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Abstract

Granulosa cells (GCs) must respond appropriately to follicle-stimulating hormone (FSH) for
proper follicle maturation. FSH activates protein kinase A (PKA) leading to phosphorylation of
the cyclic AMP response element binding protein-1 (CREB1). We identified a unique A-kinase
anchoring protein (AKAP13) containing a Rho guanine nucleotide exchange factor (RhoGEF)
region that was induced in GCs during folliculogenesis. AKAPs are known to coordinate signaling
cascades, and we sought to evaluate the role of AKAP13 in GCs in response to FSH. Aromatase

“Kamaria C. Cayton Vaught, Kcayton1@jhmi.edu.

Author Contribution All authors contributed to the study conception and design. Material preparation, data collection, and analysis
were performed by Kamaria C. Cayton Vaught, Kate Devine, Ashlie Sewdass, Jacqueline Y. Maher, Dana Hazimeh, Marcy Maguire,
Elizabeth A. McGee, Paul H. Driggers, and James H. Segars. The first draft of the manuscript was written by Kamaria C. Cayton
Vaught and all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Conflict of Interest The authors declare no competing interests.
Data Availability Not applicable.
Code Availability Not applicable.

Declarations

Ethics Approval All experimental procedures involving animals were conducted in accordance with the Intuitional Animal Care and
Use Committees at the National Institute of Health. Animals were cared for as per institutional regulations under the reviewed and
approved animal study protocols, ASP 03-001, ASP 06-002, ASP 12-060, and ASP 15-060.

Consent to Participate Not applicable.
Consent for Publication Not applicable.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vaught et al. Page 2

reporter activity was increased in COV434 human GCs overexpressing AKAP13. Addition of
FSH, or the PKA activator forskolin, significantly enhanced this activity by 1.5- to 2.5-fold,
respectively (p < 0.001). Treatment with the PKA inhibitor H89 significantly reduced AKAP13-
dependent activation of an aromatase reporter (p = 0.0067). AKAP13 physically interacted with
CREBL in co-immunoprecipitation experiments and increased the phosphorylation of CREB1.
CREBL1 phosphorylation increased after FSH treatment in a time-specific manner, and this effect
was reduced by siRNA directed against AKAP13 (p = 0.05). CREBL1 activation increased by
18.5-fold with co-expression of AKAP13 in the presence of FSH (o < 0.001). Aromatase reporter
activity was reduced by inhibitors of the RhoGEF region, C3 transferase and A13, and greatly
enhanced by the RhoGEF activator, A02. In primary murine and COV43 GCs, siRNA knockdown
of Akapl3/AKAP13decreased aromatase and luteinizing hormone receptor transcripts in cells
treated with FSH, compared with controls. Collectively, these findings suggest that AKAP13
may function as a scaffolding protein in FSH signal transduction via an interaction with CREB,
resulting in phosphorylation of CREB.
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Introduction

Gonadotropin-dependent signaling in the ovary is essential for follicular development. A key
event in follicular maturation is the transition of granulosa cells (GCs) from the preantral to
the preovulatory state. This process involves the production of P450 aromatase (CYP19A1),
which converts androstenedione to estrone, and the induction of the luteinizing hormone
receptor (LHR), which is critical for ovulation.

The production of aromatase and LHR is follicle-stimulating hormone (FSH)-dependent
and involves a protein kinase A (PKA)-mediated signaling cascade [1-4]. Specifically,
FSH binds via a leucine-rich repeat (LRR) motif [5] to the FSH receptor (FSHR), a
G-protein-coupled receptor located on the cell surface. This interaction results in the
activation of adenylyl cyclase and increased formation of cyclic adenosine monophosphate
(cAMP) [6-8]. Cyclic-AMP binds to the two regulatory (RI and RII) subunits of PKA,
releasing its two active catalytic (C) subunits to phosphorylate serine-threonine residues on
target substrates [9, 10]. The PKA RII subunit, specifically, is upregulated in response

to FSH in the ovary [11-14]. The binding of cAMP has multiple effects, including
phosphorylation of the transcription factor cAMP response element binding protein-1
(CREB1) [4]. Phosphorylation of CREB1 leads to the activation of numerous target genes,
including CYP19A1. CREBL activates a CAMP response element (CRE) in region B of the
aromatase promoter, leading to increased aromatase production [15]. Although the responses
of GCs to FSH are understood [1, 16-19], the role of all downstream regulatory molecules
that interact with CREB1 is complex, and understanding of potential interacting proteins
may suggest new tractable targets to regulate FSH signaling.
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Our group previously cloned a full-length transcript of a novel gene known to regulate
PKA, later called A-Kinase Anchoring Protein 13 (AKAP13) [20]. AKAP13 is a member
of the AKAP family of proteins, which is comprised of over 40 functionally related genes
notable for their multiple modular binding domains [21, 22]. This feature allows AKAP
proteins to form multimeric complexes, thereby orchestrating a rapid and precise series of
reactions to facilitate downstream outcomes of hormone signaling [9]. AKAP13 is expressed
in multiple tissues and contains a PKA regulatory subunit Il (PKA RII) binding domain at
its N-terminal, a guanine nucleotide exchange factor (GEF) domain capable of binding Ras
homolog family member A, RhoA [20, 23, 24], and a nuclear hormone receptor binding
(LXXLL) domain at its C-terminal [25, 26]. Through these structural motifs, AKAP13 can
form signaling complexes with RhoA and PKA, in addition to several hormones such as
estradiol, progesterone, glucocorticoids, and various other signaling molecules. AKAP13
plays an essential role in cell development [20, 25-30] and was recently shown to be
involved in translational initiation, MRNA nonsense-mediated decay, rRNA processing, and
mRNA splicing [31].

