with sequence similarity 110C
(FAM110C).

The centrosome, along with the spindles and associated
microtubules, form the structural components required for
mitosis and cytokinesis. The centrosome serves to establish the
polarity and orientation of microtubules during interphase at
the microtubule organization center and directs spindle
assembly during mitosis [9, 10]. Centrosomes also provide a
structural scaffold for the coordination of cell cycle progression
[9, 10]. In addition, the centrosome is the site of enzymes
involved in control of cell cycle progression phases G

1
to S and

DNA replication (reviewed in ref. 10). These observations have
led to the proposal that the centrosome acts as a catalytic core
and/or a functional lattice for the integration of different
pathways that control the cell division cycle [10, 11]. The
novel centrosome/spindle pole-associated protein (CSPP) was
described by Patzke and coworkers [9] while screening genes
involved in the progression from low-grade to high-grade
malignancies. This CSPP is associated with the centrosome/
microtubule cytoskeleton throughout the cell cycle and
controlled progression from G

1
to S phase and microtubule

organization/spindle formation during mitosis [9, 11]. In a
search for CSPP-associated proteins, FAM110 was identified
as a family consisting of three genes, Fam110a, Fam110b, and
Fam110c [12]. Cellular localization analysis showed that
FAM110 proteins localized to centrosomes and accumulated
at the microtubule organization center during cell cycle
progression. Functionally, ectopic expression of the FAM110C
protein impaired cell proliferation [12].

Currently, there are little to no data about the expression of
the FAM110C protein in the ovary and its potential role during
the periovulatory period. We hypothesized that the LH surge
would induce expression of FAM110C and that this induction
would facilitate luteinization of granulosa cells through its
action as a cell cycle regulator. Therefore, we examined the
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expression pattern, regulation, and potential function of
FAM110C during the granulosa-luteal cell transition period
in the rat ovary.

MATERIALS AND METHODS

Materials and Reagents

All chemicals and reagents were purchased from Sigma Chemical Co. (St.
Louis, MO), except where otherwise noted. Molecular biological enzymes,
molecular size markers, oligonucleotide primers, pCRII-TOPO vector, culture
medium, and TRIzol were from Invitrogen Life Technologies, Inc. (Carlsbad,
CA).

Tissue Collection

Immature female Sprague Dawley rats (15 days old) were obtained from
Harlan, Inc. (Indianapolis, IN). Animals were kept in environmentally
controlled conditions under the supervision of a veterinarian. All animal
procedures were approved by the University of Kentucky Institutional Animal
Care and Use Committee. Between 0900 and 1000 h on Days 22–23, rats were
injected s.c. with 10 IU of pregnant mare’s serum equine chorionic
gonadotropin (eCG) to induce follicular development. Forty-eight hours later,
animals were injected with human chorionic gonadotropin (hCG; 5 IU s.c.).
Ovaries were collected at 0 h (i.e., time of hCG administration) and at 4, 8, 12,
or 24 h after hCG injection (n ¼ 3–4 animals/time point). Ovaries were
removed, cleaned, weighed, and stored at�708C for later isolation of total RNA
or protein or placed in Tissue-Tek OCT compound (VWR Scientific, Atlanta,
GA), snap frozen, and stored at�708C until sectioned and processed for in situ
hybridization analyses. Granulosa cells isolated from ovaries at different time
points were snap frozen for later isolation of total RNA or protein.

In Situ Hybridization of Fam110c

In situ hybridization was performed using plasmids containing rat Fam110c
cDNA as previously described. Oligonucleotide primers corresponding to rat
Fam110c cDNA (forward, 50-AGCCTCTATGTTACCACCTCC-30; reverse,
50-AGCTCCTCTTCTTGCAACC-30) were designed using PRIMER3 software
[13]. Antisense and sense cRNA probes were synthesized from the
corresponding linearized plasmid and labeled with a-35S-uridine 50-triphos-
phate, using a Maxiscript in vitro RNA transcription kit from Ambion (Austin,
TX). After cRNA synthesis, probes were purified using G-50 Sephadex Quick
Spin columns (Roche Molecular Biochemicals, Indianapolis, IN). Ovaries were
sectioned at 10 lm and mounted on Probe-On Plus slides (Fisher Scientific,
Pittsburgh, PA). Each cRNA probe was allowed to hybridize overnight in
hybridization buffer containing 1 3 106 cpm of probe per slide at 558C.
Approximately 18–20 h later, slides were washed extensively to remove
nonspecifically bound cRNA, and then treated with RNase A (0.025 mg/ml in
Tris-EDTA buffer). Slides were again washed extensively, dehydrated in
ethanol, and air dried. Sections were processed for autoradiography using
Kodak NTB2 emulsion (Eastman Kodak, Rochester, NY) and stored at 48C.
For visualization of the in situ reaction product, slides were developed in
Kodak D19 (1:1 dilution) and stained with Gill 2 hematoxylin solution (Fisher
Scientific). A sense cRNA probe, used as a control for nonspecific binding, was
included for each time point. One ovary each from a minimum of three animals
per time point was used for in situ hybridization.

