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Mechanism of negative
modulation of FSH signaling
by salt-inducible kinases

in rat granulosa cells

Marah Armouti, Miriam Rodriguez-Esquivel
and Carlos Stocco*

Department of Physiology and Biophysics, University of Illinois at Chicago, Chicago,
IL, United States

The optimal development of preovulatory follicles needs follicle-stimulating
hormone (FSH). Recent findings revealed that salt-inducible kinases (SIKs)
inhibit FSH actions in humans and rodents. This report seeks to increase our
understanding of the molecular mechanisms controlled by SIKs that participate
in the inhibition of FSH actions in primary rat granulosa cells (GCs). The results
showed that FSH causes a transient induction of SikI mRNA. In contrast, SIK
inhibition had no effects on FSH receptor expression. Next, we determined
whether SIK inhibition enhances the effect of several sequential direct
activators of the FSH signaling pathway. The findings revealed that SIK
inhibition stimulates the induction of steroidogenic genes by forskolin, CAMP,
protein kinase A (PKA), and cAMP-response element-binding protein (CREB).
Strikingly, FSH stimulation of CREB and AKT phosphorylation was not affected
by SIK inhibition. Therefore, we analyzed the expression and activation of
putative CREB cofactors and demonstrated that GCs express CREB-regulated
transcriptional coactivators (CRTC2) and that FSH treatment and SIK inhibition
increase the nuclear expression of this factor. We concluded that SIKs target
the FSH pathway by affecting factors located between cAMP/PKA and CREB
and propose that SIKs control the activity of CRTC2 in ovarian GCs. The findings
demonstrate for the first time that SIKs blunt the response of GCs to FSH, cAMP,
PKA, and CREB, providing further evidence for a crucial role for SIKs in
regulating ovarian function and female fertility.
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Introduction

Ovulation is the pinnacle of folliculogenesis, a process
requiring granulosa cell (GC) proliferation and differentiation,
both needed for preovulatory follicle formation. The optimal
development of preovulatory follicles needs follicle-
stimulating hormone (FSH). We recently revealed novel
roles for a family of kinases named salt-inducible kinase
(SIKs) in regulating folliculogenesis and ovulation in rodents
and controlling GC differentiation in humans and rodents (1).
In particular, we demonstrated that SIK2 blunts FSH-induced
GC differentiation and restricts the number of follicles
reaching ovulation. Thus, our previous studies demonstrated
that inhibition of SIK activity in vivo or in vitro potentiates the
stimulatory effect of FSH on GC differentiation and estradiol
production. Therefore, SIKs are key regulators of the response
of GCs to gonadotropins and consequently control ovulation
efficiency and fertility. These results motivate studies aimed at
determining the specific signaling mechanisms targeted by
SIKs in GCs.

The three SIK isoforms (SIK1, SIK2, and SIK3) are
serine/threonine protein kinases of the AMP-activated
kinases family known to regulate metabolism, cancer,
melanocytes, and bone formation (2, 3). SIK1 was
identified in the adrenal gland of rats fed a high-salt diet
(4, 5). Nevertheless, SIK1 is also induced by glucagon in -
cells (6) and depolarization in neurons (7). In contrast, SIK2
and SIK3 are expressed ubiquitously, with the highest levels
in the adipose tissue for SIK2 and the brain for SIK3. SIKs
have an N-terminal kinase domain, a central ubiquitin
(UBA) domain, and a C-terminal containing potential
PKA phosphorylation sites (8). The function of the C-
terminal region and the UBA domain remains unknown.
In contrast, it is known that SIK activity depends on the
phosphorylation of Thr residues in the N-terminal kinase
domain by liver kinase 1 (LKBI, also known as serine/
threonine kinase 11) (9). We have shown that in human
and rodent GCs, SIK2 and SIK3 are the most prominent
isoforms (1). However, the mechanisms controlling SIKs
expression and activity in GCs have not been explored.

In GCs, the FSH receptor primarily activates Gou protein,
which in turn stimulates adenylate cyclase (AC) activity and the
production of cyclic adenosine 3’,5'-monophosphate (cAMP).
cAMP leads to the activation of protein kinase A (PKA) and
cAMP response element-binding protein (CREB), leading to the
induction of markers of GC differentiation, including CypI9al
(also known as aromatase) (10-12), steroidogenic-acute
regulator (Stardl, most commonly referred to as StAR) (13),
and Cypllal (most commonly referred to as P450scc) (14).
Here, we seek to increase our understanding of the molecular
mechanisms controlled by SIKs involved in regulating these
genes and investigate the effects of SIK inhibition at all levels of
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the FSH receptor signaling pathway. We also tested if SIKs affect
the expression of the FSH receptor. In addition, we examined if
FSH regulates the expression of SIKs isoforms in primary
ovarian GCs. Our findings demonstrate that SIK activity
regulates the nuclear localization of CREB coactivators
downstream of PKA.

Materials and methods

Cells - GCs were isolated from 23-25 days old estradiol-
treated immature rats and cultured as described previously
(15-17). The use of a GC culture system from estradiol-treated
immature rats is a well-established and valuable approach that
provides an in vitro model for examining GC differentiation and
the mechanisms involved in the regulation of GCs by FSH (18).
Cells were treated with ovine FSH, forskolin, db8CPT, or
dbcAMP with or without HG-9-91-01 (HG), a specific
inhibitor of SIKs. All inhibitors and hormones were obtained
from Tocris (Bristol, United Kingdom). The Institutional
Animal Care and Use Committee at the University of Illinois
at Chicago approved all animal experiments.

RNA isolation and quantification — Total RNA was isolated
using TRIzol (Invitrogen, Carlsbad, CA) and reverse-transcribed
using anchored oligo-dT primers (IDT, Coralville, TA) and
Moloney Murine Leukemia Virus reverse transcriptase
(Invitrogen). Intron-spanning primers were used to amplify
the gene of interest (GOI) along with a standard curve
containing serial dilutions of the cDNA of the GOI. Real-time
PCR amplifications were performed with Brilliant II gPCR SYBR
master mix (Agilent, Santa Clara, CA) using an AriaMx
instrument (Agilent). For each sample, the number of cDNA
copies corresponding to 10 ng of total RNA was computed for
each GOI and ribosomal protein L19 (Rpl19). Then, the
expression of each GOI is reported as the ratio between the
number of copies of the GOI and RplI19.

