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IGF regulates steroidogenesis in granulosa cells through expression of the cytochrome P450 side-
chain cleavage enzyme (P450scc) (CYP11A1), the rate-limiting enzyme in this biosynthetic process.
We showed previously that the polypyrimidine tract-binding protein-associated splicing factor
(PSF) acts as a repressor, whereas Sp1 is an activator, of P450 gene expression. The aim of the present
study was to investigate IGF-stimulated ERK signaling regulating P450scc gene expression in the
immortalized porcine granulosa cell line JC-410. We used a reporter gene under control of the IGF
response element from the P450scc promoter. Inhibition of ERK phosphorylation with U0126
[1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene] blocked IGF-I induction of
IGF response element reporter gene activity. Western blotting revealed that IGF-I treatment re-
sulted in phosphorylation of ERK that was specifically inhibited by U0126. ERK activation led to
phosphorylation of T739 (an ERK site) on Sp1 that was diminished by U0126 or overexpression of
PSF. Coimmunoprecipitation and Western blotting of nuclear extracts showed that phosphory-
lated ERK (pERK) bound PSF under basal conditions. IGF-I caused dissociation of pERK from PSF.
Finally, chromatin immunoprecipitation analysis showed that PSF and Sp1 constitutively occupy the
P450scc promoter independent of IGF-I treatment. These events provide a potential molecular mech-
anism for release of PSF repression of P450scc expression by dissociation of pERK and subsequent
pERK-mediated phosphorylation of Sp1 to drive transcriptional induction of the P450scc gene in the
absence of altered binding of PSF or Sp1 to the promoter. Understanding IGF-I regulation of these
critical ovarian signaling pathways is the first step to delineating ovarian hyperstimulation syndromes
such as polycystic ovarian syndrome. (Endocrinology 151: 2819–2825, 2010)

IGF-I regulates pleiotrophic processes, including follicu-
lar development, ovulation, luteinization, and ovarian

steroidogenesis (1–4) in addition to cancer growth and
metastasis (5, 6). These diverse processes are mediated
through complex multifactorial signaling pathways that
engage downstream mediators, including ERK, phospha-
tidylinositol 3-kinase, and protein kinase A (PKA) (6, 7).

For example, in Leydig cells, IGF leads to phosphoryla-
tion-dependent activation of ERK through interactions
with the PKA and protein kinase C (PKC) pathways (8–
11). In granulosa cells, IGF-I regulates steroidogenesis
through induction of the P450 side-chain cleavage enzyme
(P450scc) (CYP11A1) gene (12) via mechanisms that in-
clude PKC� and ERK (13).
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A key mediator of IGF action is the transcription factor
Sp1 that activates expression of P450scc (14, 15) and
other pregnancy-related genes (16). The generalized ac-
tions of Sp1 in steroidogenesis are reflected by regulation
of P450scc in gonads and adrenals, as well as the ovary
(17). Multiple signaling pathways converge on Sp1, in-
cluding ERK, Akt, and c-Jun N-terminal protein kinase
(18, 19). The first ERK-regulated phosphorylation sites on
Sp1 were identified at T453 and T739 in response to
growth factor regulation of the vascular endothelial
growth factor gene (20). These sites have since been im-
plicated in several signaling pathways, including fibro-
blast growth factor stimulation of ERK, phosphorylation
on these ERK consensus sites on Sp1, and functional
changes of Sp1 action on target gene expression (21).

