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Abstract

Objective: To determine whether the mechanotransduction and pharmacomanipulation of A-

kinase anchoring protein 13 (AKAP13) altered Hippo signaling pathway transcription and growth 

factors in granulosa cells. Primary ovarian insufficiency is the depletion or dysfunction of 

primordial ovarian follicles. In vitro activation of ovarian tissue in patients with primary ovarian 

insufficiency alters the Hippo and phosphatase and tensin homolog/phosphatidylinositol 3-kinase/

protein kinase B/forkhead box O3 pathways. A-kinase anchoring protein 13 is found in granulosa 

cells and may regulate the Hippo pathway via F-actin polymerization resulting in altered nuclear 

yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif coactivators and 

Tea domain family (TEAD) transcription factors.

Design: Laboratory studies.

Setting: Translational science laboratory.

Patient(s): None.

Intervention(s): COV434 cells, derived from a primary human granulosa tumor cell line, were 

studied under different cell density and well stiffness conditions. Cells were transfected with a 

TEAD-luciferase (TEAD-luc) reporter as well as expression constructs for AKAP13 or AKAP13 

mutants and then treated with AKAP13 activators, inhibitors, and follicle-stimulating hormone.

Main Outcome Measure(s): TEAD gene activation or inhibition was measured by TEAD-

luciferase assays. The messenger ribonucleic acid levels of Hippo pathway signaling molecules, 
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including connective tissue growth factor (CTGF), baculoviral inhibitors of apoptosis repeat-
containing 5, Ankyrin repeat domain-containing protein 1, YAP1, and TEAD1, were measured by 

quantitative real-time polymerase chain reaction. Protein expressions for AKAP13, CTGF, YAP1, 

and TEAD1 were measured using Western blot.

Result(s): Increased TEAD-luciferase activity and expression of markers for cellular growth 

were associated with decreased cell density, increased well stiffness, and AKAP13 activator 

(A02) treatment. Additionally, decreased TEAD-luc activity and expression of markers for cellular 

growth were associated with AKAP13 inhibitor (A13) treatment, including a reduced expression 

of the BIRC5 and ANKRD1 (YAP-responsive genes) transcript levels and CTGF protein levels. 

There were no changes in TEAD-luc with follicle-stimulating hormone treatment, supporting 

Hippo pathway involvement in the gonadotropin-independent portion of folliculogenesis.

Conclusion(s): These findings suggest that AKAP13 mediates Hippo-regulated changes 

in granulosa cell growth via mechanotransduction and pharmacomanipulation. The AKAP13 

regulation of the Hippo pathway may represent a potential target for regulation of follicle 

activation.

Keywords

Premature ovarian insufficiency; primordial follicle activation; AKAP13; Hippo pathway; 
granulosa cell

Human females are born with a set number of eggs, starting with a maximum of 6–7 

million eggs, which decline over time to 1 million at birth, 300,000–500,000 at puberty, 

25,000 at the age of 37 years, and 1,000 at menopause (1). Primary ovarian insufficiency 

(POI), also known as premature ovarian insufficiency or premature ovarian failure, is a 

devastating diagnosis that affects approximately 1% of women aged <40 years. Primary 

ovarian insufficiency is a result of early ovarian follicle depletion or dysfunction (2, 3), 

where women aged ≤40 years have amenorrhea for ≥4 months and elevated serum follicle-

stimulating hormone (FSH) levels in the menopausal range measured twice at least 1 month 

apart (4, 5).

Primordial follicles are a dormant type of follicle composed of an oocyte arrested at 

prophase I and surrounded by a single layer of squamous granulosa cells; these follicles 

reside in the gonadotropin-independent portion of folliculogenesis. It is known that multiple 

paracrine factors between the granulosa cells and the oocyte in addition to intracellular 

signaling pathways are involved in follicular growth. However, the mechanism of selection 

and activation of some of the primordial follicles while others remain dormant into 

adulthood remains unclear (6). Primordial follicle activators that have been studied include 

the following (7): phosphatase and tensin homolog (PTEN) inhibitors/protein kinase B (Akt) 

stimulators (8-12); BMP4/7 (13-15); GDF-9 (13-15); KIT ligand (16, 17); FGF2/7 (18, 19); 

insulin (20, 21); GREM1/2 (22, 23); and Leukemia inhibitory factor (24). Primordial follicle 

inhibitors that have been reported include the following (7): yes-associated protein (YAP)/

Hippo signaling disruptors (9); anti-Müllerian hormone (25); mTORC1/2 inhibitors (26-28); 

and forkhead box O3 (FOXO3) (25, 29). Understanding how to manipulate primordial 
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follicles by inhibition and activation could assist women with few remaining follicles 

achieve pregnancy, such as those with POI.

Clinical research in the treatment of young women with idiopathic POI has shown that 

removal of the ovaries or ovarian cortex followed by in vitro activation (IVA) and reinsertion 

of the tissue has resulted in approximately 10 live births (30). In vitro activation was 

developed on the basis of knowledge of altering 2 pathways: the Hippo signaling pathway 

(31, 32), which is involved in tumor suppression, and the PTEN/phosphatidylinositol 3-

kinase (PI3K)/protein kinase B (Akt)/FOXO3 pathway, which is involved in cancer cell 

proliferation. Thus, manipulating these pathways via tissue fragmentation and culturing with 

PTEN inhibitors and PI3K stimulators (33, 34) have been shown to have implications in 

primordial follicle dormancy and activation. Focusing on the Hippo pathway, IVA by ovarian 

tissue fragmentation is thought to alter cell to cell contact and extracellular matrix (ECM) 

rigidity. Because primordial follicles are predominantly found in the ovarian cortex, which is 

collagen-rich and more rigid than the softer medulla where they migrate as they develop (35, 