Rat Granulosa Cell Culture

To isolate granulosa cells, we collected ovaries from rats 48 h after eCG
administration as described previously [14]. Briefly, granulosa cells were
isolated by follicle puncture, filtered, pelleted by centrifugation at 200 3 g for
5 min, and resuspended in Opti-MEM containing 0.05 mg/ml of gentamicin
and 13 solution of insulin-transferrin-selenium (ITS). Granulosa cells were
cultured in the absence or presence of various reagents, as discussed in detail
below, for different time points at 378C in a humidified atmosphere of 5% CO

2
.

When reagents were dissolved in dimethyl sulfoxide (DMSO), the same
concentration of DMSO was added to medium for the control cells (0.1% final
concentration). Forskolin (FSK) and phorbol 12 myristate 13-acetate (PMA)
were added to mimic hCG action. Pelleted cells were prepared for isolation of
total RNA and protein.

Real-Time PCR Quantification of mRNA

Total RNA was isolated from ovaries or granulosa cells, using TRIzol
reagent according to the manufacturer’s protocol. Real-time PCR was used to

measure expression of Fam110c mRNA in vitro and in vivo, as well as genes
associated with steroidogenesis, Hsd3b (3 beta-hydroxysteroid dehydrogenase)
and Cyp11a1 (P450-mediated side chain cleavage enzyme). Oligonucleotide
primers corresponding to cDNA for rat Fam110c (forward, 50-TGAGTCTGA
CACCTTCTTCC-30; reverse, 50-GAAGTAGCCATGCTCACG-30), rat Hsd3b
(forward, 50-TGGTGGCACATTGCATACTT-30; reverse, 50-TAGCTTTGGT
GAGGGGTGTC-30), rat Cyp11a1 (forward, 50-GCTGGAAGGTGTAGCT
CAGG-30; reverse, 50-CACTGGTGTGGAACATCTGG-30), and rat Rpl32
(forward, 5 0-GAAGCCCAAGATCGTCAAAA-30; reverse, 50-AGGATCT
GGCCCTTGAATCT-3 0) were designed using PRIMER3 software. The
specificity for each primer set was confirmed both by electrophoresis of the
PCR products on a 2.0 % agarose gel and by analyzing the melting
(dissociation) curve in the MxPro real-time PCR analysis program (Stratagene,
La Jolla, CA) after each real-time PCR reaction. PCR products were sequenced
before use. Real-time PCR reaction mixtures contained 10% of the RT reaction
product, 0.4 lM forward and reverse primers, 0.3 ll of ROX reference dye
(1:10 dilution; provided with SYBR GreenER quantitative PCR SuperMix
Universal kit, Invitrogen), and SYBR Green SuperMix. Thermal cycling steps
included 2 min at 508C to permit optimal AmpErase uracil-N-glycosylase
activity, 10 min at 958C for initial denaturation, and then 30 sec at 958C, 30 sec
at 558C, and 30 sec at 728C for 40 cycles, followed by 1 min at 958C, 30 sec at
588C, and then 30 sec at 958C for ramp dissociation. The relative amount of
each gene transcript was calculated using the 2�DDCt method and normalized to
the endogenous Rpl32 reference gene.