Promoter Reporter Assays - The CRE-Luc reporter was
generated by cloning three copies of the cAMP response
element (TGACGTCA) followed by the firefly luciferase cDNA
(CRE-Luc). Lentiviruses containing this construct were
generated using 293FT cells (Invitrogen) as previously
described (19). Cells were infected with lentiviruses and, after
overnight incubation, treated as indicated in the figure legends.
Empty plasmids were used as controls. Luciferase activity was
determined in 50 pl of lysates and expressed relative to renilla
luciferase, as previously described (19).

Overexpression experiments — Expression plasmids
encoding constitutively active PKA (20) or C2/CREB (21)
were kindly provided by Dr. Anthony J. Zeleznik (University
of Pittsburgh) and Dr. Thiel (University of Saarland, Germany),
respectively. C2/CREB cDNA was subcloned into the pGPcs
vector, which was derived from the pCDH vector (System
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Biosciences, Mountain View, CA). The capacity of these
plasmids to activate the CRE-Luc reporter was tested by
transfecting the CRE-Luc along with pGPcs, caPKA, or C2/
CREB in HEK293 cells using calcium phosphate precipitation
(Supplemental Figure 1). CREB-regulated transcriptional
coactivators (CRTCs) contain a highly conserved N terminal
CREB-binding domain (CBD) that is responsible for interacting
with the transcription factor CREB (22). We generated a
lentiviral pGPcs-based dominant negative CRTC (CRTC-DN)
construct that expresses only the CBD (1-54 aa) of mouse
CRTC2. CRTC-DN is predicted to bind CREB but lacks the
transcriptional activation domain, consequently interfering with
the functions of endogenous CRTCs through competitive CREB
binding (23, 24). Lentivirus stocks were generated in HEK293
cells (Invitrogen) transfected with pGPcs (empty), caPKA, C2/
CREB, or CRTC2-DN lentiviral vector along with the packaging
and envelope plasmids psPAX2 and pMD2G (Addgene,
Watertown, MA). Cell supernatants were concentrated by
ultracentrifugation. Viral stocks were titrated in 293FT cells
aided by a fluorescence marker. Viral stocks carrying pGPcs
(control), caPKA, C2/CREB, or CRTC-DN were added directly
to the cells 2 h after plating at a multiplicity of infection of 20 and
cultured for 24 hours before the initiation of the treatments
described in each figure.

Western blot analysis - Cytosolic and nuclear extracts were
prepared as described previously (25). Protein concentration
was determined using Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Rockford, Illinois). Proteins were subjected
to gel electrophoresis, transferred to nitrocellulose
membranes, and processed by routine procedures. The
primary antibodies and the dilutions used were Lamin Bl
(1:500), GAPDH (1:500), CRTC1 (1:1000), CRTC2 (1:1000),
CRTC3 (1:1000), AKT (1:1000), S473-AKT (1:1000), CREB
(1:1000), and S133-CREB (1:1000), all from Cell Signaling
(Danvers, MA). The secondary antibodies used were anti-
rabbit IgG-HRP (goat, 1:10,000) from Abcam (Cambridge,
United Kingdom) or anti-mouse IgG-HRP (goat, 1:10,000)
from Jackson ImmunoResearch Laboratory Inc. (West Grove,
PA). Detection was performed with Supersignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific, Rockford,
IL) and detected using ChemiDoc MP Imaging System
(BioRad, Hercules, CA). Protein expression quantification
was performed with Image] software (National Institutes of
Health, Bethesda, Maryland).

Statistics — All experiments were repeated three times or
more as indicated in the figure legend. Determinations of mRNA
levels or luciferase activity were run in duplicate. Data were
analyzed using Prism 6 (San Diego, CA). Differences between
two groups were determined by Student’s f-test. For multiple
groups, one-way ANOVA was used, and differences between
individual means were determined by the Tukey test. Data from
all experiments are plotted as mean + SEM. Significant
differences were recognized at p < 0.05.
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Results
Effects of FSH on SIKs expression

We previously showed in vitro and in vivo that SIK
inhibition enhances FSH-induction of steroidogenic genes
and estradiol production in human and rodent GCs (1).
Therefore, we first determined whether FSH inhibits the
expression of Sik in GCs. To test this, we treated rat GCs
with FSH and measured Sik1, Sik2, and Sik3 expression at 1, 3,
6, 12, 24, and 48 h after the initiation of the treatments. The
expression of Sik2 and Sik3 remained consistent throughout
the experiments (Figure 1). FSH induced a transient increase of
Sik1 after one hour of treatment. As expected, Cypl9al was
induced by FSH in a biphasic manner with a rapid increase at 1
and 3 h and a delayed increase at 24 and 48 h after the initiation
of treatments. These results suggest that FSH effects on SIK do
not correlate with its effects on the expression of steroidogenic
genes. Thus, FSH does not decrease the expression of SIKs as
we predicted.
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FIGURE 1

Effect of FSH on SIK expression. Rat GCs were treated with FSH
(50 ng/ml). The mRNA levels for Cyp19al, Sik1, Sik2, and Sik3
were measured 1, 3, 6, 12, 24, and 48 h after the initiation of
treatment. The expression of each gene is plotted as relative
expression to Rpl19 (Top) or relative to O h (Bottom). One-way
ANOVA followed by Tukey. *p < 0.05, n = 3.
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SIKs lessen FSH actions downstream of
cAMP

FSH receptor: Next, we examined whether SIK inhibition
increases the response of GCs to FSH by targeting the expression
of the FSH receptor. GCs were treated with FSH in the presence
or absence of 1 micromolar (10° M or uM) of HG-9-91-01
(HG). HG-9-91-01 is an effective SIK inhibitor, which has been
shown to selectively target SIK proteins (26, 27). Cotreatment
with FSH and HG or HG alone had no effects on FSH receptor
(Fshr) expression (Supplemental Figure 2).

Adenylyl cyclase (AC): After observing that SIK inhibition
has no effect on FSH receptor expression, we hypothesized that it
might affect signaling downstream of the FSH receptor. Since the
FSH receptor activates the AC, we treated GCs with forskolin, a
specific AC activator, in the presence or absence of 0.3, 1, or 3
micromolar (107 M, uM) of HG-9-91-01 (HG). These
concentrations are based on our previous publications on GCs
(1) and previous reports demonstrating HG high specificity to
inhibit SIK activity (26, 27). Forskolin stimulated the expression
of Cypl9al, Stardl, and Cypllal (Figure 2). The stimulatory
effect of forskolin was significantly enhanced in a concentration-
dependent manner by the inhibition of SIK activity (Figure 2).
Thus, CypI9al and Stardl induction by forskolin was enhanced
by 1 and 3 uM HG. In contrast, Cypllal induction by forskolin
was significantly augmented even by 0.3 uM (300 nM), the
lowest concentration tested. In good agreement with our
previous report (1), treatment with HG alone stimulated the
expression of Cyp19al, Stardl, and Cypllal in a concentration-
dependent manner having significantly stimulatory effects at 1
and 3 pM.