AKAP13 is expressed in the cytoplasm of GCs in mature follicles, the corpus luteum, and
hilar cells in the ovary [32-34]. We questioned whether AKAP13 might be involved in GC
function and thus in FSH signaling, since both AKAP13 and type 1l PKA are induced in
GCs during the follicular response to FSH [34, 35]. Our main objective was to evaluate

the relationship between AKAP13 and CREBL in FSH signaling in GCs. Utilizing primary
murine and immortalized human GCs, we found that AKAP13 plays a role in follicular
development through a direct physical interaction with CREB1, augmenting FSH-induced
CREBL1 phosphorylation and increasing the transcription of the CYP19A1 and LHR genes.
Optimal activation of CREBL also required the RhoGEF region of AKAP13 suggesting a
coordination of signaling between the PKA and Rho pathways.

Primary Murine Granulosa Cell Culture—Animals were cared for as per institutional
regulations under the reviewed and approved animal study protocols, ASP 03-001, ASP
06-002, ASP 12-060, and ASP 15-060. WT C57BL/6 mice were purchased from Jackson
Laboratories. Whole ovaries were collected from 12 to 24-week-old mice following sacrifice
and placed in phosphate-buffered saline with 1% penicillin/streptomycin (Invitrogen,
Grand Island, NY). The ovaries were then incubated for 10 min in McCoy’s 5A media
(Sigma-Aldrich, St Louis, MO) containing ethyleneglycoltetracetic acid (Sigma-Aldrich)
and sodium bicarbonate. Subsequently, the ovaries were transferred to a warmed solution
consisting of 0.5 M sucrose and McCoy’s 5A media. Lastly, the ovaries were transferred to
a culture media composed of McCoy’s 5A media, 10% fetal bovine serum (FBS), and 1%
penicillin/streptomycin. GCs were released via antral follicle puncture, and ovarian “shells”
were removed. Cells were stained with trypan blue to assess viability and were counted
using a hemocytometer. The cells were then plated as described [36]. The cells were grown
in McCoy’s 5A media containing 10% fetal bovine serum and 1% penicillin/streptomycin
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at 37 °F. The media was changed 24 h after cell harvest. In experiments employing siRNA,
cells were cultured in Opti-MEM (Invitrogen) for 24 h prior to transfection.

COV434 Cell Culture—C0OV434 cells (Sigma-Aldrich, USA, #07,071,909) are a diploid
immortalized human GC line derived from a GC tumor and have been demonstrated to

be hormonally responsive [37, 38]. The COV434 cells were cultured in fresh DMEM/F12
media (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% FBS (GIBCO by
Life Technologies) with 1% penicillin/streptomycin (Millipore Sigma, USA, #P3032-10MU/
#S9137-25G) and 1% L-glutamine (Quantity Biological, USA) at 37 °C in 95% air and
5% CO2. Cells were stained with trypan blue (Sigma-Aldrich, USA) to assess viability and
were counted using an automated cell counter (NanoEnTek Eve Automatic Cell Counter).
For most experiments, the cells were plated on standard tissue cultured-treated polystyrene
plates (Corning, USA) in varying well-size plates including 6 and 24 well plates. Seeding
densities for 6 well plates were 6.0 x 10° cells/well and for 24 well plates, 2.0 to 2.5 x 10°
cells/well.

Transfection of Primary Murine and Human COV434 Granulosa Cells

SiRNA Transfection

Primary Murine Granulosa Cells: Cells were plated and incubated in McCoy’s 5A culture
medium as described above. When the cells were approximately 40-70% confluent, the
medium was changed to Opti-MEM (Invitrogen) for 24 h. Lipofectamine 2000 (Invitrogen,
catalog # 11,668-027) was then applied to the cells according to the manufacturer’s protocol
to facilitate transfection with 20 pmol/ul AKAPAKap13 siRNA (sense strand5’-GGC CUG
UUC CUC AUC AGU ATT-3; antisense strand5” UAC UGA UGA GGA ACA GGC
CTT-3") or 20 pmol/ul All Stars Negative (ASN) control (Qiagen, Hilden, Germany).

Human COV434 Granulosa Cells: Cells were cultured and seeded at the densities
described above. When the cells were approximately 30-50% confluent, the medium was
changed to a fresh complete medium. Xtreme gene (Roche, Cat# 04476093001) was then
applied to the cells according to the manufacturer’s protocol to facilitate transfection.
SiRNA and control sequences were as used for primary murine GC transfection. After
SiRNA transfection, FSH treatment was performed as described below.