Western Blot Analysis

Whole ovaries from different time points were homogenized in a
radioimmunoprecipitation assay (RIPA) buffer-protease inhibitor cocktail
(Santa Cruz Biotechnology, Santa Cruz, CA). Granulosa cells were
resuspended in RIPA buffer-protease inhibitor cocktail for 30 min on ice.
Tissue and cell lysates were then centrifuged at 12 000 3 g for 10 min.
Supernatants were stored at �708C until use. Twenty micrograms of protein,
measured by the Lowry method [15], was separated by 15% SDS-PAGE and
transferred to a nitrocellulose membrane (Whatman, Sanford, ME). Western
blotting was performed by blocking nonspecific binding with 5% dry milk in
Tris-buffered saline buffer containing 0.1% Tween-20 for 1 h. Blots were
incubated with the primary antibody for FAM110C (1:200 dilution; Santa Cruz
Biotechnology) or b-actin (1:1000 dilution; Cell Signaling Technology,
Danvers, MA) overnight at 48C on a rocking platform. Blots were washed
three times with PBS plus 0.1% Tween and incubated with respective
secondary antibodies linked to horseradish peroxidase for 1 h. After blots were
washed, they were analyzed using an enhanced chemiluminescence detection
system (GE Healthcare, Piscataway, NJ) and exposed to x-ray film.

Immunoassay of Progesterone

Concentrations of progesterone in conditioned culture medium following
granulosa cell culture were assayed using an Immulite kit on an Immulite 1000
machine (Siemens Healthcare Diagnostics, Los Angeles, CA). Assay sensitivity
was 0.2 ng/ml, and the intra-assay and interassay coefficients of variation were
6.3% and 9.1%, respectively.

Generation of Luciferase Reporter Vector and Granulosa
Cell Transfection

Genomic DNA was isolated from rat tail samples, using an Easy-DNA kit
(Invitrogen). Fragments of the Fam110c gene, a 900-bp (�874/þ26), a 542-bp
(�516/þ26), a 164-bp (�138/þ26), and a 75-bp (�49/þ26) fragment, were
amplified using the primers attached with restriction enzyme sites (KpnI and
HindIII). Fragments for the Fam110c gene promoter were cloned into the pGL3
basic vector (Promega, Madison, WI) as described previously [16].

A QuickChange II site-directed mutagenesis kit (Stratagene) was used to
generate site-directed point mutation of the Fam110c promoter. The sequence
of the oligonucleotide primer used to generate the Fam110c promoter
containing the Sp1 binding site mutation (shown in lowercase) was 50-
GGCGTGTTTTCCCCGaaCCTTGCGGACTTCGG-30. Granulosa cells were
isolated from immature rats (48 h after eCG administration) as described above.
Granulosa cells were transfected with respective firefly luciferase reporter
plasmids (pGL3-Fam110c promoter constructs) and Renilla luciferase vector
(pRL-TK vector) using Lipofectamine 2000 reagent (Invitrogen). The next day,
granulosa cells were treated with FSK (10 lM), PMA (20 nM), or FSK plus
PMA for 6 h. The cells were harvested to measure firefly and Renilla luciferase
activities by using a dual-luciferase reporter assay system (Promega), and each
reaction was monitored for 10 sec by the luminescence system in the Tecan
Infinite 200 microplate reader (Tecan US, Durham, NC). Firefly luciferase
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activities were normalized by Renilla luciferase activities, and each experiment
was performed in triplicate at least three times

Generation of Recombinant Adenovirus Vector

To explore the function of FAM110C protein, adenovirus vectors were
constructed to overexpress FAM110C. The Fam110c cDNA was amplified by
PCR using total RNA isolated from rat ovary. Specific primers for rat Fam110c
(forward, 50-TTGGTACCACCATGCGCGCCCTGCCCACC-30; reverse, 50-
TTGCGGCCGCTCAGGCAGGTTCCTGCAACTTC-30) contained the KpnI
and KpnI sites. The PCR product was subcloned into pShuttle-CMV vector
(Stratagene). AdEasy XL adenovirus vector system was used to generate
recombinant Ad-Fam110c vectors. The resultant plasmids carrying the
Fam110c gene under the control of a cytomegalovirus promoter were
linearized using Pme1 and then cotransformed into electro-competent BJ5183
bacteria with pAdEasy-1, which contains the viral backbone. The recombinant
plasmid was selected on kanamycin lysogeny broth plates. Recombinant
adenovectors were linearized using PacI and transfected to Ad293 cells, where
viral particles were further amplified. Adenovectors were purified, and then the
titer was determined by using the AdEasy viral titer kit (Stratagene).