Protein-associated splicing factor (PSF) is also an im-
portant mediator of IGF induction of steroidogenesis in
which it has a powerful repressive effect (22, 23). It is a
multifunctional protein involved in many different pro-
cesses originally identified as a component of the RNA
splicing machinery (24). With the emergent elucidation of
the tightly coupled relationship between gene transcrip-
tion and RNA splicing, additional activities of PSF have
been discovered. It is now clearly established that PSF also
acts as a transcriptional corepressor of the nuclear recep-
tors for thyroid hormone, progesterone, and androgens
acting via diverse mechanisms that include proteosomal
receptor degradation, inhibition of DNA binding, and/or
recruitment of coactivators such as the histone deacetylase
(HDAC) complex and mSin3A (25–27). We found that
PSF represses IGF induction by directly binding to the IGF
response element (IGFRE) (22) and, using chromatin im-
munoprecipitation (ChIP) assays, to the promoter of the
endogenous P450scc gene. We further showed that PSF
binds PKC� via a protein-protein interaction mechanism
that is independent of PKC catalytic activity and results in
derepression of PSF inhibition of transcription (28). Sim-
ilar actions were described for PSF repression of androgen
receptor (AR) binding to the AR response element by a
ligand-independent mechanism (25). Furthermore, over-
expression of PSF represses transcriptional activity of sev-
eral steroid receptors through direct protein-protein in-
teractions with several members of the transcriptional
regulatory machinery (26). Finally, others have reported
that PSF binding and repression of the IGFRE is relieved
by microRNA retrotransposons, such as VL30, that in-
duce release of PSF from the promoter, thereby leading to
derepression of gene expression (23, 29).

ERK is a key integrator of convergent signaling path-
ways to regulate gene expression in response to a wide
variety of extracellular signals. We recently demonstrated
the importance of IGF-I synergism with PKC in phospho-

rylation-dependent activation of ERK in induction of the
P450scc in a porcine granulosa cell line and primary gran-
ulosa cells (13). ERK is often present in multiprotein com-
plexes, typically with the upstream activator MAPK ki-
nase (MEK) that acts as a nucleocytoplasmic shuttle to
direct ERK to the nucleus in which it can impinge on the
activity of transcription complexes (30–32).

These relationships between IGF, ERK, Sp1, and PSF
led us to hypothesize that there was a direct link between
these signaling intermediates that regulate expression of
the P450scc gene in granulosa cell steroidogenesis. We
first tested IGF-I in phosphorylation of ERK and activa-
tion of the IGFRE. This led to explorations on the actions
of IGF-I on ERK-dependent phosphorylation and activa-
tion of Sp1, the composition of multiprotein complexes
between pERK and these transcription factors, and regu-
lation of PSF and Sp1 binding to the IGFRE of the endog-
enous P450scc promoter. We found a robust signaling
pathway that provides multiple regulatory mechanisms
through phosphorylation of stable proteins.

Materials and Methods

Materials
Human recombinant IGF-I was from Bachem Biosciences

(King of Prussia, PA). U0126 [1,4-diamino-2,3-dicyano-1,4-
bis(o-aminophenylmercapto)butadiene] (10 �M), an inhibitor of
MEK (upstream activator of ERK), was from Promega (Madi-
son, WI). Rabbit antihuman ERK, antihuman phosphorylated
(p) ERK (T202/Y204), antimouse pS473 Akt, antihuman Akt,
mouse antihuman pERK conjugated to agarose beads, and sec-
ondary antibodies conjugated to agarose beads for coimmuno-
precipitation were from Cell Signaling Technologies (Beverley,
MA). Mouse monoclonal Antihuman RNA Polymerase II (Pol II)
was from Millipore (Billerica, MA). Peptide affinity-purified
rabbit antihuman antibody to Sp1 phosphorylated on T739
(pT739 Sp1) was prepared as described previously (20). Mouse
antihuman Sp1 was from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse antihuman PKC� was from BD Biosciences (San
Jose, CA). A PSF peptide corresponding to human amino acids
687-698 (CRGREEYEGPNK) was designed in our laboratory
and used for production of rabbit antihuman PSF antibody by
Bio-Molecular Technology (Frederick, MD). Secondary anti-
bodies were goat antirabbit IgG horseradish peroxidase
(Southern Biotechnology Associates, Birmingham, AL) and
sheep antimouse IgG horseradish peroxidase (GE Healthcare,
Piscataway, NJ).