36), the matrix rigidity likely plays a role in the dormant vs. proliferative state of the ovarian 

follicle. In vitro activation affects mechanotransduction by altering Rho GTPase activity and 

F-actin polymerization, which disrupts Hippo pathway gene expression. This causes levels 

of cytoplasmic stimulatory transcriptional coactivators YAP and transcriptional coactivator 

with PDZ-binding (postsynaptic density protein 95, Drosophila disc large tumor suppressor, 

and zona occludens 1) motif (TAZ) to increase in the cytoplasm; the factors move to the 

cell nucleus; bind to Tea domain family (TEAD) transcription factors (TEAD1–4), a highly 

conserved deoxyribonucleic acid (DNA) binding domain; and increase in the transcription 

of growth factors, including CCN (CYR61, connective tissue growth factor [CTGF], and 

nephroblastoma overexpressed proteins) and baculoviral inhibitors of apoptosis repeat 

containing (BIRC). These changes in mechanotransduction, active YAP/TAZ quantities, and 

TEAD expression lead to cell proliferation (37) and folliculogenesis (38). In contrast, if YAP 

is converted to inactive phosphorylated YAP (pYAP), it is then degraded, and transcription 

of growth factors does not take place.

As stated earlier, 10 births have been reported by IVA by altering the Hippo and PTEN/

PI3K/Akt/FOXO3 pathways. The first live births were from 2013 to 2016, when Kawamura 

et al. (9), Suzuki et al. (39), and Zhai et al. (40) used IVA in ovarian tissue from women with 

POI; they fragmented fresh or frozen/thawed tissue to disrupt the Hippo pathway and then 

treated the tissue with PI3K stimulators and PTEN inhibitors. From these 3 studies in 51 

patients, 15 women had follicular development, 3 had live births and 1 had a miscarriage (9, 

39, 40). Additionally, a study using a drug-free approach with fragmentation alone reported 

1 case of an ongoing pregnancy in a patient with POI (41). In a similar fashion, drug-free 

IVA was performed in 11 patients with poor ovarian reserve and resulted in 1 live birth, 

2 ongoing pregnancies, and 1 miscarriage (42). To expand on concepts from these studies, 

the current study hypothesized that changes in cell density and matrix composition in cell 

culture would alter the Hippo pathway by mechanotransduction and new pharmacologic 

treatments could alter the Hippo pathway and potentially act as primordial follicle activators 

and inhibitors (Supplemental Fig. 1, available online).
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A-kinase anchoring protein 13 (AKAP13) is a member of the AKAP family of proteins, 

which is comprised of over 40 functionally related genes notable for their multiple binding 

domains. A-kinase anchoring protein 13 is expressed in the cytoplasm of granulosa cells in 

mature follicles, the corpus luteum, and hilar cells in the ovary (43). Our group previously 

cloned the full-length transcript of this novel protein AKAP13, which was known to 

regulate protein kinase A (PKA) (44). A-kinase anchoring protein 13 has multiple domains 

that allow for cascades of reactions and downstream hormone signaling (45). A-kinase 

anchoring protein 13 contains a PKA regulatory subunit II (PKA RII) binding domain 

at its N-terminus, and PKA is downstream of FSH signaling. The guanine nucleotide 

exchange factor (GEF) domain (44, 46, 47) is in the mid region, and a nuclear receptor 

interaction domain is located in a region in the C-terminus. The GEF domain activates 

small guanosine-5′-triphosphate (GTP)-binding proteins, such as Ras homolog family 

member A (RhoA), which belongs to the Rho family of small GTPases that function as 

molecular switches between the inactive GDP- and active GTP-bound states, regulating cell 

differentiation, proliferation, movement (48, 49), and actin nucleation (50). Microfilaments 

and their proportion of F-actin to G-actin have been shown to affect primordial follicle 

activation through Hippo signaling inhibition. An increase in F-actin disrupts the Hippo 

pathway, leading to an increase in stimulatory YAP protein and downstream follicular 

growth (9). Rho activation by AKAP13 and its effect on the Hippo pathway via YAP/TAZ 

activity have also been described in human embryonic stem cell survival (51). This 

interaction of the AKAP13 GEF region, F-actin, and the Hippo pathway was the focus 

of this study.

A-kinase anchoring protein 13 indirectly affects Hippo pathway activity because it 

influences RhoA and F-actin, which are upstream of the Hippo pathway genes that 

negatively regulate YAP/TAZ transcriptional coactivators (Fig. 1, Graphical Abstract). 

Diviani et al. (52) identified several small anionic compounds, including molecules A13 

and A02, that interact with the DH domain in the GEF region of AKAP13, which alters the 

oncogenic Rho signaling and catalytic activity of AKAP13 (Supplemental Fig. 2, available 

online). A13 was found to inhibit AKAP13 by >90% in a human kidney cell line and reduce 

cell proliferation, migration, and invasion of prostate cancer cells (52). The effects of A13 

and these molecules have not yet been tested in granulosa cells; thus, A13 was chosen for its 

possible inhibitory effects, and A02 was chosen for its potential activating effects.

To expand on prior research, this study hypothesized that the mechanotransduction and 

pharmacomanipulation of AKAP13 could modulate the Hippo signaling pathway and 

significantly alter granulosa cell transcription factors and growth factors. To test this 

hypothesis, COV434 cells, derived from a primary human granulosa tumor cell line, were 

used with a TEAD-luciferase (TEAD-luc) reporter assay, quantitative real-time polymerase 

chain reaction (qPCR), and immunoblotting as a model to study the effects of Hippo 

pathway manipulation. These experiments sought to probe the influence of cell density and 

matrix composition as well as the role of AKAP13 on the Hippo pathway with the use of 

an AKAP13 inhibitor (A13) and an AKAP13 activator (A02) in a human granulosa cell line. 