Flow Cytometric Analysis of Granulosa Cells

To determine the impact of FAM110C overexpression on cell cycle
kinetics, rat granulosa cells were collected at 48 h after eCG priming as detailed
above. Granulosa cells were cultured on 6-well plates in Opti-MEM
supplemented with 0.05 mg/ml gentamicin and 13 ITS solution for 4 h before
addition of the adenovirus vector containing Fam110c (Ad-Fam110c) or a
control green fluorescent protein (GFP)-labeled adenovirus (Ad-GFP) vector.
Granulosa cells were exposed to Ad-Fam110c or Ad-GFP at a multiplicity of
infection of 50 plaque-forming units (pfu)/cell for 2 h. We routinely observed
an infection efficiency of Ad-GFP in granulosa cells of approximately 70%.
Medium was replaced with fresh Opti-MEM. After 2 days of culture, granulosa
cells were suspended using 3% trypsin and then stained for DNA content [17].
Briefly, ribonuclease A (final concentration of 0.1 mg/ml) was added to 1 3 106

cells and incubated at 378C for 30 min. Afterward, granulosa cells were
resuspended in 50 lg/ml propidium iodide and incubated for 1 h in the dark at
48C. The cell cycle distribution along with the percentage of cells with
degraded DNA were determined at an excitation wavelength of 488 nm, using a
FACS Calibur flow cytometer (Becton Dickinson) at the core flow cytometry
laboratory at the University of Kentucky. Cell cycle histograms were obtained
from three determinations, each with a total of 100 000 cells/treatment.

Statistical Analyses

All data are presented as means 6 SEM. Data were tested for homogeneity
of variance, and if data were not normally distributed, the data were log
transformed. One-way ANOVA was used to test differences in Fam110c
mRNA expression across time of culture or among treatments in vitro. If
ANOVA revealed significant effects of time of tissue collection, time of
culture, or treatment, the means were compared using the Duncan test, with a P
value of ,0.05 considered significant. A Student t-test was used to test for
differences in FAM110C protein expression levels, as appropriate, with a P
value of ,0.05 considered significant.

RESULTS

hCG Induced Fam110c Expression in Periovulatory Rat
Ovaries and Granulosa Cells

To determine whether hCG induced ovarian Fam110c
mRNA and protein expression, expression patterns from intact
ovaries or granulosa cells collected at different times after hCG
administration were analyzed. In the intact ovary, the levels of
mRNA for Fam110c reached the highest expression at 8 h after
hCG and remained elevated at 12 h before declining to control
values at 24 h (Fig. 1A). In the granulosa cell compartment, the
level of Fam110c mRNA expression was similar to its
expression level in the whole ovary. Fam110c mRNA was
highly induced at 8 h and remained elevated at 12 h before
declining at 24 h after hCG treatment in granulosa cells
collected in vivo (Fig. 1B). Western blot results showed that
FAM110C expression increased at 8 h and remained high until

24 h after hCG treatment in whole ovaries (Fig. 1C) and
granulosa cells (Fig. 1D).

Localization of Fam110c mRNA in the Ovary

In situ hybridization of Fam110c mRNA revealed that the
expression of this gene was low in the ovary at 0 h (Fig. 2, A
and B). Fam110c mRNA was localized to theca-interstitial
cells and granulosa cells of certain follicles at 4 h after hCG
administration (Fig. 2, C, D, K, and L). At 8 and 12 h after
hCG administration, there was a marked expression of
Fam110c mRNA in the granulosa cell compartment, while
the signal in theca-interstitial cells decreased to almost
undetectable levels (Fig. 2, E–H). After ovulation, Fam110c
mRNA expression was similar to that of the 0 h ovary, with
little detectable signal in the forming corpus luteum (Fig. 2, I
and J). There was no signal detected on the sections that were
hybridized to the sense probe of Fam110c (data not shown).

hCG Induces Expression of Fam110c mRNA in Granulosa
Cells In Vitro

The hCG-induced increase in Fam110c mRNA expression
was observed in granulosa cells collected in vivo; therefore,
studies were conducted to determine whether the increase in
Fam110c mRNA in vivo could be mimicked in vitro by
treatment with hCG. Real-time PCR data showed that hCG
induced an expression pattern of Fam110c mRNA in cultured
granulosa cells (Fig. 3A) similar to that in cells collected in
vivo (Fig. 1B), except that the induction was advanced in vitro.
In the cultured cells, Fam110c mRNA expression was
increased at 4 h and declined at 12 and 24 h after hCG
induction (Fig. 3A).