JC-410 cells
The JC-410 cell line was developed from a primary culture of

porcine granulosa cells (33) and validated for studies in granu-
losa cell physiology in a number of previous investigations (28,
34). JC-410 cells were grown to 85% confluence as described
previously and placed in serum-free media overnight before pre-
treatment in serum-free media with inhibitors for 1 h and/or 20
nM IGF-I for 4 or 48 h.
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Plasmids
The IGFRE-luciferase reporter gene contained the proximal

P450scc promoter fused to luciferase as described previously (15,
22, 34). For PSF studies, plasmids contained the cytomegalovirus
promoter without (mock) or with (PSF) the entire coding se-
quence of the human PSF gene (22).

Transient transfection in JC-410 cells and luciferase
assay

JC-410 cells were grown in Eagle’s MEM with 3% fetal bo-
vine serum and 1 ng/ml insulin for 1 wk after thawing as reported
previously (33). After an additional 2–3 wk in culture in the
absence of insulin, cells were plated at 1.5 � 106 cells per 35-mm
well in a six-well plate with 2 ml of Eagle’s MEM and 3% fetal
bovine serum per well. After overnight culture, cells were trans-
fected with the indicated plasmids with LipofectAMINE 2000
(Invitrogen, Carlsbad, CA) as described previously (22). DNA-
LipofectAMINE reagent complexes were left on cells for 6 h
before removal and addition of treatment medium for an addi-
tional 48 h at 37 C. Cells were rinsed with PBS and assayed for
luciferase activity with the Promega luciferase assay system or for
Western blotting. Light production was measured with a Turner
Designs (Sunnyvale, CA) TD-20e luminometer. The Bio-Rad
(Hercules, CA) Protein DC Assay Reagent was used to measure
protein concentrations of the lysates to normalize analyses.

Immunoprecipitation
Nuclear extracts (500 �g) were prepared as described previ-

ously and incubated overnight at 4 C on a rocker with 2 �g
primary antibodies, followed by capture with secondary anti-
body-conjugated agarose beads (28). After washing, entire bead
complexes were boiled in sodium dodecyl sulfate (SDS) sample
buffer and analyzed by Western blotting.

Western blotting
Whole-cell extracts (20 �g), nuclear extracts (20 �g), or im-

munoprecipitated complexes were resolved by 10% SDS-PAGE
under reducing conditions. After transfer to nitrocellulose, blots
were blocked with 5% milk-Tris-buffered saline (TBS) and in-
cubated overnight at 4 C with primary antibody in 5% milk-TBS.
After washing, the species-appropriate secondary antibody con-
jugated to horseradish peroxidase was added in 5% milk-TBS for
1 h at room temperature. Bands were detected using enhanced
chemiluminescence Western blotting reagent (GE Healthcare).

ChIP
ChIP was performed as described previously with minor mod-

ifications (34). Briefly, cells were cross-linked with 1% formal-
dehyde and treated in 100 mM glycine, and cell pellets were re-
suspended in SDS lysis buffer with protease inhibitors and
sonicated on ice. Immunoprecipitation was performed overnight
using Dynabeads Protein G (Invitrogen). After de-cross-linking,
DNA was extracted and amplified by real-time PCR using prim-
ers for the IGFRE (sense, 5� gaacctcacgctgcagaaat 3�; antisense,
5� aatgttcacgtccttcctcct 3�) or internal coding sequences of the
P450scc (sense, 5� gagatggcacgcaacctgaag 3�; antisense, 5� ct-
tagtgtctccttgatgctggc 3�) and normalized to actin.

Statistical analysis
Analyze-it Statistics (www.analyze-it.com) was used to per-

form ANOVA with Dunnett’s post hoc analysis to determine

statistical significance for replicate experiments in each study.
For statistical analyses, densitometric Western blot band inten-
sities were normalized to those from control, untreated cells set
equal to one.