With a deeper understanding of primordial follicle activation and inhibition via the Hippo 

pathway and AKAP13, future research may probe alterations in AKAP13 as a potential 

target for regulation of follicle growth and a potential treatment for POI.
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MATERIALS AND METHODS

The following experiments were entirely completed with cell lines. No humans or animals 

were involved; therefore, the study did not need to be reviewed or approved by the Johns 

Hopkins Institutional Review Board.

Cell Line

COV434 cells (Sigma-Aldrich, St. Louis, MO; #07071909) are a diploid immortalized 

human granulosa cell line derived from a granulosa cell tumor and have been demonstrated 

to be hormonally responsive (53).

Cell Culture and Plating

COV434 cells were cultured in fresh Dulbecco’s Modified Eagle Medium (Thermo Fisher 

Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS) (GIBCO 

by Life Technologies, Carlsbad, CA) with 1% penicillin/streptomycin (MilliporeSigma, 

Burlington, MA; #P3032-10MU/#S9137-25G) and 1% L-glutamine (Quality Biological, 

Gaithersburg, MD) at 37 °C in 95% air-5% CO2. Cells were stained with trypan 

blue (Sigma-Aldrich) to assess viability and were counted using an automated cell 

counter (NanoEnTek Eve Automatic Cell Counter; NanoEnTek, Seoul, Korea). For most 

experiments, the cells were plated on collagen I-coated polystyrene plates (2–4 GPa) 

(Corning, Corning, NY) in varying well size plates, including 12-, 24-, and 48-well plates.

To evaluate the effects of the ECM on mechanotransduction due to matrix stiffness 

and coating components, cells were plated on 4 different types of plates: stiff collagen 

I-coated polystyrene plates (2–4 GPa) (Corning) and 3 types of soft silicone plates for 

comparison (930 KPa) (Flexcell International, Burlington, NC)—untreated, laminin-coated, 

and ProNectin-coated. The ECM has an important role in ovarian function and cell growth 

and development and contains collagens I, III, IV, and VI, laminin, and fibronectin (54-57). 

In bovine ovaries, laminin is found in low levels within the granulosa cell compartment 

of the follicle but is highly localized in the basal lamina as a defined ring exterior to the 

follicular granulosa cell (54, 55). Laminin has also been found in human granulosa cells that 

were cultured after in vitro fertilization oocyte retrieval (58). Fibronectin is commonly found 

in stromal ECM and is important for cell migration, which occurs during follicle expansion 

and development. Fibronectin has been shown to be produced and secreted by rat and bovine 

granulosa cells (56, 59, 60) and has increased levels in the theca cell compartment and 

follicular fluid of mouse follicles (55). ProNectin is a biosynthetic polymer that contains the 

tripeptide Arg-Gly-Asp ligand of human fibronectin, which is also found in the ECM.

Transfection of COV434 Cells

Plasmids

TEAD-luciferase.: In the Hippo pathway, YAP and TAZ coactivators bind to the TEAD 

transcription factors (TEAD1-4). Because TEADs mediate nuclear YAP/TAZ function 

in transcriptional activation, a transient transfection TEAD-luc reporter (TEAD-luc = 

8xGTIIC-luc) (Sigma-Aldrich; #34615) (37) construct was used as a proxy for gene 

activation by YAP/TAZ (Supplemental Fig. 3, available online). TEAD-luciferase activity 
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was used to interpret changes in intranuclear YAP/TAZ and messenger ribonucleic acid 

(mRNA) transcription, which are upstream to growth factors BIRC and CTGF.

AKAP13.: A complementary DNA (cDNA) encoding the N-terminal coding sequences 

of AKAP13 and overlapping with the BRX cDNA sequence (GenBank entry AF126008) 

was amplified from a human mammary gland Marathon-Ready cDNA library (Clontech, 

Mountain View, CA) and subcloned into an expression vector for Brx (61). Expression 

constructs for the 1.8-kb human AKAP13 were used in transfection experiments to 

overexpress AKAP13 (62).

HMax-AKAP13.: The complete cDNA sequence encoding AKAP13 was subcloned into 

a pcDNA4/HisMaxC (Invitrogen, Carlsbad, CA) expression vector to generate HMax-

AKAP13 (HMax) and confirmed by next-generation sequencing. HMax was transfected 

as an empty vector control.

AKAP13 mutants RII(-) and GEF(-).: Protein kinase A subunits are expressed in the ovary 

(63), and the RII subunit, specifically, is up-regulated in response to FSH (64, 65). A-kinase 

anchoring protein 13 contains a PKA RII binding domain at its N-terminal. Mutant versions 

of AKAP13 were derived from the wild-type AKAP13 cDNA by overlap amplification 

with primers containing site-specific mutations. The PKA RII-AKAP13 mutant, RII(-), was 

created via the introduction of 2 point mutations: alanine to proline at position 1251 and 

isoleucine to proline at position 1260 (A1251P/I1260P). This mutant disrupts binding of 

the PKA RII regulatory subunit to AKAP13, thus interfering with activation of PKA by 

AKAP13 (66). The GEF domain is capable of binding to RhoA (44, 46, 47). Activation of 

RhoA can lead to cytoskeletal rearrangement and cellular proliferation. The GEF-AKAP13 

mutant, GEF(-), which has a tyrosine to phenylalanine substitution at amino acid 2153 

(Y2153F) located within the GEF region, was constructed to cause inactivation of GEF 

activity in the wild-type AKAP13 (67).