Regulation of Fam110c mRNA Expression

Both the PKA and the PKC signaling pathways are known
to be activated by hCG in preovulatory granulosa cells [18, 19].
To determine which signaling pathway(s) is involved in the up-
regulation of Fam110c mRNA expression in response to hCG
stimulation, we cultured granulosa cells from rat preovulatory
ovaries (48 h post-eCG) with hCG, FSK (which is an activator
of adenylate cyclase or an activator of protein kinase C), and
PMA for 8 h. Both FSK and PMA stimulated Fam110c mRNA
expression (Fig. 3B), suggesting that both signaling pathways
are involved in the induction of Fam110c by hCG.

hCG activates epidermal growth factor (EGF) receptor
signaling and induces expression of prostaglandin synthase 2
(PTGS2) and progesterone receptor (PGR) [20]. We tested
whether the up-regulation of Fam110c mRNA was mediated
by hCG-induced activation of these signaling pathways by
using RU486 to block the actions of progesterone receptors,
NS398 to block PTGS2 synthesis, and AG1478, to prevent
EGF receptor signaling. RU486 treatment reduced the hCG-
induced expression of Fam110c mRNA in vitro (Fig. 3C),
whereas NS398 and AG1478 had no effect (Fig. 3C). These
findings suggest that activation of the progesterone receptor
mediates hCG induction of Fam110c mRNA expression.

Mutation of the Sp1 Binding Site Reduces Fam110c
Promoter Reporter Activity in Preovulatory Granulosa Cells

To investigate the transcriptional regulation of Fam110C,
four rat Fam110c promoter reporter constructs (bp�874/þ26;
bp �516/þ26; bp �138/þ26; and bp �49/þ26) were
transfected into preovulatory granulosa cells. After 24 h of
equilibration, granulosa cells were stimulated with or without
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FSK plus PMA for 6 h. Treatment with FSK plus PMA
increased the luciferase activities of bp �874/þ26, bp �516/
þ26, and bp�138/þ26 reporter constructs compared with that
of cells cultured without FSK plus PMA (Fig. 4). In contrast,
FSK plus PMA had no effect on the activity of the reporter
construct bp fragment �49/þ26. Nuclear transcription factor
SP1 is induced by the LH surge and is known to regulate gene
expression in periovulatory granulosa cells [21, 22]. As there is
a consensus Sp1 binding site at bp �72 of the Fam110c
promoter, we determined whether the SP1 transcription factor
was important for the induction of the Fam110c promoter
activity by mutating the Sp1 binding site. Luciferase assays

demonstrated that mutation of the Sp1 binding site decreased
induction of the Fam110c promoter by FSK plus PMA, which
suggests that SP1 is involved in Fam110c transcriptional
regulation.

Cell Cycle Analysis of Granulosa Cells After Overexpression
of Rat Fam110c

To investigate the potential function of FAM110C, a
Fam110c overexpression adenovirus vector was constructed.
Granulosa cells from preovulatory ovaries were infected with
either Ad-Fam110c or Ad-GFP control adenovirus. Western

FIG. 1. Stimulation of Fam110c expression by hCG in whole ovaries and granulosa cells in vivo. Real-time PCR analysis shows expression of Fam110c
mRNA in periovulatory ovaries (A) and granulosa cells in vivo (B) after hCG administration. eCG-primed rats were injected with hCG, and ovaries or
granulosa cells were collected at 0, 4, 8, 12, or 24 h after treatment. Relative levels of Fam110c mRNA were normalized to those of Rpl32 in each sample
(mean 6 SEM; n¼ 3 independent culture experiments). Western blot analysis shows FAM110C protein levels at different time points after hCG treatment
in intact rat ovaries (C) and granulosa cells in vivo (D). Upper panel shows a representative Western blot; lower panel shows relative quantitative levels of
FAM110C protein normalized to that of b-actin in each sample (mean 6 SEM; n¼ 3 independent culture experiments). Bars with no common letters are
significantly different (P , 0.05).
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blot analysis results confirmed that FAM110C was highly
expressed in the Ad-Fam110c vector-infected granulosa cells
(Fig. 5A). Overexpression of FAM110C inhibited granulosa
cells entering the cell cycle (Fig. 5B). The percentage of cells
in the G

1
phase increased markedly in granulosa cells

expressing FAM110C, whereas the percentage of cells in the
S phase decreased (Fig. 5B). These data for the cell cycle
suggest that FAM110C inhibits the transition of granulosa cells
from the G

1
to the S phase of the cell cycle.