Results

IGF-I regulation of phosphorylation of ERK and
induction of IGFRE-driven reporter gene activity

JC-410 cells were treated with IGF-I and ERK phos-
phorylation assessed by Western blotting. Phosphoryla-
tion of ERK was induced within 4 h and sustained, al-

FIG. 1. Regulation of IGF-I stimulated phosphorylation of ERK. JC-410
cells were grown in serum-free media for 24 h and pretreated with
vehicle or U0126 (10 �M) for 1 h. Cells were then treated for 4 or 48 h
without or with 20 nM IGF-I. Whole-cell extracts were then probed
with the indicated antibodies showing representative results from one
experiment. Error bars represent mean � SE of four independent
experiments. ANOVA, P � 0.001, F(8,27) � 61.15. *, P � 0.001
compared with control (0 h). #, P � 0.001 compared with IGF (4 h);
‡, P � 0.001 compared with IGF (48 h).

FIG. 2. ERK mediation of IGF-I activation of the IGFRE. JC-410 cells
were transfected with the IGRFE-luciferase reporter gene. After 1 d in
serum-free media, cells were pretreated with vehicle or U0126 (10 �M)
for 1 h, followed with or without IGF-I (20 nM) for 48 h. Luciferase
activity was measured and normalized to basal, untreated controls.
Error bars represent mean � SE of four independent experiments.
ANOVA, P � 0.001, F(3,12) � 170.19. *, P � 0.001 compared with
control (no IGF). #, P � 0.001 compared with IGF.
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though slightly reduced, for 48 h (Fig. 1). Treatment with
U0126, an inhibitor of the upstream ERK-activating ki-
nase MEK, reduced both basal and IGF-I stimulated phos-
phorylation of ERK. The specificity of this response was
shown by the lack of effect of U0126 on IGF-I induced phos-
phorylation of S473 on Akt (Fig. 1). Because we showed
previously that IGF stimulated activity of the IGFRE, we
tested the effects of ERK on this transcriptional response.
Again, U0126 reduced both basal and IGF-I-induced re-
porter gene activity (Fig. 2).

IGF-I regulation of ERK activation by PSF and ERK
phosphorylation of Sp1

We showed previously that the transcription factor PSF
represses IGF-I induction of the IGFRE (22). To explore
the relationship between ERK activation and PSF, we tran-
siently overexpressed PSF. The IGF-I increase in ERK
phosphorylation was blocked by U0126 and inhibited by
PSF overexpression compared with transfection with
mock (empty) plasmid (Fig. 3A). At the same time, IGF-I
induced phosphorylation of Sp1 on T739 (Fig. 3B), an
established ERK site (20). This effect was also significantly
inhibited by treatment with U0126 or PSF overexpression
(Fig. 3B).

Effect of IGF-I on multiprotein complexes
To better understand nuclear multiprotein complexes

in IGF-I signaling, we performed coimmunoprecipitation/
Western blotting of nuclear extracts. We showed previ-
ously that PSF and PKC� were associated in the nucleus in

unstimulated JC-410 cells (28). The
representative Western blot in Figure
4A shows that pERK was also associ-
ated with PSF under basal conditions
but that IGF-I led to dissociation of
pERK from PSF (middle two lanes, bot-
tom pair), as well as the reciprocal ex-
periment performing the immunopre-
cipitation first with PSF and then
blotting pERK (right two lanes, top
pair). We also found that pERK was not
associated with either Sp1 or PKC�, or
PSF with Sp1. Quantification of repli-
cate experiments further demonstrated
the robustness of IGF-I-induced multi-
protein complex dissociation when
protein-protein interactions were ana-
lyzed by examining the ratios from
IGF-I treatment compared with control.
Comparedwithcontrol, IGF-I clearly re-
duced the amount of pERK associated
with immunoprecipitated PSF (Fig. 4B),
total ERK associated with PSF (Fig.