Cyclic AMP: AC activity increases intracellular cAMP;
therefore, we next examined whether SIK inhibition also
augments the stimulatory effect of cCAMP on gene expression.
For this purpose, we treated GCs with dibutyryl-cAMP
(dbcAMP), a cell-permeable analog of cAMP, which alone
induced CypI9al, Stardl, and Cypllal expression. As with
FSH and forskolin, SIK inhibition augmented the stimulatory
effect of dbcAMP on gene expression in a concentration-
dependent manner (Figure 3). Thus, dbcAMP induction of
Cypl9al, Stardl, and Cypllal was significantly augmented by
HG at 0.3, 1, and 3 uM. Although, in the case of Stardl and
Cypllal, the enhancement of dbcAMP actions with 3 uM was
not as strong as with 1 uM of HG.

cAMP effects are mediated mainly by two cAMP-binding
proteins: the exchange protein directly activated by cAMP
(EPAC) and PKA (28). Therefore, we next examined whether
SIK inhibition modifies the effects of the pharmacological
activation of EPAC with 8-(4-chlorophenylthio) adenosine
3’5-cAMP (8CPT). 8CPT activates EPAC but not PKA (29).
EPAC activation did not induce Cyp19al, Stardl, and Cypllal
expression, whereas SIK inhibition alone induced these genes.
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FIGURE 2

SIK inhibition enhances forskolin actions. Rat GCs were pretreated
with vehicle or 0.3, 1, or 3 uM of HG for one hour; then, cells
were treated with vehicle, FSH, or forskolin (an adenylate cyclase
activator). Cyp19al, Stardl, and Cypllal mRNA levels were
determined 48 h after adding FSH or forskolin. One-way ANOVA
followed by Tukey. *p < 0.05 vs. O; #p < 0.01 vs. 0+FSH; &p <
0.01 vs. O+forskolin; n = 4.

The combination of HG and 8CPT treatment did not stimulate
gene expression beyond the stimulation levels of HG treatment
alone (Supplemental Figure 3).

SIK inhibition enhances constitutively
active PKA effects

Next, we used a lentivirus to express constitutively active
PKA (caPKA) protein, which carries His87GIn and
Trpl96Arg mutations rendering it insensitive to the
regulatory units (20). We first determined if caPKA
increases the activity of a cAMP response element reporter
(CRE-Luc). As shown in Supplemental Figure 1,
overexpression of caPKA significantly stimulated the activity
of the CRE-Luc reporter. Next, we infected GCs with lentivirus
carrying an empty plasmid (pGPcs) or caPKA. Overexpression
of caPKA was sufficient to stimulate CypIl9al, Stardl, and
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FIGURE 3

SIK inhibition enhances cAMP actions. Rat GCs were pretreated
with vehicle or 0.3, 1, or 3 uM of HG for one hour; then, cells
were treated with vehicle or dbcAMP (a cell-permeable analog of
cAMP). Cyp19al, Stard1, and Cypl9al mRNA levels were
determined 48 h after adding dbcAMP. One-way ANOVA followed
by Tukey. *p < 0.05 vs. O; &p < 0.01 vs. 0+dbcAMP, n = 3.

Cypllal expression an effect that was significantly enhanced
by SIK inhibition (Figure 4).

Effect of SIK inhibition on PKA
downstream targets

PKA activates AKT and CREB in GCs (19, 30, 31); we next
sought to determine if SIK activity impacts the activation of
these proteins. GCs were treated with FSH in the presence or
absence of HG for one hour, and then whole-cell lysates were
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used for total and phospho AKT and CREB determination using
Western blotting. As expected, FSH significantly increased AKT
and CREB phosphorylation. The inhibition of SIK activity with
HG did not modify the stimulatory effect of FSH on AKT or
CREB phosphorylation. SIK inhibition alone had no effects on
AKT or CREB phosphorylation (Figure 5).

SIK inhibition increases the activity of a
CRE reporter

Since inhibition of SIK activity did not augment CREB
phosphorylation, we next investigated the effect of SIK
inhibition on CREB activity. For this purpose, we created a
cAMP response element reporter (CRE-Luc, see materials and
methods). As expected, CRE-Luc activity increased significantly
after treatment with FSH. HG treatment enhanced FSH-induced
CRE-Luc activity and alone increased CRE-Luc activity
significantly (Figure 6).

To outline possible mechanisms by which SIKs might
regulate CRE-Luc activity without affecting CREB
phosphorylation, we tested the impact of SIK inhibition on the
stimulation of gene expression by C2/CREB. C2/CREB is a
fusion protein that activates CREB-responsive genes in the
absence of cAMP or PKA activation (21). Initial experiments
showed that overexpression of C2/CREB increases the activity of
the CRE-Luc reporter (Supplemental Figure 1). Then, we
infected GCs with lentivirus carrying an empty plasmid
(pGPcs) or C2/CREB. C2/CREB overexpression induced
Cypl9al, Stardl, and Cypllal expression. Inhibition of SIK
activity in cells overexpressing C2/CREB augmented Cypl9al,
Stardl, and Cypllal expression to levels that were significantly
higher than those observed with C2/CREB alone (Figure 7).

SIK inhibition regulates the nuclear
translocation of CREB coactivators

The lack of effect of SIK inhibition on CREB
phosphorylation and its capacity to enhance the induction of
CRE-Luc activity by FSH or the stimulation of steroidogenic
gene expression by C2/CREB led to the hypothesis that SIK
inhibition regulates the activity of CREB coactivators. SIKs are
known to regulate CREB-regulated transcriptional coactivators
(CRTGCs) (22). As this family of factors contains three members
(CRTC1, CRTC2, and CRTC3), we first examined which
isoform is expressed in rat GCs. As shown in Figure 8, CRTC2
is the main isoform expressed in the GCs. GCs express low levels
of CRTC1 but lack CRTC3. Protein extracts from liver and white
adipose tissue were used as positive controls for the expression of
CRTC isoforms.