Analysis of Granulosa Cell Steroidogenesis After
Overexpression of Rat Fam110c

To explore the potential role of FAM110C in steroidogen-
esis, granulosa cells from preovulatory ovaries were infected
with either Ad-Fam110c or Ad-GFP control and then treated
with FSK plus PMA for 6 h. As expected, FSK plus PMA
treatment stimulated progesterone production, increased ex-
pression of Cyp11a1 and decreased expression of Hsd3b (Fig.
6, A–C). Interestingly, overexpression of FAM110C did not
affect progesterone levels or expression of Cyp11a1 or Hsd3b
mRNA (Fig. 6, A–C). Fam110C mRNA was highly expressed
in the Ad-Fam110c vector-infected granulosa cells and was
induced by FSK plus PMA treatment (Fig. 6D).

DISCUSSION

The ovulatory gonadotropin surge initiates the cascade of
events associated with follicle rupture and the formation of the

corpus luteum. During this process, granulosa cells of the
preovulatory follicle irreversibly cease dividing as they
transition to luteal cells. This loss of granulosa cell prolifer-
ation during the process of luteinization is the result of a
change in the checkpoints of the cell cycle, which control
cellular proliferation and differentiation [23]. It has been shown
that granulosa cells exit from the cell cycle by down-regulation
of cyclin D2, down-regulation of cyclin E, and up-regulation of
the CKIs p21 and p27 [2, 23, 24]. In this study, we demonstrate
for the first time that FAM110C was induced after an LH/hCG
stimulus and that overexpression of FAM110C impacted
granulosa cell cycle kinetics by inhibiting transition from the
G

1
to the S phase of the cell cycle.
Members of the FAM110 family were originally identified

by a yeast two-hybrid screen for CSPP-associated proteins
[12]. Northern blot analysis was used to screen tissue-specific
expression, and all members of the FAM110 family were
detected in the thyroid, stomach, prostate, and testis. In the
ovary, the overall expression of the FAM110 members was
low, with levels of Fam110c mRNA that were higher than the
expression levels of Fam110a or Fam110b mRNA, although
the stage of the ovarian cycle was not delineated [12]. We
confirmed that ovarian expression of Fam110c was elevated
compared to the other Fam110 members, using our rat ovarian
gene expression database [16] prior to initiating the present
study.

Administration of hCG in the current study stimulated the
expression of Fam110c mRNA in both the granulosa and theca
cell compartments. Initially, Fam110c mRNA was induced in

FIG. 2. Cellular localization of Fam110c mRNA in periovulatory rat ovaries. Sections of rat ovaries obtained at 0 h (48 h post-eCG) (A, B), 4 h (C, D, K,
L), 8 h (E, F), 12 h (G, H), or 24 h (I, J) after hCG injection were hybridized with antisense probes for Fam110c mRNA. Representative bright-field (A, C, E,
G, I, K) and corresponding dark-field (B, D, F, H, J, L) photomicrographic views are shown. Higher magnification of the area in C is shown in K and L.
Arrows indicate the theca layer. Arrowheads indicate the granulosa cell layer. F, follicle; nCL, newly formed corpus luteum. Original magnification 340
(A–J) and 3100 (K and L).
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the theca cells and the granulosa cells of certain follicles at 4 h,
as seen by in situ hybridization analysis. Fam110c mRNA
expression then switched to the granulosa cell compartment of
antral follicles by 8 and 12 hours after hCG but was lost in the
newly forming corpora luteum. The physiologic significance of
this pattern of expression where Fam110c mRNA switches
from the theca to the granulosa cells is unclear. However, this
expression pattern was also found for the B cell translocation
gene 1 product [8], a protein involved in inhibiting cellular
proliferation and regulating differentiation [25], specifically
arresting granulosa cells at the G

0
–G

1
phase of the cell cycle

[8]. We speculate that this switch from theca to granulosa cell

compartment reflects the rate at which theca and granulosa
cells respond to hCG induction of gene expression.