Plasmids—A cDNA encoding the N-terminal coding sequences of AKAP13and
overlapping with the previously published BRX cDNA sequence (Genbank entry
AF126008) was amplified from a human mammary gland Marathon-Ready™ cDNA library
(Clontech) and sub-cloned into an expression construct for Brx [25]. As an empty construct
control, the complete cDNA sequence encoding AKAP13was subcloned into a pcDNA4/
HisMaxC (InVitrogen) expression vector to generate HMax-AKAP13 and sequenced.

The FSH receptor (FSHR) was a wildtype N-terminal 3xHA-tagged human putative
purinergic receptor FKSG79 cloned into pcDNA3.1 + (Invitrogen) at EcoRI (5”) and Xhol
(3"). The FSHR vector was obtained from the cDNA Resource Center (www.cdna.org,
GenBank accession number AY429104). COV434 cells express FSHR endogenously

but since it is uncoupled from downstream signaling, it was transfected into the cells.
Exoenzyme Clostridium botulinum (C3) transferase is an ADP ribosyl transferase protein
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that specifically inhibits RhoA through ribosylation at asparagine residue 41 thus preventing
activation of RhoA by RhoGEF and was obtained commercially (Cytoskeleton, Inc. #CT03-
A). The CRE-luciferase reporter, pGL4.29(/uc2P/ICRE/Hygro), was obtained from Promega
(Promega Corporation, Madison, WI). To construct the CYP19A1-PII (aromatase) reporter,
we amplified the 1.3-Pll region from human chromosomal DNA, sequenced it, digested

it with Kpnl and HindlIl, and sub-cloned it into the commercially available luciferase
expression vector pGL4.25[luc2/minP] (Promega Corporation, Madison, WI). Recombinant
clones were isolated, sequenced, and activity was assessed by transient transfection into the
DC3 rat GC line.

Transfection, Cell Lysis, and Luciferase Assay—Cells were cultured and seeded
at a density of 2.0 to 2.5 x 10° cells/well as described above. After reaching 50%
confluency, cells were transfected with expression constructs using FUGENE-6™ (Roche
Molecular Biochemicals), as described by the manufacturer, and serum-starved overnight.
Four to 28 h after transfection, FSH, FSK, or H89 treatment was performed as described
below. In experiments using A13 or A02, these treatments were added immediately after
transfection. Cells were then harvested, cell lysates prepared, and luciferase activity was
assessed using Firefly Luciferase kit (Promega, USA) per manufacturer recommendations.
CRE and CYP19A1-PII luciferase (CRE-luc and CYP19A1-luc, respectively) activity was
measured in relative light units (RLU) by a CLARIOstar Microplate Reader (BMG Labtech,
USA) and normalized using MTS Solution (Promega, USA) or protein concentrations with
Precision Red Advanced Protein assay (Cytoskeleton, Inc.) per manufacturer’s instruction.

Al13, A02, FSH, Forskolin, and H89 Treatment—The small molecules A13 and

A02 were identified by virtual screening and are known to alter the Rho-GEF activity of
AKAP13 [39]. A13 (ZINC09659342, ChemBridge, USA, catalog #7390017) is a small
protein—protein interaction inhibitor of AKAP13, and A02 (ZINC08595092, Ambinter,
France, Cat # Amb20267665) is a small protein—protein interaction activator of AKAP13.
Briefly, both interact with the DH domain in the GEF region of AKAP13. A13 blocks

Rho activation by AKAP13. In contrast, A02 binds to the GEF region of AKAP13 and
increases Rho activity. COV434 cells were seeded as above for 1 day, and the media was
changed to serum-free media on the second day. On the third day, cells were transfected with
CYP19A1-PlI-luc reporter construct and treated with 10 uM A13, 10 uM of A02, or DMSO
vehicle control. Four hours later, 0.9% NaCl or 1 1U/ul FSH (Gonal F, Merck Serono),

was added as a treatment. After 24 h, cells were lysed, assayed for luciferase activity, and
normalized with an MTS assay.

For experiments analyzing the effect of treatment with FSH (i.e., sSiRNA knockdown,
western blot, and luciferase assays), COV434 cells were grown to 40-50% confluency and
maintained in serum complete media for 48 h. On the third day, the media was changed to
serum-free culture media and immediately afterward cells were transfected with either CRE-
luc or CYP19A1-PlI-luc reporter constructs. Twenty-four hours later, cells were treated with
1 1U/ul FSH, 10 uM Forskolin (FSK) (Sigma, F6886), or 10 uM H89 (Cayman, 10,010,556).
Control cells were either treated with fresh serum-free media lacking FSH or with 10 uM of
DMSO when compared to FSK or H89 treatment. For luciferase assays, cells were treated
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for 24 h prior to harvesting. In western blot experiments, cells were treated with 1 1U/ul FSH
for 10 to 60 min prior to harvesting.

RNA Isolation, cDNA Synthesis, and RT-gPCR—Total RNA was isolated from the
whole mouse ovary stored in RNALater (Ambion Cat. #AM7021) at — 20 °C and from

GCs using the RNeasy Mini Kit (Qiagen, Cat # 74034) according to the manufacturer’s
protocol. Subsequently, complementary DNA (cDNA) was derived using Biorad iScript
cDNA Synthesis Kit (Bio-Rad, Cat. #170-8891) according to the manufacturer’s instructions
for RNA from whole murine ovaries and from COV434 GCs. Superscript 11 (Invitrogen, Cat
# 18080-051) was used to synthesize cDNA from RNA isolated from primary murine GC
cultures, also according to the manufacturer’s protocol.