FSH receptor.: The FSH receptor (FSHR) is a wild-type N-terminal 3xHA-tagged human 

follitropin receptor cloned into pcDNA3.1+ (Invitrogen) at EcoRI (5′) and XhoI (3′). The 

FSHR was obtained from the cDNA Resource Center (www.cdna.org, GenBank accession 

#AY429104). COV434 cells are a useful model because they are similar to primordial 

follicle granulosa cells that are not responsive to gonadotropins but have preservation 

of gonadotropin-independent Hippo signaling. The FSHR is endogenously expressed in 

COV434 cells but is nonfunctional because it is uncoupled from downstream signaling. 

COV434 cells only become FSH responsive if the FSHR is transfected into the cells.

Transfection, cell lysis, and luciferase assay.—COV434 cells were plated at a 

density dependent on the size of the well for each experiment resulting in approximately 

50%–70% confluence the next day. Using a 2-day modified reverse transfection method, 

cells were plated and immediately transfected with TEAD-luc and other vectors 

using FuGENE 6 (Roche Molecular Biochemicals, Pleasanton, CA), as described by 

the manufacturer. On day 2, MTS solution (Promega, Madison, WI) was added for 

normalization of the number of viable cells per well, and an absorbance of 490 nm was 

measured on a CLARIOstar Microplate Reader machine (BMG Labtech, Cary, NC) per 
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the manufacturer’s instructions. Subsequently, cells were lysed, and luciferase activity was 

assessed using a Firefly luciferase (LUC I) assay kit (Promega). TEAD-luciferase activity 

was measured using a CLARIOstar Microplate Reader in relative light units (RLUs).

A13 or A02 treatment of cell culture.—A13 and A02 are small molecules previously 

identified by virtual screening for molecules that altered the Rho-GEF activity of AKAP13 

(52) (Supplemental Fig. 2). These molecules were used to manipulate the Hippo pathway 

pharmacologically via AKAP13. A13 (ChemBridge, San Diego, CA; Cat #7390017) is a 

small protein-protein interaction inhibitor of AKAP13, and A02 (Ambinter, Orléans, France; 

Cat #Amb20267665) is a small protein-protein interaction activator of AKAP13. They 

interact with the DH domain in the GEF region of AKAP13. A13 halts the oncogenic Rho 

activation of AKAP13. In contrast, A02 binds to the GEF region of AKAP13 and activates 

the Rho enzymatic activity of AKAP13. As described in the following, a 4-day protocol was 

used, and COV434 cells were treated with 10 μM of A13 or 10 μM of A02 for 24 hours.

FSH treatment of cell culture.—To assess gonadotropin independence vs. dependence, 

in some experiments, a 4-day protocol was used to incorporate Sodium Chloride (NaCl) 

or FSH treatment. On day 1, cells were plated at 200 × 103 cells/well. On day 2, after 

24 hours of culture in 10% FBS media, cells were approximately 20%–40% confluent and 

were then serum-starved with medium containing 0.5% FBS. On day 3, after 24 hours of 

cell starvation, cells were 40%–60% confluent and transfected with the TEAD-luc reporter 

and FSHR plus one of the following expression vectors: HMax, an empty vector; AKAP13; 

AKAP13 PKA RII(-) mutant; or AKAP13 GEF(-) mutant, using FuGENE 6. In some 

experiments, 10 μM of A13 or 10 μM of A02 treatment was added to wells immediately 

following this step. Four hours after transfection, cells received additional treatment of 1 IU 

of FSH (GONAL-f; Merck Serono, Darmstadt, Germany) or 0.9% NaCl, as a control. On 

day 4, 24 hours after transfection, MTS and TEAD-luc assays were performed.

Well Size

As a first step in examining cell signaling and TEAD-luc activity, COV434 cells were plated 

at 240 × 103 cells/well in 3 differently sized (48, 24, and 12) well plates. Thus, the lower the 

well plate number, the greater the well size, and the lower the cell density. The total volume 

per well included the following: 48 wells, 200 μL/well; 24 wells, 500 μL/well; and 12 wells, 

1,000 μL/well. Using a modified reverse transfection protocol, cells were transfected with 

TEAD-luc. After 24 hours, cells were lysed and assayed for luciferase activity.

Well Stiffness

To evaluate differences in well stiffness and composition, changes in TEAD-luc activity 

among stiff polystyrene (2–4 GPa) vs. 3 different soft silicone plates (930 KPa) (Flexcell 

plates: untreated, laminin-coated, or ProNectin-coated) were assessed.

Replicates and Data Calculations for Luciferase Assays

Experiments each had multiple technical replicates (4 in 48-well plates, 3 in 24-well plates, 

2 in 12-well plates, and 3 in 6-well plates). Each experiment had 2–3 biologic replicates 

performed. Specifics are described in each figure legend. For luciferase assays, RLUs were 
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corrected for by the MTS cell viability assay (TEAD-luc RLU divided by MTS) or protein 

level with precision red (Thermo Fisher Scientific; Cat #NC9542014) (TEAD-luc RLU 

divided by protein). Fold change was calculated by dividing each corrected value by the 

control condition for each experiment.