FAM110C impairs progression through the G
1

phase of the
cell cycle, resulting in cell cycle arrest in human embryonic
kidney cells [12]. In the ovary, granulosa cells quickly exit the
cell cycle after the LH surge [23]. Thus, we postulated that the
marked induction of Fam110c mRNA in granulosa cells might
facilitate the process of luteinization, specifically the transition
from a proliferative granulosa cell to a differentiated luteal cell.
Support for such a postulate is based upon the findings of
Hauge and colleagues [12], who explored the function of
FAM110C. The investigators noted that at low levels of
FAM110C expression in HEK293T cells, the protein was
localized at the centrosome/microtubule organization center
during interphase. At mitosis, FAM110C was associated with
the microtubules of the spindle apparatus [12]. Of note for the
present study was the previous observation that overexpression
of FAM110C was able to impair cell cycle progression from
the G

1
to the S phase in HEK293T cells [12]. Although the

precise mechanism by which FAM110C impairs cell cycle
progression is unknown, it was proposed that FAM110C could
impact microtubule assembly necessary for cell entry into
mitosis [12]. Irrespective of the exact mechanism, these
previous findings of FAM110C localization and function led
to our hypothesis that FAM110C might regulate the switch
from proliferation to differentiation during the luteinization
process. To determine whether FAM110C impacted cell cycle
kinetics, we overexpressed FAM110C in granulosa cells and
observed an increase in the number of granulosa cells in the G

1
stage of the cell cycle. These findings support the hypothesis
for a potential role of FAM110C in the control of granulosa
cell cycle. Of interest, however, was the finding that
overexpression of FAM110C did not influence progesterone
levels in the conditioned medium nor expression of two of the
steroidogenic enzymes involved in granulosa cell steroidogen-
esis. We interpret these findings to indicate that FAM110C
impacts cell cycle kinetics but that this is insufficient to cause
luteal cell differentiation, at least as assessed by its failure to
affect mRNA levels for 3BHSD and P450scc.

Experiments were performed to delineate the signaling
pathways controlling the hormonal induction of Fam110c.
Fam110c mRNA was induced by hCG treatment of cultured
granulosa cells, which could be mimicked by FSK, highlight-
ing the importance of the PKA signaling pathway in the
regulation of Fam110c mRNA. As the LH/hCG pathway sets
in motion a series of downstream events that are crucial for
follicular rupture [26], we further examined the impact of
progesterone, prostaglandins, and the EGF receptor signaling
pathway on the regulation of Fam110c mRNA. The lack of an
effect of the prostaglandin synthase 2 inhibitor NS398 or the
EGF receptor tyrosine kinase inhibitor AG1478 on the hCG-
induced expression of Fam110c mRNA indicates that these
pathways do not contribute to the regulation of Fam110c
during the periovulatory period. However, the observation that
the progesterone receptor antagonist RU486 could block the
induction of Fam110c mRNA expression suggests that
progesterone regulates Fam110c expression. Although there
is no evidence that progesterone regulates the CSPPs, previous
studies have demonstrated a role for progesterone in regulating
the cell cycle in the ovary. For example, progesterone inhibited
in vitro proliferation of human granulosa cells obtained
following an ovulatory stimulus [27, 28]. Likewise, exogenous
progesterone was able to inhibit cyclin B1 expression in
primate granulosa cells [29], while RU486 increased the
number of proliferating bovine granulosa-lutein cells [30]. We
speculate that the changes in ovarian cell proliferation observed