CRTCs activity is mainly regulated by their translocation to
the nucleus, where they contribute to activating gene
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FIGURE 4
SIK inhibition enhances constitutively active PKA stimulation of gene expression. Rat GCs were infected 2 h after plating with lentivirus carrying
an empty plasmid (pGPcs) or caPKA. 24 h later, cells were treated with vehicle or HG (0.5 pM). Cyp19al, Stard1, and Cypllal mRNA levels were

determined 48 h after adding HG. One-way ANOVA followed by Tukey. Columns labeled with different letters differ significantly a-d and b-c,
p <0.05; a-c, a-b, p < 0.01, n = 4.

expression (22). Therefore, we next examined the effects of FSH
and SIK inhibition on the subcellular localization of CRTC2.
GCs were treated with FSH in the presence or absence of HG
(IuM) for 0, 15, 30, or 45 minutes. Following this treatment,
cytosolic and nuclear protein fractions were prepared. The
content of CRTC2 in the nuclear fraction increased with FSH
treatment. Combined treatment with FSH and the SIK inhibitor
increased the expression of CRTC2 in the nuclear fraction,
especially after 30 and 45 minutes of treatment (Figure 9A).

Based on these findings, we repeated the experiment two more
times using 45 minutes of treatment with FSH in the presence or
absence of HG. As shown in Figure 9B, FSH increased CRTC2
content in the nucleus while cotreatment with HG enhanced
FSH effects. Finally, we quantified cytosolic and nuclear CRTC2
levels at 45 minutes and expressed them as a ratio to GAPDH or
Lamin B, which were used as loading controls for the cytosolic
and nuclear fractions, respectively. The analysis demonstrated
that treatment with FSH and HG significantly increases CRTC2
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SIK inhibition does not increase CREB or AKT phosphorylation. Cultured rat GCs were pretreated with HG (0.5 pM) for one hour and then
stimulated with FSH for one hour. Whole-cell lysates were used for total CREB, phospho-S133-CREB, total AKT, and phospho-S473-AKT
determination by Western blotting. The experiment was repeated 3 times, a representative blot is shown. For all experiments, bands were
quantified and the ratio of phospho to total protein was calculated, the average + SEM is plotted on the right. One-way ANOVA followed by
Tukey. Columns labeled with different letters differ significantly a-b p < 0.05, n = 3.
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Effect of FSH on cAMP response element activation. Rat GCs
were infected 2 h after plating with lentivirus carrying an empty
plasmid or the pCRE-LUC reporter. 24 h later, cells were treated
with FSH (50 ng/ml) in the presence or absence of HG (0.5 pM).
Luciferase activity was quantified 48 h after adding FSH and HG
One-way ANOVA followed by Tukey. Columns labeled with
different letters differ significantly a-b and b-c, p < 0.05; a-c p <
0.01, n=3.

expression in the nuclear fractions compared to control and FSH
alone (Figure 9C).

Since SIK inhibition enhances the translocation of CRTC2 to
the nucleus, we next examined the eftect of dominant negative
CRTC2 (CRTC2-DN), which has been shown to block the effects
of all CRTCs (23, 24). Expression of the CRTC2-DN blocked the
induction of Cyp19al, Stardl, and Cypllal expression by FSH
or by the combination of FSH plus HG (Figure 10).

Stard1

C HG, C HG,
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Discussion

We recently described the expression of SIK isoforms in the
ovary and GCs and showed that inhibition of SIK activity
enhances FSH actions in vitro and in vivo (1). Thus, we
showed that SIK inhibition enhances FSH induction of
steroidogenic gene expression and estradiol production in
human and rodent GCs (1). In addition, analysis of SIK
knockout mice demonstrated that SIKs are critical regulators
of female fertility. The main objective of this report was to
determine the intracellular mechanisms by which SIK inhibition
enhances FSH actions in the GCs.

Our previous report demonstrated that inhibition of SIK
activity is enough to mimic FSH actions (1). Therefore, we
initially hypothesized that FSH might, at least in part, stimulate
the expression of Cypl9al, Stardl, and Cypllal and the
production of estradiol by decreasing SIKs expression.
However, the results show that FSH does not inhibit SIKs
expression up to 48 h after treatment, which is the peak of
FSH-induced Cypl9al expression. We also showed that SIK
inhibition has no effects on the expression of the FSH receptor,
suggesting that SIKs act downstream of the FSH receptor.
Instead of a decrease in SIKs expression as expected, we found
that FSH transiently stimulates the expression of SIKI. SIK1 is
also stimulated by adrenocorticotropic hormone in the adrenal
glands (5). The transient induction of SIK1 may contribute to
the control of FSH actions by providing negative feedback on
FSH receptor signaling. However, the role of SIK1 stimulation by
FSH in GCs remains to be investigated.

Our findings suggest that SIKs target signaling molecules
downstream of cAMP, as evidenced by the ability of SIK
inhibition to enhance Cyp19al, Stardl, and Cypllal expression
induced by forskolin and dbcAMP. Forskolin causes direct
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Expression of CRTC isoforms in GCs. Total protein extracts from
rat GCs were used for Western blot analysis for CRTC1, CRTC2,
CRTC3, and GAPDH (loading control). Extract of rat liver and rat
white adipose tissue (WAT) were used as positive controls. MM:
Molecular Marker weight in kDa. Representative blot of two
individual determinations.

activation of adenylyl cyclase activity, stimulating the production
of cAMP, whereas dbcAMP mimics the action of endogenous
cAMP. Therefore, the robust enhancement of forskolin- and
dbcAMP-induced stimulation of gene expression by SIK
inhibition indicates that SIK activity controls targets
downstream of cAMP. Moreover, our findings demonstrate that
of the two cAMP targets, PKA and EPAC, SIK activity appears to
regulate only PKA downstream signaling. EPAC has no effects on
the stimulatory effects of SIK inhibition on gene expression.
However, SIK inhibition augments the stimulatory effects of
caPKA on Cypl9al, Stardl, and Cypllal expression. Thus, our
findings show that SIKs act downstream of PKA.

Strikingly, although SIK inhibition potentiates PKA actions in
the GCs, inhibiting SIK activity has no impact on CREB
phosphorylation, a primary target of FSH and PKA in GCs
(32, 33). CREB is rapidly and transiently phosphorylated by FSH
(12, 34), whereas overexpression of a non-phosphorylatable
mutant of CREB in primary cultures of rat GCs decreases
estradiol production induced by FSH and adversely aftects GC
survival (33). This evidence suggests that CREB activation is
required for normal GC differentiation. Surprisingly, SIK
inhibition increases the activity of a CRE reporter and the
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expression of several CREB-dependent genes such as CypI9al,
Stardl, and Cypllal. Moreover, we demonstrated that SIK
inhibition enhances the stimulation of gene expression induced
by C2/CREB, a CREB fusion protein that stimulates CRE-
responsive genes in the absence of cAMP. This evidence
demonstrates that SIK does not directly target CREB but factors
that might enhance its activity.