Quantitative Real-Time Polymerase Chain Reaction

COV434 cells were cultured in 60-mm dishes or 6-well plates, and approximately 50% 

confluent cells were treated with 10 μM of A13 or vehicle control (dimethyl sulfoxide) 

for 24 hours. Cells were lysed with RLT buffer and purified with an RNeasy Mini Kit 

(Qiagen, Germantown, MD). The level and purity of RNA were measured with the NanoVue 

Plus (Bio-chrom US, Holliston, MA). The RNA was converted to cDNA (50–100 ng/μL) 

using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) in a Bio-Rad Thermocycler 

machine. Quantitative real-time polymerase chain reaction was performed on LightCycler 

96 System (Roche Diagnostics, Mannheim, Germany) in a 96-well plate with 4 ng/μL 

of cDNA in a final volume of 10 μL containing 1X FastStart Essential DNA Green 

Master (Roche Diagnostics, Indianapolis, IN), with appropriate primer sets of selected 

Hippo pathway target genes, including CTGF, BIRC5, ANKRD1, YAP1, and TEAD1 
(Supplemental Table 1, available online). CTGF, also known as CCN2, a known direct 

TAZ-TEAD target gene, is one of the main players in tissue remodeling and fibrosis. BIRC5 
(also known as survivin) is a YAP-responsive gene (68), which is known to inhibit apoptosis 

and promote cell proliferation (69). Additionally, ANKRD1 (ankyrin repeat domain 1) is 

another YAP-responsive gene (70), and its overexpression is associated with antiapoptosis 

and epithelial-mesenchymal transition features (71). Primers were purchased from Integrated 

DNA Technologies (Coralville, IA). The housekeeping gene RPLP0 was amplified under 

the same conditions for normalizing quantitative data. The relative mRNA expression was 

calculated using the ΔΔCT method (72) and is presented as fold increase or decrease relative 

to control.

Western Blot

COV434 cells were cultured on a 60-mm dish or a 6-well plate. At approximately 50% 

confluence, cells were left untreated, transfected with empty vector HMax, or transfected 

with AKAP13 for over expression, or treated with A13 at 10 or 20 μM for 24 hours. Cells 

were washed with phosphate-buffered saline and lysed with radioimmunoprecipitation assay 

buffer (Sigma-Aldrich; #R0278) containing protease and phosphatase inhibitor cocktail 

(Thermo Fisher Scientific). The protein levels were quantified using the Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific). Equal volumes (30–40 μg) of protein lysates were 

loaded onto 4%–12% NuPAGE gels (Thermo Fisher Scientific) and resolved by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis under reducing conditions and then 

transferred to 0.2-μm nitrocellulose membranes in an XCell II apparatus (Thermo Fisher 

Scientific). Ponceau S Solution (Sigma-Aldrich; #P7170) was used for the detection of 

protein on nitrocellulose membranes. After blocking membranes with 5% nonfat milk with 

Tris-buffered saline (1X) with Tween 20 (0.1%) (TBST) for 1 hour, membranes were 

incubated overnight at 4 °C with primary antibodies including AKAP13, CTGF, non- 

pYAP, TEAD1, and β-actin (Supplemental Table 2, available online) diluted in 5% bovine 

serum albumin with TBST. To prepare anti-AKAP13, rabbit primary antisera were directed 
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against AKAP13, and a peptide corresponding to AKAP13 was used to generate polyclonal 

antiserum 6969 using standard techniques. A-kinase anchoring protein 13 binding was 

confirmed using enzyme-linked immunosorbent assay (Covance Laboratories, Gaithersburg, 

MD) (73). On the next day, membranes were washed 3 times (5 minutes for each wash) with 

TBST and then incubated with appropriate horseradish peroxidase-conjugated secondary 

antibodies as 1:10,000 dilutions (GE Healthcare, Chicago, IL; #NA934V or NA931V) with 

5% nonfat milk with TBST for 2 hours at room temperature. Subsequently, membranes 

were washed 3 times (5 minutes for each wash) with TBST, and immunoreactive proteins 

were visualized using a SuperSignal West Pico Plus Chemiluminescent Substrate (Thermo 

Fisher Scientific) in an Azure Imager c300 system (Azure Biosystems, Dublin, CA). The 

band intensity was quantified using ImageJ software (version 1.52a) and normalized against 

corresponding anti-β-actin.

Statistics

Statistical analyses were performed using Prism 5 software (GraphPad Software, Inc., La 

Jolla, CA) or R version 4.0.2. The number of replicates is indicated in the individual figure 

legends. The results of luciferase assays and sample values are presented as mean ± standard 

error of the mean. Fold changes were used to compare experimental data results. In the 

cell density and matrix stiffness experiments (Fig. 3A and B), a Kruskal-Wallis test was 

performed with a post hoc Mann-Whitney U test. In the AKAP13 manipulation experiments 

(Fig. 4A and B), a permutation 2-way analysis of variance (ANOVA) was performed with 

post hoc quantile 1-way ANOVA to compare each pair of experimental groups where the 

permutation 2-way ANOVA results were statistically significant. Data are presented with 

false discovery rate-adjusted P values. For qPCR, 1-way quantile ANOVA was used for 

analyses. Differences were considered statistically significant at P≤.05.

RESULTS

Protein Expression of Endogenous AKAP13 in COV434 Cells

Western blotting for protein expression indicated that detectable endogenous AKAP13 was 

present in COV434 cells that were untransfected, or transfected with empty expression 

vector, HMax. The results showed that with transfection of an AKAP13 vector, AKAP13 

was expressed at higher levels in human granulosa cells (Supplemental Fig. 4, available 

online).

Changes in Cell Density Increase TEAD Signaling

To simulate ovarian tissue fragmentation, cell density was decreased by plating the same 

number of cells in wells of increasing sizes, resulting in an increase in TEAD-luc activity 

(Supplemental Fig. 5, available online). From 48- to 24-well plates, 24- to 12-well plates, 

and 48- to 12-well plates, COV434 cells demonstrated a 2.8-fold (P<.001), 3.7-fold 

(P<.001), and 10.4-fold (P<.001) higher TEAD-luc activity, respectively (Fig. 2A).