Quantitative real-time PCR (RT-qPCR) reactions were performed using SYBR Green PCR
Master Mix (Applied Biosystems) in a Bio-Rad CFX96 Touch™ real-time PCR detection
system (Bio-Rad, Hercules, CA) and LightCycler96 (Roche) with a total volume of 20

ul per reaction mixture prepared in 96-well optical reaction plates (BioRad). The primer
sequences used for mouse were akap13 mRNA [forwardt CGGAAGA AG CTGG TG CGC
GA,; reverse. CTG CTT GAA CCT CTT TCA GCC], aromatase mRNA [forward5’-CCA
TCA TGG TCC CGG AAA C-3’; reverse5'-GGC CCAT GATCAG CA GAAG T-3 ],
and LHR mRNA [forward5’-CCT TGT GGG TGT CAG CAG TTAC-3’; reverse5’-TTG
TGA CAG AGT GGA TTC CACAT-3’]. Aromatase and L AR primer sequences were as
previously described [23]. Primers used for human (i.e., mRNA derived from COV434
cells) were AKAP13 mRNA [forward: 5'-AGA AGG AGT CTC TGG TGG AT-3'; reverse
5-ACA GAC TGG TTA TGT TGC CCA CAA-3'] and LHR mRNA [forward: 5'-GCC
ATCA AGAGAA AC ATTT GT CAA - 3’; reverse 5’ -TTTCTA AAA GCA CAG CAG
TGGCT-3"]. Aromatase primers were identical for the mouse and human.

A standard reaction mixture contained SsoAdvanced SYBR Green Supermix (Cat.
#172-5260) 10 pl of SsoAdvanced SYBR Green Supermix, 1 pl of each primer, 2 pl of
cDNA template (10-20 ng as optimized), and 6 pl of RNase/DNase-free water. Common
thermal cycling parameters (2 min at 50 °C, 15 min at 95 °C, 40 cycles of 15 s at 94 °C, 35
sat 60 °C, and 35 s at 72 °C) were used to amplify each transcript. Melting-curve analyses
were performed to verify product identity. Samples were run in duplicate for primary murine
cultures and in triplicate for COV434 and were expressed relative to 18S and GAPDH to
normalize for cDNA variability between samples. Relative fold change in target mMRNAS was
quantified using the Delta-Delta Ct method.

Western Blot and Co-Immunoprecipitation

Antibodies and Antisera—A peptide corresponding to the AKAP13 protein (CREKEK-
DKIKEKEKDS KEKEKDKKTLNGHTF) was used to generate polyclonal antiserum 6969
using standard techniques, and binding to AKAP13 was confirmed using an enzyme-linked
immunosorbent assay (Covance Laboratories, Sterling, VA) [40]. CREB, phospho-CREB
(Ser133), and SMAD2 (SMAD family member 2) antibodies were obtained from Cell
Signaling Technology (9197, 91,978, and 3122, respectively).

Reprod Sci. Author manuscript; available in PMC 2023 May 07.
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SDS PAGE Gel Electrophoresis and Transfer—Cells were cultured and seeded as
above. In experiments where AKAP13 was overexpressed, at 50% confluency, cells were
transfected AKAP13 expression construct or HMax empty control construct as above and
harvested in a buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA,
Complete™ protease inhibitors (Roche Molecular Biochemicals), 1% Triton X-100, and
0.5% sodium deoxycholate and lysed by sonication. Protein concentrations in lysates were
determined with a BCA protein assay kit (Pierce), as described by the manufacturer. Equal
amounts of protein were resolved by electrophoresis on SDS—polyacrylamide gels. Proteins
were transferred to nitrocellulose by semi-dry electroblotting. Membranes were blocked

in Tris-buffered saline (pH 7.4) containing 0.05% Tween-20 and 5-10% nonfat dry milk
for 30 min and then incubated with primary antibodies against CREB proteins, phospho-
CREB (Ser 133) phosphor-specific antibody (1:1000), and total CREB antibody (1:1000)
overnight in 4 °C. The next day, detection of HRP activity by enhanced chemiluminescence
was performed with SuperSignal ™ West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific, USA) in an Azure Imager c300 system (Azure Biosystems, USA). The
band intensity was quantified using ImageJ software (version 1.52a).

Co-Immunoprecipitation—COV434 cells were harvested in IP Lysis Buffer (Pierce,
Thermo Scientific, 87787) with protease and phosphatase inhibitors (Cell Signaling
Technology, 5872) and lysates formed. Protein concentration was determined as above.

An affinity-purified polyclonal antiserum against AKAP13 (6969) was bound to magnetic
Dynabeads protein A (Invitrogen). Lysates were incubated with the anti-sera bound
Dynabeads for 1 h at 4 °C, and the target antigen was eluted and processed per the
manufacturer’s recommendation for SDS PAGE electrophoresis and western blotting against
CREBL1 antibody. SMAD?2 antibody served as an isotype negative control.