Previous reports have demonstrated that SIKs are potent
inhibitors of CRTCs (26, 35-39). CRTC movement between the
nucleus and the cytoplasm is regulated by phosphorylation (6).
In particular, CRTC phosphorylation by SIK results in nuclear
exclusion (40, 41). Under basal conditions, CRTCs are
sequestered in the cytoplasm. However, activation of specific
pathways causes CRTC nuclear translocation and binding
to CREB. The binding of CRTCs to CREB also leads to
increased CREB occupancy over cognate binding sites (42).
Therefore, CREB activity is not only regulated by
phosphorylation but also by the translocation of CRTC2 to the
nucleus. Our findings show for the first time that rat GCs express
mainly CRTC2 and low levels of CRTC1. Moreover, we observed
that treatment with FSH leads to the translocation of CRTC2 to
the nucleus, an effect significantly augmented by the
simultaneous inhibition of SIK activity. Because FSH induction
of steroidogenic genes is decreased by the overexpression of
CRTC2-DN, we propose that SIKs blunt FSH signaling in the
GCs by maintaining CRTC2 in the cytoplasm.

It is known that CRTCs activate CREB independent of S133
phosphorylation (23, 41) and that CRTC nuclear translocation is
necessary and sufficient for CRE activation (23). We have
previously reported that CREB localizes to the nucleus of GCs
and binds to the Cyp19al promoter even in the absence of FSH
(43). Here, we show that SIK inhibition is enough to stimulate
CRTC2 nuclear translocation in GCs, which coincides with
increased steroidogenic gene expression and CRE-Luc activity.
These findings suggest that the nuclear translocation of CRTC2
may also explain the stimulatory effect of SIK inhibition on
Cypl9al, Stardl, and Cypllal in the absence of FSH. Thus,
CRTC2 movement to the nucleus is enough to stimulate the GC
differentiation program, most probably by activating CREB-
occupied promoters. However, from our findings, it is also
clear that full activation of the GC differentiation program is
only reached in the presence of FSH. Whether CRTC2 regulates
the activity of other transcription factors in addition to CREB in
GCs remains to be investigated. In addition, because SIK
inhibition alone is sufficient to stimulate the expression of
markers of GC differentiation, it is possible to postulate that
SIKs are highly active in undifferentiated GCs. Therefore, we
postulate that SIK activity is inhibited by FSH. However, the
mechanisms involved have not yet been explored.

In addition to cAMP, we have previously demonstrated that
the AKT signaling pathway is essential for FSH-induced
preovulatory GC differentiation (19). FSH stimulates AKT
signaling (44); subsequently, a dominant-negative mutant of

frontiersin.org


https://doi.org/10.3389/fendo.2022.1026358
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Armouti et al. 10.3389/fendo.2022.1026358

A minutes
1415 80445
CRTC2 ™ = — == e o s e
GAPDH -~ s = mos o e o o

Ratio C/G 242 144 079 133 084 150 086 0.80

Cytosol

CRTC2 & & S 8
Lamin B R ad i e aibdin a0

Ratlo C/L 042 116 156 201 237 0.60 265 1.63
HG» - -+ -+ -++
| FSH '

B - Cytosol , . Nuclear

CRTC2 = mads]
Lamin By H R
GAPDH-> - e o e

Lamin B = == — = |EXp3

GAPDH “e————
HG» - - ++4+- - ++

Nuclear

Exp2

— =~
FSH FSH
c Cytosolic CRTC2 Nuclear CRTC2
- 157 o 101 N
Q £ 4
£ 8-
S 104 3
N ~ 61
) 3]
i T & 4
O 0.5- o T
2 8 2-
T T
& 0.0- x 0-
C F FH H C F FH H

FIGURE 9

Effect of FSH and SIK inhibition on the subcellular localization of CRTC2. (A) Rat GCs were treated with FSH (50 ng/ml) in the presence or
absence of HG (0.5 uM) for 15, 30, or 45 minutes or left untreated. (B) Rat GCs were treated with FSH in the presence or absence of the SIK
inhibitor HG for 45 minutes. For A and B, Nuclear and cytosolic extracts were prepared and blotted for CRTC2, GAPDH (cytosolic marker), or
Lamin B (nuclear marker). The bands were quantified using Image J software, and the ratio between CRTC2 and the corresponding subcellular
marker was calculated. (C) Cytosolic and Nuclear CRTC2 content as a ratio to the corresponding subcellular marker is plotted. *p <0.05, n = 3.
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Dominant negative CRTC2 inhibits FSH and SIK inhibition effects.
Rat GCs were infected 2 h after plating with lentivirus carrying an
empty plasmid (pGPcs) or CRTC2-DN. 24 h later, cells were
treated with FSH (50 ng/ml) in the presence of vehicle or HG
(0.5 uM). Cyp19al, Stard1, and Cyplial mRNA levels were
determined 48 h after adding FSH. One-way ANOVA followed by
Tukey. Columns labeled with different letters differ significantly
a-b, a-d, and b-c, p < 0.05; a-c p < 0.01, n = 3.

AKT blocks FSH-stimulated estrogen production (45). Despite the
importance of AKT in FSH-induced GC differentiation, SIK
inhibition has no effects on the phosphorylation and activation
of AKT by FSH. Noteworthy, SIK activity is increased in the
presence of active glycogen synthase kinase-3f3 (GSK3f3) (9). FSH
strongly and rapidly phosphorylates GSK3f in ovarian GCs (44).
GSK3p activity is decreased by phosphorylation, particularly by
AKT (46, 47). Therefore, we propose that in GCs, CRTC2 activity
may also be increased by FSH via the activation of AKT, which in
turn causes GSK3[ and SIKs inactivation. Further experiments are
needed to test this hypothesis.

In summary, our findings outline the intracellular signaling
pathway downstream of the FSH receptor that is affected by SIK
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activity. We show that SIK inhibition enhances the actions of all
the components of the FSH signaling transduction pathway,
including adenylyl cyclase, cCAMP, PKA, and CREB. Moreover,
we show that FSH and SIKs interact to control the expression of
CRTC2 in the nucleus of GCs. We propose that in GCs, SIK
inhibition increases the recruitment of CRTC2 to the promoter
of steroidogenic genes. Further experiments are needed to
determine the involvement of CRTC2 in regulating CREB
activity and whether SIK activity targets additional PKA
substrates in ovarian GCs.

Data availability statement
The original contributions presented in the study are

included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Ethics statement
The animal study was reviewed and approved by The

Institutional Animal Care and Use Committee at the
University of Illinois at Chicago.