An Increase in Well Stiffness Increases TEAD Signaling

To evaluate changes in mechanotransduction signaling, 4 different types of plates were 

compared. There was a significant decrease in TEAD-luc activity between the polystyrene 
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plate and all 3 silicone Flexcell plates. Polystyrene is the typical well type with a rigidity of 

2–4 GPa. The Flexcell plates were 930 KPa with different coatings: untreated; laminin; and 

ProNectin. There was a significant decrease in TEAD-luc activity between the polystyrene 

plate and all 3 silicone Flexcell plates (P <.0001), meaning that there were greater reporter 

activity in cells plated on a stiffer matrix and increased mechanotransduction. There was 

no significant difference between untreated Flexcell plates and laminin- or ProNectin-coated 

plates (P = .24 and P = .13, respectively) (Fig. 2B).

AKAP13 Mutant Transfection and FSH Treatment Did Not Affect Gonadotropin-Independent 
Folliculogenesis

To evaluate the effects of various AKAP13 expression levels and FSH response on 

the Hippo pathway, COV434 cells were transfected with empty vector HMax, AKAP13 

overexpression, AKAP13 mutant GEF(-), and AKAP13 mutant RII(-) and then treated with 

0.9% NaCl or 1 IU of FSH and analyzed with TEAD-luc. There were no statistically 

significant differences in TEAD-luc expression for the overall experiment or for each of 

the paired transfection comparisons between NaCl and FSH treatment. There were also no 

differences between empty vector HMax, AKAP13 overexpression, and GEF(-) or RII(-) 

mutant transfected cells treated with NaCl (Fig. 3A).

Changes in Hippo Pathway Growth Factors Induced by Pharmacologic Inhibitors and 
Activators of AKAP13

To compare the effects of A13 and A02 on the Hippo pathway, TEAD-luc activity 

was compared between empty vector HMax transfection, AKAP13 transfection for 

overexpression, treatment with 10 μM of A13, and treatment with 10 μM of A02. For 

each of these conditions, 0.9% NaCl or 10 μM of FSH was added 4 hours later. Addition 

of AKAP13 did not augment TEAD-luc reporter activity, possibly due to high levels of 

endogenous AKAP13 in COV434 cells. Treatment with A13 reduced TEAD-luc activity by 

68% (P <.0001), and treatment with A02 increased TEAD-luc activity by 73% (P <.0001). 

FSH treatment or vehicle control did not affect TEAD-luc reporter activity (Fig. 3B).

To evaluate whether A13 had effects on RNA and protein, qPCR was used to test the effects 

of A13 on Hippo signaling cascades in COV434 immortalized human granulosa cells. To 

assess whether AKAP13 and RhoA were involved in Hippo/YAP signaling in granulosa 

cell function, A13, an inhibitor of the interaction between AKAP13 and RhoA (52), was 

used. COV434 granulosa cells were treated with A13 at 10 or 20 μM for 24 hours to 

measure the mRNA or protein levels of several components of Hippo signaling. Growth 

factor CTGF, also known as CCN2, is important for tissue growth and remodeling (74). 

The mRNA levels of CTGF were not affected (Fig. 4A), whereas the protein levels of 

CTGF (Fig. 4B) were greatly reduced by A13 treatment in granulosa cells compared with 

those in untreated control. Additionally, A13 treatment significantly reduced the mRNA 

levels of YAP-responsive genes BIRC5 (Fig. 4C) and ANKRD1 (Fig. 4D) in granulosa cells 

compared with those in untreated control. Yes-associated protein is a main transcriptional 

effector of Hippo signaling that binds TEAD in the nucleus to induce transcription of target 

genes. The results showed that A13 had no effect on the mRNA and protein levels of YAP1 
in granulosa cells compared with those in control (Fig. 4E to F). Lastly, the mRNA and 
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protein levels of TEAD1 were tested. Surprisingly, at 10 uM, A13 increased the transcript 

levels of TEAD1 in this cell type (Fig. 4G). The protein levels of TEAD1 were also 

increased after treatment with 10 μM of A13 (Fig. 4H) but reduced after treatment with 20 

μM of A13 (Fig. 4I).

DISCUSSION

Primordial follicles in women remain dormant for several decades, and the mechanism of 

their activation is not completely understood. In vitro activation is an ongoing experimental 

technique used to assist patients with POI. Disruption of Hippo pathway signaling, 

which is important for organ size control and facilitates cell-cell contact growth and 

inhibition (32), has been shown to promote gonadotropin-independent follicle activation. 

Both biomechanical forces and biochemical alterations in the Hippo and PTEN/PI3K/Akt/

FOXO3 pathways have been used to increase cellular growth factors in attempts to activate 

dormant primordial follicles. Prior studies of human ovarian tissue fragmentation alone, and 

combined with culture, have shown that Hippo pathway disruption induces the inhibitory 

pYAP to disappear in granulosa cells of primordial follicles, thus leading to an up-regulation 

of growth factors (9, 34, 39-42, 75).

The results of this study indicate that a COV434-TEAD luciferase reporter model may be 

useful to probe the early events of Hippo pathway signaling. Changes in cell density, matrix 

stiffness, and AKAP13 were able to alter RhoA, F-actin polymerization, Hippo pathway 

genes, YAP/TAZ DNA binding, and TEAD-luciferase reporter expression. The data show 

that TEAD-luc activity increased with decreased cell-cell contact, greater well stiffness 

(representing a surrogate of the ovarian tissue matrix), and treatment with AKAP13 activator 

(A02). TEAD-luciferase expression decreased with AKAP13 inhibitor (A13) treatment. 