Statistical Analysis

Results

Statistical analyses were performed using Prism 5 software (GraphPad Software, Inc, La
Jolla, CA). Results of assays and sample values are reported as mean + standard error of the
mean (SEM). Student’s £tests were used to determine statistically significant differences as
appropriate. A p-value less than 0.05 (p < 0.05) was considered statistically significant.

Overexpression of AKAP13 Increased Activity of Aromatase Reporter

To test the hypothesis that AKAP13 facilitates the FSH-dependent gene activation in GCs,
we performed a series of experiments in an in vitro model of gonadotropin signaling using
COV434 GCs. GCs were treated with FSH, and CYP19A1-PlI-luc reporter activity was
compared in GCs transfected with AKAP13 expression construct versus a control. We
found a significantly increased activation of 1.75-fold in aromatase reporter activity in GCs
transfected with AKAP13 and treated with 1 1U of FSH, compared to FSH-treated control
(p<0.001). We observed that GCs not treated with FSH but transfected with AKAP13 also
showed activation of aromatase reporter activity (< 0.001) (Fig. 1a).

Reprod Sci. Author manuscript; available in PMC 2023 May 07.
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Next, we evaluated aromatase reporter activity in the presence of FSK, a molecule known
to produce non-specific activation of PKA signaling pathways including those induced by
LH and FSH [1]. Transfection of an AKAP13 expression construct into COV434 GCs
resulted in a 2.7-fold increase in aromatase reporter activity in untreated cells compared to
empty construct control (p< 0.001). In FSK-treated GCs, we also observed a significant
2.5-fold increase in aromatase reporter activity in cells transfected with AKAP13 compared
to untreated control construct cells (p < 0.001) (Fig. 1b). Next, we repeated this experiment
with a PKA inhibitor, H89. Treatment with H89 resulted in a significant two-fold reduction
in CYP19A1-PII luciferase activity in AKAP13 transfected (p = 0.0067) (Fig. 1c). The
significant increase in aromatase activity by AKAP13 suggested that AKAP13 might
augment CREB1 activity by some mechanism.

AKAP13 Interacts with CREB1 and Was Required for Optimal CREB1 Phosphorylation

To test for a potential interaction between CREB1 and AKAP13, we performed co-
immunoprecipitation of AKAP13 and CREBL1. The results of these experiments were
consistent with the conclusion that AKAP13 binds directly to CREB1 (Fig. 2a) (additional
data is given in Online Resource 1). This suggests that AKAP13 may act as a scaffold to
bring together PKA and its substrate CREB. It was therefore of interest to examine whether
the expression of AKAP13 affects the induction of phospho-CREBL in response to FSH.
Using western blot for CREB phosphorylated at Ser-133, we observed a significant increase
in phospho-CREB within 10 min of FSH treatment (p = 0.03) in COV434 cells, indicating
that CREB1 activation increased with FSH treatment in a time-specific manner (Fig. 2b).
We also observed that transfection of AKAP13 expression construct into COV434 cells
further increased phosphorylation of CREB (1.25-fold increase) as compared with control
construct (1.0-fold increase) (Fig. 2¢). We next used AKAP13-targeted siRNA to evaluate
the role of AKAP13knockdown on FSH induction of phospho-CREB. In the COV434 cell
model, siRNA directed against AKAP13resulted in a 50-85% knockdown of AKAPIL3,

as measured with RT-gPCR (p = 0.05) (Fig. 2d). Next, we measured the amount of
activated phospho-CREB produced in COV434 cells after exposure to tittered doses of FSH,
both with and without AKAPI3targeted siRNA present. Relative CREB1 phosphorylation
increased nearly two-fold with FSH treatment in cells transfected with control siRNA, while
relative CREB1 phosphorylation levels in cells transfected with AKAP13-directed SiRNA
were reduced, and the effect was not reversed with FSH treatment (p = 0.05). The observed
decrease was also time-specific, reaching the highest significance after 60-120 min of FSH
treatment (Fig. 2e). As a control, we used a CRE-luc reporter assay to assess CREB1
phosphorylation. Consistent with a role of AKAP13 in CREB phosphorylation (Fig. 2f),
overexpression of AKAP13 significantly augmented FSH-dependent CRE-luc activity, from
6.9-fold with the control construct, to 18.5-fold with AKAP13 (p < 0.001) (Fig. 2f). Taken
together, these findings suggest that AKAP13 increases phosphorylation of CREB, and the
effect requires AKAP13.

Al13 and C3 Treatments Reduced AKAP13-Dependent CYP19A1 and CRE Reporter Activity

To determine which regions of AKAP13 were required for FSH signaling, we measured
AKAP13-dependent CYP19A1-PlI-luc activity after treatment with AKAP13 inhibitors that
targeted different regions in the protein. We found that treatment with the AKAP13 RhoGEF
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inhibitor A13 in COV434 cells resulted in a 92% decrease in aromatase reporter activity
compared to vehicle (DMSO) treated controls (o < 0.001). This effect was not reversed

with FSH treatment and aromatase reporter activity remained significantly reduced (p <
0.001) (Fig. 3a). Interestingly, treatment with AKAP13 RhoGEF activator A02, greatly
augmented FSH-dependent aromatase reporter activity by 121% compared to DMSO treated
controls (p < 0.001) (Fig. 3a). In support of a requirement for GEF activity in the increased
response, the RhoA inhibitor C3 exoenzyme transferase also reduced AKAP13-dependent
CRE-luciferase activity by 44% compared to empty construct controls (p = 0.0037) and by
63% (p < 0.001) compared to vehicle-treated cells over-expressing AKAP13 (Fig. 3b).