FIG. 3. Expression and regulation of Fam110c mRNA expression by hCG
in rat granulosa cells in vitro. Real-time PCR analysis demonstrates
expression of Fam110c mRNA in granulosa cells. A) Fam110c mRNA
expression in granulosa cells obtained from rat preovulatory ovaries (48 h
post-eCG) and cultured in medium alone (Control) or with hCG (1 IU/ml)
for 0, 4, 8, 12, or 24 h. B) Expression of Fam110c mRNA in granulosa cells
from rat preovulatory ovaries (48 h post-eCG) cultured in medium alone
(Ctrl) or with hCG (1 IU/ml), FSK (10 lM), or PMA (20 nM) for 8 h. C)
Regulation of Fam110c mRNA expression in granulosa cells in vitro.
Expression of Fam110c mRNA in granulosa cells from rat preovulatory
ovaries (48 h post-eCG) cultured in medium alone (Ctrl) or with hCG (1
IU/ml) in the absence or presence of the progesterone receptor antagonist
RU486 (1 lM), the prostaglandin-endoperoxide synthase 2 inhibitor
NS398 (1 lM), or the EGF receptor tyrosine kinase selective inhibitor
AG1478 (1 lM) for 8 h. In all experiments, the relative level of mRNA for
Fam110c was normalized to that of Rpl32 in each sample (mean 6 SEM;
n¼ 3 independent culture experiments). Bars with no common letters are
significantly different (P , 0.05). Note, data for the 8-h control (A) appear
as a black bar due to the low values for this time point.
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FIG. 4. Activity of Fam110c promoter reporter constructs in cultured granulosa cells. Granulosa cells isolated from preovulatory ovaries (48 h after eCG)
were transiently transfected with empty luciferase reporter vector (LUC), bp fragments�874/þ26,�516/þ26bp,�138/þ26, and�138/þ26, Sp1 mutant,
or bp fragment �49/þ26 Fam110c promoter luciferase reporter constructs and treated with FSK (10 lM) plus PMA (20 nM) for 6 h. Firefly luciferase
activity was normalized to Renilla luciferase activity. Each experiment was performed in triplicate, and the experiment was repeated at least three times.
Bars with no common letters within a reporter construct are significantly different (P , 0.05).

FIG. 5. Analysis of granulosa cell cycle kinetics after overexpression of rat FAM110C. Granulosa cells from preovulatory ovaries were infected with
either Ad-Fam110c or an Ad-GFP control adenovirus. A) Western blot analysis demonstrates expression of FAM110C and the endogenous control b-actin.
Upper panel shows a representative Western blot; lower panel shows relative quantitative levels of FAM110C protein normalized to b-actin in each
sample. B) Cell cycle kinetics using flow cytometry. Data demonstrate percentages of cells in different stages of cell cycles, G

1
(G

0
–G

1
), G

2
, and S phases,

in cells overexpressing FAM110C. Results represent means 6 SEM for at least 3 individual experiments. Bars that do not share a letter or number
designation are significantly different (P , 0.05).
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by modulating progesterone levels may occur, in part, by
progesterone action in regulating FAM110C. Such a concept is
supported by the findings of Chaffin and colleagues [29], who
observed that progesterone was able to regulate the timing of
p27 expression, leading to the viewpoint that steroids regulate
key components of the cell cycle in granulosa cells.

The regulation of Fam110c mRNA induction was explored
using cultured granulosa cells. Functional analysis of the
Fam110c promoter revealed that FSK plus PMA could
stimulate Fam110c promoter activity. This induction was
reduced when the Sp1 binding site in the Fam110c promoter
was mutated, indicating that SP1 directly regulates Fam110c
transcription. It has been shown that SP1 is involved in the
hormone-regulated induction of a variety of ovarian genes. For
example, SP1 or an intact Sp1 binding site is required for the
induction of cholesterol side-chain cleavage cytochrome P450
[31], serum/glucocorticoid-inducible kinase [32], LH b-subunit
[33], and the LH receptor [34]. Of particular interest is the
finding that SP1 or an intact Sp1 binding site is critical for
progesterone-mediated action of genes that lack a progesterone
response element (PRE), such as cyclin-dependent kinase
inhibitor, p21 in breast cancer [35], a Krüppel-like transcription
factor 11 (KLF11) gene in uterine leiomyoma cells [36], and
MMP2 in the trophoblast [37]. These findings are distinctly
relevant to the present study, as the proximal Fam110c
promoter lacks a PRE. Our data extend these observations of
SP1-mediating expression of reproductive genes and provide
the first evidence that SP1 is involved in hCG-induced
expression of the Fam110c gene in rat granulosa cells.

In summary, the present findings demonstrate a transient
induction of Fam110c expression in theca and granulosa cells
after hCG administration. This induction requires the SP1
transcription factor and signaling through the progesterone
receptor. The production of FAM110C protein may, in turn,
arrest granulosa cells at the G

1
phase of the cell cycle. These

unique findings shed light on another potential regulator that
directs the exit of granulosa cells from the cell cycle and their
differentiation into luteal cells.
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