Author contributions

Conceptualization: MA and CS, Methodology: MA and MR,
Formal analysis and investigation: MA, MR, and CS, Original
draft preparation: MA and MR, Writing, review, and editing:
MA, MR, and CS, Project administration and funding

acquisition: CS. All authors contributed to the article and
approved the submitted version.

Funding

The authors thank the National Institute of Health (NTH) for
the financial support grant ROIHD097202 to CS.

Acknowledgments

The authors thank Dr. Esfandyari for her technical support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fendo.2022.1026358
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Armouti et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fendo0.2022.1026358/full#supplementary-material

References

1. Armouti M, Winston N, Hatano O, Hobeika E, Hirshfeld-Cytron J,
Liebermann J, et al. Salt inducible kinases are critical determinants of female
fertility. Endocrinology (2020) 161:1-13. doi: 10.1210/endocr/bqaa069

2. Hardie DG, Carling D. The amp-activated protein kinase—fuel gauge of the
mammalian cell? Eur ] Biochem (1997) 246(2):259-73. doi: 10.1111/j.1432-
1033.1997.00259.x

3. Wein MN, Foretz M, Fisher DE, Xavier R], Kronenberg HM. Salt-inducible
kinases: Physiology, regulation by camp, and therapeutic potential. Trends
Endocrinol metab: TEM (2018) 29(10):723-35. doi: 10.1016/j.tem.2018.08.004

4. Wang Z, Takemori H, Halder SK, Nonaka Y, Okamoto M. Cloning of a novel
kinase (Sik) of the Snfl/Ampk family from high salt diet-treated rat adrenal. FEBS
Lett (1999) 453(1-2):135-9. doi: 10.1016/S0014-5793(99)00708-5

5. Lin X, Takemori H, Katoh Y, Doi ], Horike N, Makino A, et al. Salt-inducible
kinase is involved in the Acth/Camp-dependent protein kinase signaling in Y1
mouse adrenocortical tumor cells. Mol Endocrinol (2001) 15(8):1264-76.
doi: 10.1210/mend.15.8.0675

6. Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, Jeffries S, et al. The creb
coactivator Torc2 is a key regulator of fasting glucose metabolism. Nature (2005)
437(7062):1109-11. doi: 10.1038/nature03967

7. Liu W, Feldman JD, Machado HB, Vician L], Herschman HR. Expression of
depolarization-induced immediate early gene proteins in Pc12 cells. ] Neurosci Res
(2003) 72(6):670-8. doi: 10.1002/jnr.10626

8. Katoh Y, Takemori H, Horike N, Doi ], Muraoka M, Min L, et al. Salt-
inducible kinase (Sik) isoforms: Their involvement in steroidogenesis and
adipogenesis. Mol Cell Endocrinol (2004) 217(1-2):109-12. doi: 10.1016/
j.mce.2003.10.016

9. Hashimoto YK, Satoh T, Okamoto M, Takemori H. Importance of
autophosphorylation at Ser186 in the a-loop of salt inducible kinase 1 for its
sustained kinase activity. J Cell Biochem (2008) 104(5):1724-39. doi: 10.1002/
jcb.21737

10. Michael MD, Michael LF, Simpson ER. A cre-like sequence that binds creb
and contributes to camp-dependent regulation of the proximal promoter of the
human aromatase P450 (Cyp19) gene. Mol Cell Endocrinol (1997) 134(2):147-56.
doi: 10.1016/S0303-7207(97)00178-0

11. Carlone DL, Richards JS. Evidence that functional interactions of creb and
sf-1 mediate hormone regulated expression of the aromatase gene in granulosa cells
and constitutive expression in R2c¢ cells. J Steroid Biochem Mol Biol (1997) 61(3-
6):223-31. doi: 10.1016/S0960-0760(97)80016-7

12. Fitzpatrick SL, Richards JS. Identification of a cyclic adenosine 3',5'-
Monophosphate-Response element in the rat aromatase promoter that is
required for transcriptional activation in rat granulosa cells and R2c leydig cells.
Mol Endocrinol (1994) 8(10):1309-19. doi: 10.1210/mend.8.10.7854348

13. Manna PR, Eubank DW, Lalli E, Sassone-Corsi P, Stocco DM.
Transcriptional regulation of the mouse steroidogenic acute regulatory protein
gene by the camp response-element binding protein and steroidogenic factor 1. J
Mol Endocrinol (2003) 30(3):381-97. doi: 10.1677/jme.0.0300381

Frontiers in Endocrinology

11

10.3389/fendo.2022.1026358

SUPPLEMENTARY FIGURE 1

caPKA and c2/CREB capacity to activate a CRE-reporter. HEK293 cells
were transfected with pCRE-LUC plus empty vector, caPKA, or C2/CREB.
Luciferase activity was determined 48 h after transfection. ** p<0.01 vs.
empty, n = 3.

SUPPLEMENTARY FIGURE 2

Effect of SIK inhibition on FSH receptor expression. Rat GCs were treated
with FSH in the presence or absence of HG. FSH receptor mRNA levels
were measured 48 h after the initiation of treatments. No significant
differences were found. One-way ANOVA followed by Tukey, n = 3.

SUPPLEMENTARY FIGURE 3

Activation of EPAC does not affect SIK inhibition effects. Rat GCs were
pretreated with vehicle or HG (0.5 uM) for one hour; then, cells were
treated with vehicle, FSH, or 10 yM 8-CPT-cAMP (8CPT), an EPAC
activator. Aromatase, StAR, and P450scc mRNA levels were determined
48 h after adding FSH or 8CPT. One-way ANOVA followed by Tukey. *p <
0.05, **p < 0.01, n = 3.

14. Sher N, Yivgi-Ohana N, Orly J. Transcriptional regulation of the cholesterol
side chain cleavage cytochrome P450 gene (Cypllal) revisited: Binding of gata,
cyclic adenosine 3',5'-monophosphate response element-binding protein and
activating protein (Ap)-1 proteins to a distal novel cluster of cis-regulatory
elements potentiates ap-2 and steroidogenic factor-1-Dependent gene expression
in the rodent placenta and ovary. Mol Endocrinol (2007) 21(4):948-62.
doi: 10.1210/me.2006-0226

15. Wu Y, Baumgarten SC, Zhou P, Stocco C. Testosterone-dependent
interaction between androgen receptor and aryl hydrocarbon receptor induces
liver receptor homolog 1 expression in rat granulosa cells. Mol Cell Biol (2013) 33
(15):2817-28. doi: 10.1128/MCB.00011-13