4C), and PSF associated with pERK (Fig. 4D).

IGF-I regulation of PSF and Sp1 binding to the
IGFRE of the endogenous P450scc promoter

Because we reported previously that PSF and Sp1 were
bound to the IGFRE in the endogenous P450scc promoter
under basal conditions in Y1 adrenal cells (34), we pursued
promoter occupancy of both PSF and Sp1 in the JC-410 cell
line in response to IGF-I. Figure 5 shows that both PSF and
Sp1 also constitutively occupy the IGFRE of the endogenous
P450sccpromoter in the JC-410cell lineandthat IGF-I treat-
ment does not alter their occupancy. To confirm the lack of
effectof IGF-IonPSFandSp1occupancy,wetestedRNAPol
IIbinding to the internal codingsequencesof theendogenous
P450scc gene. IGF-I induced Pol II binding (Fig. 5) and dem-
onstrated the established responsiveness to IGF-I that leads
to increased mRNA production, protein expression, and ste-
roidogenesis (12, 28, 34).

Discussion

We investigated regulatory mechanisms of IGF-I through
ERK signaling on P450scc expression in the porcine JC-
410 ovarian granulosa cell line. Experimentally, we were
able to show a direct, specific link between IGF-I treat-
ment, ERK phosphorylation, and phosphorylation of Sp1
on an ERK-dependent Sp1 phosphorylation site. More-
over, we were able to delineate PSF regulation of this sig-

FIG. 3. Effects of ERK inhibition and PSF overexpression on IGF-I regulation of
phosphorylation of ERK and Sp1. JC-410 cells were untransfected (no PSF) or transfected with
mock (empty) or PSF plasmids. After 1 d in serum-free media, cells were pretreated for 1 h
with vehicle or 10 �M U0126, followed with or without IGF-I (20 nM) for 48 h. Whole-cell
extracts were then analyzed by Western blotting for ERK and pERK (A) or Sp1 and pT739 Sp1
(B) as shown in representative blots. Error bars are mean � SE from four independent
experiments. A, ANOVA, P � 0.001, F(5,18) � 110.41. *, P � 0.001 compared with control
(no IGF). #, P � 0.001 compared with IGF. B, ANOVA, P � 0.001, F(5,18) � 28.57. *, P �
0.001 compared with control (no IGF). #, P � 0.012 compared with IGF. ‡, P � 0.0018
compared with IGF.
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naling pathway by association with pERK. This signifi-
cant level of regulation was achieved without altering the
occupancy of PSF or S1 on the IGFRE in the promoter of
the P450scc gene.

Our observations on ERK signaling that underlies the
molecular mechanism of action of IGF-I are consistent

with many previous observations in other settings (10, 11,
17) but raise some novel considerations for pathway cross
talk in regulation of steroidogenesis in granulosa cells. The
observations that ERK is phosphorylated in response to
phorbol 12-myristate 13-acetate stimulation of PKC� in
granulosa cells (13) and of PKA and PKC in Leydig cell
steroidogenesis (8–10) illuminates a complex communi-
cation in the steroidogenic pathway. As explicated by
these latter authors, such cross talk is stimulus, cell type,
and promoter dependent, indicating the subtleties of in-
formation processing. In addition, the sustained activa-
tion of ERK in our studies may suggest that at least some
of these effects are indirect. Our study is the first to link
ERK signaling directly to the P450scc promoter.

We (15, 22, 34) and others (26) have shown that over-
expression of PSF has a dominant-negative impact on tar-
get gene induction. Surprisingly, phosphorylation of both
ERK itself and the ERK site at T739 on Sp1 were also
inhibited by PSF overexpression. This indicates that PSF
directly inhibits ERK phosphorylation, thus reducing sub-
sequent downstream ERK-dependent phosphorylation of

FIG. 5. IGF-I regulation of PSF and Sp1 binding to the IGFRE of the
endogenous P450scc promoter. Cells grown for 24 h in serum-free
media were treated with or without 20 nM IGF-I for 48 h and analyzed
by ChIP assay for PSF or Sp1 binding to the IGFRE in the promoter of
the endogenous P450scc or for RNA Pol II binding to the P450scc
gene. Error bars represent mean � SE of three independent
experiments. ANOVA, P � 0.0065, F(5,18) � 4.68; *, P � 0.0193 for
Pol II after treatment with IGF-I compared with basal.