No changes were found in TEAD-luc expression with AKAP13 overexpression; AKAP13 

mutants GEF(-) and RII(-) of which both results may indicate that the endogenous AKAP13 

levels are high in granulosa cells and compensate for the loss of function mutants; and FSH 

treatment. These results demonstrate that TEAD and the Hippo pathway are part of the 

gonadotropin-independent portion of folliculogenesis.

The mechanotransduction experiments were consistent with a study by De Roo et al. 

(75) who demonstrated that the Hippo pathway drove primordial follicle activation due 

to mechanical manipulation of human ovarian tissue that was cut into strips and cultured for 

6 days. They noted a disappearance of pYAP in granulosa cells and an increase in nuclear 

YAP over increasing culture days and an up-regulation of CTGF expression. Additionally, 

higher TEAD-luc expression in stiffer substrate wells was consistent with previous data that 

showed that increasing collagen matrix stiffness can drive the nuclear accumulation of YAP 

and promote the activity of the YAP and TAZ transcriptional regulators in cancer-associated 

fibroblasts (76). These data may elucidate steps in the mechanism of mechanotransduction 

with ovarian tissue fragmentation and mechanical stress signaling.

The data indicate that A13 can consistently down-regulate YAP-responsive gene expression 

in granulosa cells by inhibiting AKAP13. By blocking the Rho-GEF activity of AKAP13 

with A13, TEAD-luc activity was reduced in COV434 cells, consistent with inhibition of 
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YAP/TAZ activity. In the qPCR experiments, A13 treatment resulted in decreased mRNA 

levels of YAP-responsive genes BIRC5 and ANKRD1. Although the results of YAP1 and 

TEAD1 in qPCR and Western blot were inconsistent, the overall data suggest a reduction 

in YAP-responsive gene expression by A13, suggesting a role of AKAP13-RhoA in Hippo 

signaling in granulosa cells. We extend the findings of Ohgushi et al. (51) and Diviani et al. 

(52) to granulosa cells and suggest that the mechanism of action of the inhibitory effect of 

A13 is via inhibiting the GEF region of AKAP13, which decreases RhoA-GTP and F-actin 

and turns on Hippo pathway genes, thus converting YAP to pYAP and ultimately leading to 

degradation. The decrease in cytoplasmic YAP then decreases nuclear YAP, which leads to 

decreased expression of CTGF/CCN2 and BIRC growth factors and inhibition of follicular 

growth.

In contrast to A13, A02 is thought to enhance the GEF activity of AKAP13, which increases 

RhoA-GTP and F-actin and turns off Hippo genes, thus converting fewer YAP to pYAP. 

This increase in stimulatory cytoplasmic YAP then crosses the nuclear membrane to increase 

nuclear YAP. The binding of YAP/TAZ to TEAD then leads to increased expression of 

CTGF/CCN2 and BIRC growth factors and possible increased follicular growth. Because no 

changes were detected upon transfection of the 2 AKAP13 mutants, GEF(-) and RII(-), 

additional studies with AKAP13 knockdown before transfecting the AKAP13 mutants 

may further elucidate and confirm whether the GEF region of AKAP13 is predominantly 

responsible for the changes in RhoA, YAP/TAZ, and TEAD expression.

Related to POI is fertility preservation, specifically ovarian tissue cryopreservation (OTC), 

which has emerged in both pediatric and adult populations with cancer or other diseases 

to mitigate the gonadotoxic effects of chemotherapy and radiation. The goal is to freeze 

and store oocytes within the tissue for transplantation in the future. This technique has 

been performed for over 25 years, and as of December 2019, the American Society 

for Reproductive Medicine announced that OTC is no longer considered experimental 

for patients receiving gonadotoxic treatments (77). Ovarian tissue cryopreservation is the 

only current option for fertility preservation in prepubertal girls and is also indicated for 

post-pubertal patients who do not have time for controlled ovarian hyperstimulation for 

oocyte cryopreservation. In 2004, the first successful live birth after autologous orthotopic 

transplantation of cryopreserved/thawed human ovarian tissue was reported (78). Since that 

time, over 360 transplantations and 130 live births have been reported in a 2017 study, 

but these numbers have likely increased to over 200 births in 2020 (79-81). It has been 

observed that it generally takes 60–240 days after autotransplantation for the ovarian tissue 

to regain its function (82-84), and it has the potential to last ≥7 years, depending on the 

following: age of the patient at the time of cryopreservation; diagnosis; baseline ovarian 

reserve; history of gonadotoxic treatment; freezing and thawing techniques; and cohort of 

primordial follicles transplanted (84-87). There are significant gaps in knowledge on how 

to increase the longevity of the tissue by either inhibition of primordial follicle activation 

before cryopreservation or methods of improving tissue perfusion and follicle activation 

after warming and reimplantation.

A significant number of follicles are lost during cryopreservation of ovarian tissue. Recent 

research has identified techniques for follicle protection/inhibition using a mTOR1/2 
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inhibitor, rapamycin, which is part of the PTEN/PI3K/Akt/FOXO3 signaling pathway 

(26-28). It is possible that patients who have diagnoses that put them at risk for POI 

due to gonadotoxic agents may benefit from primordial follicle inhibition before OTC 

to allow for fewer follicles to be lost, which is essential in populations who harbor a 

decreased number of follicles. Hence, potential uses of A13 or other small molecules 

that inhibit AKAP13 include culturing ovarian tissue immediately before cryopreservation 

for fertility preservation to counteract the activation by mechanotransduction that occurs 

during cutting of tissue into strips in preparation for freezing. This may minimize follicle 

loss due to fragmentation because a limitation of ovarian tissue transplantation after OTC 

requires revascularization of microvessels in the new tissue that can take up to 10 days after 

transplantation and results in a loss of two thirds of primordial follicles (88-90). The use 

of AKAP13 inhibitors may rescue follicles that would otherwise be lost. Such techniques 

may allow for future development of novel treatments to prevent accelerated follicle loss 

and may improve longevity of the ovarian tissue after transplant and increase the possibility 

of achieving pregnancy and live births. Further research is needed to better understand the 

changes these agents have on ovarian tissue and isolated ovarian follicles.