16. Bennett ], Baumgarten SC, Stocco C. Gata4 and Gata6 silencing in ovarian
granulosa cells affects levels of mrnas involved in steroidogenesis, extracellular
structure organization, igf-I activity, and apoptosis. Endocrinology (2013) 154
(12):4845-58. doi: 10.1210/en.2013-1410

17. Bennett J, Wu YG, Gossen J, Zhou P, Stocco C. Loss of gata-6 and gata-4 in
granulosa cells blocks folliculogenesis, ovulation, and follicle stimulating hormone
receptor expression leading to female infertility. Endocrinology (2012) 153
(5):2474-85. doi: 10.1210/en.2011-1969

18. Sanders MM, Midgley ARJr. Rat granulosa cell differentiation: An in vitro
model. Endocrinology (1982) 111(2):614-24. doi: 10.1210/endo-111-2-614

19. Zhou P, Baumgarten SC, Wu Y, Bennett J, Winston N, Hirshfeld-Cytron J,
et al. Igf-I signaling is essential for fsh stimulation of akt and steroidogenic genes in
granulosa cells. Mol Endocrinol (2013) 27(3):511-23. doi: 10.1210/me.2012-1307

20. Orellana SA, McKnight GS. Mutations in the catalytic subunit of camp-
dependent protein kinase result in unregulated biological activity. Proc Natl Acad
Sci USA (1992) 89(10):4726-30. doi: 10.1073/pnas.89.10.4726

21. Thiel G, Al Sarraj ], Vinson C, Stefano L, Bach K. Role of basic region leucine
zipper transcription factors cyclic amp response element binding protein (Creb),
Creb2, activating transcription factor 2 and Caat/Enhancer binding protein alpha
in cyclic amp response element-mediated transcription. J Neurochem (2005) 92
(2):321-36. doi: 10.1111/j.1471-4159.2004.02882.x

22. Altarejos JY, Montminy M. Creb and the crtc Co-activators: Sensors for
hormonal and metabolic signals. Nat Rev Mol Cell Biol (2011) 12(3):141-51.
doi: 10.1038/nrm3072

23. Bittinger MA, McWhinnie E, Meltzer J, Iourgenko V, Latario B, Liu X, et al.
Activation of camp response element-mediated gene expression by regulated
nuclear transport of torc proteins. Curr Biol CB (2004) 14(23):2156-61.
doi: 10.1016/j.cub.2004.11.002

24. Zhou X, Li JW, Chen Z, Ni W, Li X, Yang R, et al. Dependency of human
and murine Lkbl-inactivated lung cancer on aberrant crtc-creb activation. eLife
(2021) 10:1-30. doi: 10.7554/eLife.66095

25. Wu YG, Bennett J, Talla D, Stocco C. Testosterone, not 5alpha-
dihydrotestosterone, stimulates Irh-1 leading to fsh-independent expression of
Cyp19 and P450scc in granulosa cells. Mol Endocrinol (2011) 25(4):656-68.
doi: 10.1210/me.2010-0367

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2022.1026358/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.1026358/full#supplementary-material
https://doi.org/10.1210/endocr/bqaa069
https://doi.org/10.1111/j.1432-1033.1997.00259.x
https://doi.org/10.1111/j.1432-1033.1997.00259.x
https://doi.org/10.1016/j.tem.2018.08.004
https://doi.org/10.1016/S0014-5793(99)00708-5
https://doi.org/10.1210/mend.15.8.0675
https://doi.org/10.1038/nature03967
https://doi.org/10.1002/jnr.10626
https://doi.org/10.1016/j.mce.2003.10.016
https://doi.org/10.1016/j.mce.2003.10.016
https://doi.org/10.1002/jcb.21737
https://doi.org/10.1002/jcb.21737
https://doi.org/10.1016/S0303-7207(97)00178-0
https://doi.org/10.1016/S0960-0760(97)80016-7
https://doi.org/10.1210/mend.8.10.7854348
https://doi.org/10.1677/jme.0.0300381
https://doi.org/10.1210/me.2006-0226
https://doi.org/10.1128/MCB.00011-13
https://doi.org/10.1210/en.2013-1410
https://doi.org/10.1210/en.2011-1969
https://doi.org/10.1210/endo-111-2-614
https://doi.org/10.1210/me.2012-1307
https://doi.org/10.1073/pnas.89.10.4726
https://doi.org/10.1111/j.1471-4159.2004.02882.x
https://doi.org/10.1038/nrm3072
https://doi.org/10.1016/j.cub.2004.11.002
https://doi.org/10.7554/eLife.66095
https://doi.org/10.1210/me.2010-0367
https://doi.org/10.3389/fendo.2022.1026358
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Armouti et al.

26. Clark K, MacKenzie KF, Petkevicius K, Kristariyanto Y, Zhang ], Choi HG,
et al. Phosphorylation of Crtc3 by the salt-inducible kinases controls the
interconversion of classically activated and regulatory macrophages. Proc Natl
Acad Sci USA (2012) 109(42):16986-91. doi: 10.1073/pnas.1215450109

27. Patel K, Foretz M, Marion A, Campbell DG, Gourlay R, Boudaba N, et al.
The Lkbl-Salt-Inducible kinase pathway functions as a key gluconeogenic
suppressor in the liver. Nat Commun (2014) 5:4535. doi: 10.1038/ncomms5535

28. Cheng X, Ji Z, Tsalkova T, Mei F. Epac and pka: A tale of two intracellular
camp receptors. Acta Biochim Biophys Sin (Shanghai) (2008) 40(7):651-62.
doi: 10.1111/j.1745-7270.2008.00438.x

29. Bryn T, Mahic M, Enserink JM, Schwede F, Aandahl EM, Tasken K. The
cyclic amp-Epacl-Rap1 pathway is dissociated from regulation of effector functions
in monocytes but acquires immunoregulatory function in mature macrophages. J
Immunol (2006) 176(12):7361-70. doi: 10.4049/jimmunol.176.12.7361

30. Hunzicker-Dunn M, Maizels ET. Fsh signaling pathways in immature
granulosa cells that regulate target gene expression: Branching out from protein
kinase a. Cell Signal (2006) 18(9):1351-9. doi: 10.1016/j.cellsig.2006.02.011

31. Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-
dependent factor creb. Nat Rev Mol Cell Biol (2001) 2(8):599-609. doi: 10.1038/
35085068

32. Stocco C. Aromatase expression in the ovary: Hormonal and molecular
regulation. Steroids (2008) 73(5):473-87. doi: 10.1016/j.steroids.2008.01.017

33. Somers JP, DeLoia JA, Zeleznik AJ. Adenovirus-directed expression of a
nonphosphorylatable mutant of creb (Camp response element-binding protein)
adversely affects the survival, but not the differentiation, of rat granulosa cells. Mol
Endocrinol (1999) 13(8):1364-72. doi: 10.1210/mend.13.8.0329