AKAP13 Was Required for Optimal Aromatase and LHR Transcripts in Response to FSH

To test the hypothesis that AKAP13 facilitates the production of aromatase and LHR in
GCs, we performed a series of knockdown experiments using primary murine GCs as

well as COV434 cells. In FSH-treated COV434 cells, a significant induction (~ eightfold)
of aromatase mRNA was observed in control cells (Fig. 4a). In contrast, sSiRNA directed
against AKAP13resulted in a significant knockdown of aromatase induction by FSH (p

< 0.001) (Fig. 4a). In similar experiments, FSH-induced LHR expression was significantly
impaired by 50% in COV434 cells treated with siRNA against AKAP13 compared to control
SiIRNA (p< 0.001) (Fig. 4b). These findings were confirmed in primary murine GCs. As

in COV434 cell experiments, we used siRNA knockdown of Akgp13to assess the function
of AKAP13 in primary murine GCs. In primary murine cultures, we observed a > 80%
knockdown of Akap13 (p < 0.001) (Fig. 4c), a 46% decrease in basal aromatase MRNA
expression (p = 0.03) (Fig. 4d), and a 32% reduction in FSH-induced LHR expression (p
= 0.02) with siRNA directed against Akapl3as compared with control siRNA (Fig. 4e)
(additional data is given in Online Resource 1).

Discussion

These findings suggest that AKAP13 affects FSH-dependent activation of the PKA pathway
through a physical interaction with CREB, resulting in increased CREB1 phosphorylation
in a time-dependent manner. Furthermore, augmented activation of CREB1 required the
RhoGEF region of AKAP13, revealing additional insight into the mechanisms involved.
These data suggest, for the first time, a direct link between AKAP13 and CREBL1 activation
as a mechanism for the augmentation of FSH-mediated GC signaling pathways.

Gametogenesis in the human female involves a complex series of events culminating in
follicular development and ovulation, driven primarily by the ability of the GC to respond
to FSH. Our previous studies of AKAP13 protein expression in the human ovary showed
AKAP13 expression in thecal cells and the induction of expression in GCs of preovulatory
follicles and corpus lutein [20, 25, 32, 41] leading us to postulate that AKAP13 could

be involved in FSH-dependent signaling and the production of downstream targets genes,
such as CYP19A1 and LHR. Recently, Zhang et al. [42] reported that a 16-bp indel locus
on AKAPI3was associated with litter size in goats and a marker for fertility, which

aligns with our results on the involvement of AKAP13 in GC function and ovulation.

Our hypothesis that AKAP13 interacts with PKA to activate CREB1 as a mechanism for
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inducing aromatase and LAHR expression in response to FSH is supported by the fact that
the aromatase promoter contains several CRE-like CREB binding domains involved in gene
transcription. Additionally, CREB1 has been previously implicated in follicular growth and
ovulation [43]. Evidence supports this interaction, because FSH is known to regulate the
expression of the RII subunits of PKA in the ovary [11-13], and RII isoform-specific
AKAPs have been previously demonstrated to regulate the subcellular distribution of type 1l
PKA in response to FSH [35, 44]. Gu et al. previously reported that AKAP95 is involved

in CREB phosphorylation and expression of aromatase in GCs [45], which renders the
FSH-AKAP13-PKA-CREB-aromatase pathway biologically plausible and akin to the role
reported for AKAP95 previously.

In addition to its PKA RII binding domain, AKAP13 has a GEF domain that confers
selective RhoGEF activity to the anchoring protein and mediates its activation [44]. It has
been established that PKA can directly inhibit RhoA through phosphorylation of serine
residue 188 in its C-terminal region [46, 47]. PKA has also been shown to directly
deactivate the function of AKAP13’s RhoGEF domain through the recruitment of the
protein 14-3-3, suggesting that AKAP13 serves as an anchor between the PKA and
RhoA signaling pathways [48]. We report, for the first time, that inhibition of AKAP13’s
RhoGEF functionality by C3 transferase and A13 can reduce PKA activation of CREB1
(Fig. 3b). The RhoA signaling pathway is important in cell cycle progression, actin
polymerization, cytoskeleton remodeling, cell proliferation, and migration. A majority of
RhoA is sequestered in the cytoplasm (> 95%) where it remains in a mostly inactive

state coupled with Rho-guanine dissociation inhibitors (RhoGDIs) [49]. As AKAP13 is
predominantly within the cytoplasm, it could function as an additional anchor of RhoA to
serve as a substrate target for PKA thus regulating downstream signaling of FSH.