FIG. 4. IGF-I regulation of nuclear multiprotein complexes. Cells grown for 24 h in serum-free media were treated with or without 20 nM IGF-I for
48 h and nuclear extracts immunoprecipitated (IP) with mouse antihuman pERK or rabbit antihuman PSF. The nuclear extracts (Start) and the
immunoprecipitated complexes (IP pERK, middle; IP PSF, right) were resolved by SDS-PAGE and analyzed by Western blotting for pERK, total ERK,
PSF, Sp1, or PKC� (A). For additional quantification and statistical analysis of replicate experiments, protein levels were normalized to IGF-treated
cells over control cells (IGF-I/control) for pERK (B), total ERK (C), and PSF (D). Error bars represent mean � SE of three independent experiments.
B, ANOVA, P � 0.0017, F(2,6) � 22.19; *, P � 0.0065 for IP PSF compared with IP pERK. C, ANOVA, P � 0.0012, F(2,6) � 24.85; *, P � 0.0038 for
IP PSF compared with Start; #, P � 0.0044 for IP PSF compared with IP pERK. D, ANOVA, P � 0.0163, F(2,6) � 8.83; *, P � 0.0233 for IP pERK
compared with Start; #, P � 0.0106 for IP pERK compared with IP PSF.
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T739 on Sp1. Although PSF is an established repressor of
transcription, the detailed molecular mechanisms for this
activity remain unclear.

Although PSF association with pERK provides an in-
triguing mechanism of regulation, of equal interests are
the mechanisms responsible for IGF-I-mediated dissocia-
tion of PSF and pERK. There is an abundance of evidence
in the literature that PSF association with proteins is highly
regulated. We reported previously (28) that PSF and PKC�

were associated in nuclear complexes and that PSF repres-
sion was relieved by overexpression of either kinase-dead
or constitutively active PKC�. PSF binding to PKC� in the
nucleus of neuroblastoma cells was also reported to be
independent of kinase catalytic activity (35). The binding
of micro RNA retrotransposons, such as VL30, to the PSF
RNA binding motif altered PSF binding affinities, thereby
derepressing the gene and allowing transcription to pro-
ceed (23, 29). Such actions are also reflected in Parkinson’s
disease in which DJ-1 colocalizes with, and coactivates,
PSF to inhibit silencing (36). Additional regulatory events
on chromatin involve DJ-1 inhibition of PSF sumoylation-
dependent recruitment of HDAC1 (37). In the case of the
PSF-AR complexes, repression is also reversed by HDAC
inhibitors (25). Finally, interaction with other signaling
pathways is critical because cAMP-dependent phosphor-
ylation of PSF leads to dissociation of multiprotein com-
plexes and removal of repression (38), whereas hyper-
phosphorylation of PSF on many sites is associated with
regulation of protein-protein interactions and localization
to hyperspeckled interchromatin granules (39). In the cur-
rent context, IGF-I disruption of the pERK-PSF complexes
could integrate many of these common themes to allow
dissociated pERK to access, phosphorylate, and activate
Sp1, thereby driving steroidogenesis.

In summary, in porcine JC-410 granulosa cells, IGF-I
induction of P450scc expression is directly and specifically
mediated through ERK phosphorylation and subsequent
phosphorylation of Sp1. This signaling pathway is highly
regulated by association of PSF with pERK. Additional
delineation of the mechanisms controlling this novel as-
sociation will expand our understanding of the pathways
regulating steroidogenesis in granulosa cells.
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