34. Mukherjee A, Park-Sarge OK, Mayo KE. Gonadotropins induce rapid
phosphorylation of the 3',5-cyclic adenosine monophosphate response element
binding protein in ovarian granulosa cells. Endocrinology (1996) 137(8):3234-45.
doi: 10.1210/endo.137.8.8754745

35. Fang WL, Lee MT, Wu LS, Chen YJ, Mason J, Ke FC, et al. Creb coactivator
Crtc2/Torc2 and its regulator calcineurin crucially mediate follicle-stimulating
hormone and transforming growth factor Betal upregulation of steroidogenesis. J
Cell Physiol (2012) 227(6):2430-40. doi: 10.1002/jcp.22978

36. Lai WA, Yeh YT, Fang WL, Wu LS, Harada N, Wang PH, et al. Calcineurin
and Crtc2 mediate fsh and Tgfbetal upregulation of Cyp19al and Nr5a in ovary
granulosa cells. J Mol Endocrinol (2014) 53(2):259-70. doi: 10.1530/JME-14-0048

Frontiers in Endocrinology

12

10.3389/fendo.2022.1026358

37. Lee ], Tong T, Takemori H, Jefcoate C. Stimulation of star expression by
camp is controlled by inhibition of highly inducible Sikl Via Crtc2, a Co-activator
of creb. Mol Cell Endocrinol (2015) 408:80-9. doi: 10.1016/j.mce.2015.01.022

38. Sasaki T, Takemori H, Yagita Y, Terasaki Y, Uebi T, Horike N, et al. Sik2 is a
key regulator for neuronal survival after ischemia Via Torcl-creb. Neuron (2011)
69(1):106-19. doi: 10.1016/j.neuron.2010.12.004

39. Takemori H, Kanematsu M, Kajimura J, Hatano O, Katoh Y, Lin XZ, et al.
Dephosphorylation of torc initiates expression of the star gene. Mol Cell Endocrinol
(2007) 265-266:196-204. doi: 10.1016/j.mce.2006.12.020

40. Katoh Y, Takemori H, Lin XZ, Tamura M, Muraoka M, Satoh T, et al.
Silencing the constitutive active transcription factor creb by the Lkbl-sik signaling
cascade. FEBS ] (2006) 273(12):2730-48. doi: 10.1111/j.1742-4658.2006.05291.x

41. Screaton RA, Conkright MD, Katoh Y, Best JL, Canettieri G, Jeffries S, et al.
The creb coactivator Torc2 functions as a calcium- and camp-sensitive coincidence
detector. Cell (2004) 119(1):61-74. doi: 10.1016/j.cell.2004.09.015

42. Wang Y, Inoue H, Ravnskjaer K, Viste K, Miller N, Liu Y, et al. Targeted
disruption of the creb coactivator Crtc2 increases insulin sensitivity. Proc Natl Acad
Sci USA (2010) 107(7):3087-92. doi: 10.1073/pnas.0914897107

43. Kwintkiewicz J, Cai Z, Stocco C. Follicle-stimulating hormone-induced
activation of Gata4 contributes in the up-regulation of Cyp19 expression in rat
granulosa cells. Mol Endocrinol (2007) 21(4):933-47. doi: 10.1210/me.2006-
0446

44. Gonzalez IJ, Falender AE, Ochsner S, Firestone GL, Richards JS. Follicle-
stimulating hormone (Fsh) stimulates phosphorylation and activation of protein
kinase b (Pkb/Akt) and serum and glucocorticoid-Induced kinase (Sgk): Evidence
for a kinase-independent signaling by fsh in granulosa cells. Mol Endocrinol (2000)
14(8):1283-300. doi: 10.1210/mend.14.8.0500

45. Zeleznik AJ, Saxena D, Little-Thrig L. Protein kinase b is obligatory for
follicle-stimulating hormone-induced granulosa cell differentiation. Endocrinology
(2003) 144(9):3985-94. doi: 10.1210/en.2003-0293

46. McCubrey JA, Steelman LS, Bertrand FE, Davis NM, Abrams SL, Montalto
G, et al. Multifaceted roles of gsk-3 and Wnt/Beta-catenin in hematopoiesis and
leukemogenesis: Opportunities for therapeutic intervention. Leukemia (2014) 28
(1):15-33. doi: 10.1038/leu.2013.184

47. McCubrey JA, Steelman LS, Bertrand FE, Davis NM, Sokolosky M, Abrams
SL, et al. Gsk-3 as potential target for therapeutic intervention in cancer. Oncotarget
(2014) 5(10):2881-911. doi: 10.18632/oncotarget.2037

frontiersin.org


https://doi.org/10.1073/pnas.1215450109
https://doi.org/10.1038/ncomms5535
https://doi.org/10.1111/j.1745-7270.2008.00438.x
https://doi.org/10.4049/jimmunol.176.12.7361
https://doi.org/10.1016/j.cellsig.2006.02.011
https://doi.org/10.1038/35085068
https://doi.org/10.1038/35085068
https://doi.org/10.1016/j.steroids.2008.01.017
https://doi.org/10.1210/mend.13.8.0329
https://doi.org/10.1210/endo.137.8.8754745
https://doi.org/10.1002/jcp.22978
https://doi.org/10.1530/JME-14-0048
https://doi.org/10.1016/j.mce.2015.01.022
https://doi.org/10.1016/j.neuron.2010.12.004
https://doi.org/10.1016/j.mce.2006.12.020
https://doi.org/10.1111/j.1742-4658.2006.05291.x
https://doi.org/10.1016/j.cell.2004.09.015
https://doi.org/10.1073/pnas.0914897107
https://doi.org/10.1210/me.2006-0446
https://doi.org/10.1210/me.2006-0446
https://doi.org/10.1210/mend.14.8.0500
https://doi.org/10.1210/en.2003-0293
https://doi.org/10.1038/leu.2013.184
https://doi.org/10.18632/oncotarget.2037
https://doi.org/10.3389/fendo.2022.1026358
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Mechanism of negative modulation of FSH signaling by salt-inducible kinases in rat granulosa cells
	Introduction
	Materials and methods
	Results
	Effects of FSH on SIKs expression
	SIKs lessen FSH actions downstream of cAMP
	SIK inhibition enhances constitutively active PKA effects
	Effect of SIK inhibition on PKA downstream targets
	SIK inhibition increases the activity of a CRE reporter
	SIK inhibition regulates the nuclear translocation of CREB coactivators

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