Moreover, our finding that AKAP13 augments FSH-induced production of key protein
products necessary for follicular development is substantiated by previous studies of AKAP
proteins. Specifically, Carr et al. [44] previously suggested that the AKAP family of proteins
is involved in regulating the transition from preantral to preovulatory follicles, based upon
observations that certain AKAP proteins and PKA have different expression patterns in
preantral follicles as compared with preovulatory follicles. Since then, AKAP MAP2D

was found to be specifically involved in GC function in preovulatory follicles [50]. Future
studies may probe how PKA RIl and RhoGEF domains may coordinate FSH-mediated
CREB activation in GCs. The involvement of RhoA is interesting given the roles of Hippo
and mechanical signaling in the ovary. Actin regulation via Rho GTPase activity has been
shown to activate Hippo signaling inhibition via yes-associated protein (YAP)/transcription
coactivator with PDZ-binding motif activity and affect primordial follicle activation leading
to follicular growth and human embryonic stem cell survival [30, 51]. YAPZI has also been
implemented in susceptibility to PCOS where ovarian enlargement is a common finding
[52]. AKAP13’s activation of Rho can lead to stimulation of YAP and growth factors
important for follicular growth in GCs. Maher et al. found that treatment of COV434

GCs with A13 and AO2 led to a downregulation and upregulation, respectively, in YAP-
responsive gene expression suggesting a role for AKAP13-dependent Rho activation in the
Hippo signaling pathway [41].
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A proposed model based upon these data is that during follicular development, FSH binding
to the FSHR on GCs, results in the activation of PKA, and that a direct physical interaction
between PKA and AKAP13 (via its RII regulatory subunit binding domain) serves as a
mechanism for phosphorylation of CREB1 (Fig. 5a). CREB1 activation, in turn, activates
aromatase and LHR production in growing follicles. This mechanism suggests that AKAP13
serves as a mediator in FSH-induced expression of aromatase and LHR via the PKA-CREB
pathway (Fig. 5a). Interestingly, the uniqgue RhoGEF domain of AKAP13 was also required
for optimal phosphorylation of CREB1 highlighting the complexity of downstream FSH
signaling in GCs (Fig. 5b).

In conclusion, we found that FSH-mediated CREB.1 activation in GCs was augmented by
AKAP13 and the formation of a signaling module involving both the PKA and RhoA
pathways. These findings provide insight into the intermediary steps in the FSH-dependent
signaling pathways critical to follicular development. This knowledge could inform future
studies designed to target the interaction between AKAP13 and CREBL1 in the ovary.
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Fig. 1.

Overexpressing AKAP13 increased aromatase reporter activity in granulosa cells. a
COV434 cells were treated with FSH 1 IU/mL for 24 h, and CYP19A1-Pll-luciferase
activity was compared between cells transfected with HMax control or AKAP13 expression
constructs. FSH treatment increased aromatase promoter activity in cells overexpressing
AKAP13 (black bars). The CYP19A1-Pll-luciferase activity was significantly increased

in untreated cells transfected with AKAP13 as compared with HMax (white bars). b
Transfection of COV434 cells with AKAP13 expression construct increased aromatase
reporter activity by 2.7-fold in untreated cells compared to empty construct control (white
bars) and by 2.5-fold in FSK treated cells compared to empty construct control (black bars).
¢ Conversely, addition of the PKA inhibitor H89 decreased aromatase reporter activity in
AKAP13-transfected COV434 cells by 69% (twofold), returning activation of the aromatase
promoter to levels similar to that induced by the empty construct control (***p < 0.001, **p
=0.0067)
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AI%APlB interacts with CREB1 and was required for optimal CREB1 phosphorylation. a
Co-immunoprecipitation of AKAP13 and CREB1. COV434 cell lysates were incubated with
Dynabeads™, and AKAP13 immunoprecipitants (IP) were eluted and separated by SDS
PAGE electrophoresis followed by western blot (WB) with CREB1 antibody. Co-IP was also
performed with an antibody against SMAD?2 as a negative isotype control. The pink arrow
represents CREB1 at ~ 47 kDa, and the black arrow represents the 1gG heavy chain. The
schematic of AKAP13 domains was as follows: protein kinase A regulatory unit Il (PKA-
RII), guanine nucleotide exchange factor (GEF) with DH Dbl-homology and PH Pleckstrin-
homology, and nuclear hormone receptor (NR)/CREBL1 binding site. b Western blot analysis
of whole COV434 cell lysates treated with 1 1U/mL FSH for various durations. Band
intensity with phospho-CREB antibody (Ser-133) probe (43 kDa) was normalized to band
intensity probed with total CREB (43 kDa). Relative CREB phosphorylation peaked by 10
min of FSH treatment (p = 0.03 relative to no treatment) and returned to baseline by 45 min
of treatment. ¢ AKAP13 overexpression increased phosphorylation of CREB by 1.25-fold
compared to empty construct (Hmax) control. COV434 cells were transfected with either
Hmax (Ctrl) or AKAP13 expression constructs, lysed, and protein lysates electrophoresed
by SDS PAGE and western blot for phospho-CREB (pCREB) antibody. d Efficient sSiRNA
knockdown of AKAP13 mRNA: analysis of whole cell RNA derived from cultured COV434
cells un-transfected or transfected with AllStars Negative control sSiRNA or siRNA directed
against AKAP13demonstrated 50-85% knockdown of AKAPI3expression, depending on
the experiment. e Western blot analysis of whole cell lysates of COV434 cells serum starved
and transfected with control (AllStars negative, white bars) sSiRNA or siRNA directed
against AKAP13 (black bars) and treated with 1 1U/mL FSH for durations as shown.
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Phospho-CREB band intensity was normalized to that of the total CREB antibody. Relative
CREB phosphorylation increased nearly two-fold in cells transfected with control SiRNA
but did not increase with FSH treatment in cells transfected with AKAP13siRNA. Bars
represent the mean relative phosphorylation of 3 experiments and error bars = SEM. Data
were compared using Student’s #test, comparing the same FSH treatment time point in cells
transfected with control vs. AKAP13siRNA (*p=0.05; **p=0.02). f COV434 cells were
transfected with either HMAX (control) or AKAP13 expression constructs. Overexpression
of AKAP13 significantly augmented FSH-dependent CRE-Luciferase activity, from 6.9-fold
with a control to 18.5-fold with an AKAP13 expression construct (***p < 0.001)
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Fig. 3.
Al3 and C3 treatments reduced AKAP13-dependent CRE reporter activity while A02

treatment increased CRE reporter activity. a COV434 cells transfected with a CYP19A1-PlI
luciferase reporter construct were treated with DMSO (vehicle control), 10 uM of A13, or
10 uM of A02. Four hours later, 0.9% NaCl (vehicle control) or 1 IU/mL of FSH was added
to the media. Cells were harvested 24 h later, and luciferase assays were performed. A13
significantly reduced CYP19A1-PII luc activity by 92% in cells compared to vehicle-treated
(DMSO) controls. Addition of FSH did not restore aromatase activity to basal levels with

a reduction in aromatase reporter activity by 82% in cells treated with A13. Treatment

with the Rho-GEF activator, A02 significantly increased FSH-induced aromatase reporter
activity by 121% compared to vehicle control. b COV434 cells were transfected with
CRE-luc reporter construct, AKAP13 expression construct, HMax empty construct control,
C3 transferase, or CEV0 empty construct control. The RhoA inhibitor C3 transferase,
significantly reduced CREB reporter activity by 44% compared to empty construct control.
C3 transferase also significantly decreased AKAP13-induced CREB activity from 4.3-fold
to 1.6-fold, representing a 63% decrease (***p < 0.001; **p = 0.0037)
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Akap13 siRNA

No FSH

AKAP13 was required for optimal aromatase and LAHR mRNA expression in mammalian
granulosa cells. a Cultured COV434 cells at 50% confluence were serum starved and
transfected with AllStars Negative control siRNA (white bars) or siRNA directed against
AKAPI3 (black bars). Cells were treated with serum-free media alone or with 1 lU/mL FSH
for ~ 48 h. SIRNA knockdown of AKAP13resulted in ~ 50% reduction of basal aromatase
message. FSH treatment resulted in nearly eightfold induction of aromatase message in
cells treated with control siRNA, and no induction was seen in siRNA-treated cells. b gRT-
PCR analysis of RNA derived from whole cell extracts transfected with AllStars Negative
control siRNA (white bars) or siRNA directed against AKAPI3 (black bars). Following
transfection, COV434 Cells were serum starved overnight and either left untreated or treated
with 1 IU/mL FSH for ~ 48 h. The induction of luteinizing hormone receptor (LHR)

with FSH was 2.8-fold. Knockdown of AKAP13reduced both basal LHR expression and
induction of LHR message at 48 h treatment by 50%. Primary murine GCs were grown to
approximately 50% confluency, serum starved in Opti-MEM for 24 h, then transfected with
Akap13siRNA (black bar) or AllStars Negative control siRNA (white bar). Twenty-four
hours following siRNA treatment, total cellular RNA was extracted, and > 80% decrease

in Akapl3expression was noted. ¢ gRT-PCR demonstrated efficient SiRNA knockdown of
Akapl3. d Primary murine GCs were serum starved in Opti-MEM at 50% confluence, then
transfected with Akap13siRNA (black bar) or AllStars Negative control siRNA (white bar)
for 24 h. Basal levels of aromatase MRNA were reduced significantly in cells treated with
SiRNA directed against Akap13versus those transfected with control SiRNA. e gRT-PCR
analysis of RNA derived from whole cell extracts transfected with AllStars Negative control
SiRNA (white bars) or siRNA directed against Akap13 (black bars). Knockdown of Akap13
reduced induction of L/Artranscripts by 32% at 48-h FSH treatment in primary murine GCs.
Error bars = standard error of the mean of triplicate reactions and are representative of data

from three experiments (*p < 0.04; **p < 0.001)
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Proposed signaling pathway. a FSH activates adenylate cyclase (AC) which in turn converts
ATP to cAMP (cyclic AMP) (1). cAMP binds to the regulatory subunit 11 (RI1) of PKA
releasing the catalytic (C) subunit which promotes phosphorylation (P) of CREB (2).
Phosphorylated CREB travels to the nucleus where it binds cAMP response element (CRE)-
like sequences in the promoter region of PKA target genes to promote gene activation and
transcription (3). b The AKAP13 signaling scaffold with the RhoGEF domain activates
RhoA to promote actin polymerization, cytoskeleton remodeling, cell proliferation, and
migration. Inhibition of the Rho-GEF domain of AKAP13 by A13 (1) inhibits PKA
phosphorylation of CREB (2), CREB nuclear transport (3), and subsequent transcription

of PKA target genes (4). Created with BioRender.com
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