On the other hand, by promoting F-actin polymerization, A02 may act similarly to other 

primordial follicle activators that have been studied, including Jasplakinolide and sphin-

gosine-1-phosphate, both of which promote actin polymerization in the ovary, leading 

to Hippo signaling disruption, nuclear localization of YAP, CTGF/CCN2 expression, and 

follicle growth (91). Potential uses for A02 or other small molecules that activate AKAP13 

may include novel treatments for patients with POI after receiving gonadotoxic agents 

for cancer or bone marrow transplant for sickle cell disease; POI due to genetic causes, 

such as Turner syndrome, galactosemia, or fragile X premutation; idiopathic POI; and 

infertility due to diminished ovarian reserve or poor ovarian response to in vitro fertilization 

medications. Because POI is an issue of oocyte depletion or dysfunction (2), the use of 

AKAP13 activators could potentially activate the few remaining oocytes that patients with 

POI have to develop a mature oocyte for fertilization.

The limitations of these experiments include that they were performed on granulosa cells 

alone, whereas the ovary has multiple cell types, including the oocytes, theca cells, stromal 

cells, blood vessels, neurons, connective tissue, and ECM. The molecules and paracrine 

communication between all different cell types are important for function. Additionally, 

a granulosa tumor cell line may have inherent cellular proliferation properties that are 

different from normal follicular primordial granulosa cells. It is unknown whether similar 

effects would be seen on ovarian tissue cortex strips prepared for OTC or after thawing.

Thus, to confirm these results, future investigations should include testing primary granulosa 

cells from humans as well as culturing murine or human ovarian tissue in A13 and A02 

to assess the mRNA and protein expression changes in whole tissue. Culturing ovarian 

tissue in A13 before cryopreservation could potentially counteract follicle activation and 

follicle loss that occurs during tissue processing by fragmentation before freezing or after 

transplantation. Additionally, for patients with POI, culturing ovarian tissue with A02 may 

be useful to activate follicles in vitro, may help mature an oocyte from a primordial 
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follicle through folliculogenesis to the metaphase II state, or promote follicle growth after 

transplantation.

In conclusion, these findings suggest that cell density and matrix stiffness play an important 

role in granulosa cell growth by mechanotransduction, which is in part mediated by the 

functions of AKAP13 and F-actin polymerization. The COV434-TEAD luciferase reporter 

model may be useful to probe the early events of Hippo pathway signaling, which promote 

primordial follicle inhibition/activation. Altering the Rho-GEF activity of AKAP13 with 

A13 and A02 led to the reduction and increase in TEAD-luc expression, respectively, which 

is upstream to the follicular growth factors. Together, these results support the hypothesis 

that the mechanotransduction and pharmacomanipulation of AKAP13 have a role in the 

Hippo pathway regulation of human granulosa cell growth and follicle activation. Novel 

treatments with AKAP13 activators and inhibitors may lead to the improved success of OTC 

and transplantation as well as potential treatments for POI.
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FIGURE 1. 
Graphical abstract. In the granulosa cell, AKAP13 has a regulatory role in Rho activation 

and F-actin polymerization. (indicated as 1a) Mechanical signaling, such as changes 

in cellular density and ECM stiffness, and (see 1b) AKAP13 can promote F-actin 

polymerization, which turns off Hippo pathway genes (number 2) leading to YAP/TAZ 

migration into the nucleus to bind with TEAD (red arrow) and leads to an increase in 

cell growth factors (CCN2/ CTGF and BIRC, cellular proliferation, and follicle activation. 

To evaluate upstream changes of cell growth, transient transfection of a human granulosa 

tumor cell line with a TEAD-luc reporter was used to measure changes in nuclear YAP/TAZ 

deoxyribonucleic acid binding to TEAD and transcription of growth factors. AKAP13 = 

A-kinase anchoring protein 13; BIRC= baculoviral inhibitors of apoptosis repeat containing; 

CTGF= connective tissue growth factor; ECM = extracellular matrix; GTP = guanosine-5′-
triphosphate; TAZ = transcriptional coactivator with PDZ-binding motif; TEAD = Tea 

domain family; TEAD-luc = TEAD luciferase; YAP = yes-associated protein.
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FIGURE 2. 
Changes in mechanotransduction. (A) The well size increased Tea domain family (TEAD) 

activity. The same number of cells was placed into each well size, and additional medium 

was added in the 24-and 12-well plates to meet fluid volume requirements; thus, the lower 

the well plate number, the greater the well size, and the lower the cell density. The x-axis 

indicates increasing well size (48 wells, 200 μL/well; 24 wells, 500 μL/well; and 12 wells, 

1,000 μL/well), and the y-axis shows TEAD-luciferase in RLU fold change. Increasing 

well size from 48-to 24-well plates, 24-to 12-well plates, and 48- to 12-well plates and 

decreased cell density resulted in an increase in normalized TEAD-luc activity. COV434 

cells demonstrated a 2.8-fold (P<.001), 3.7-fold (P<.001), and 10.4-fold (P<.001) higher 

TEAD-luc activity, respectively. Samples were analyzed by n = 12 (48-well plate), 10 

(24-well plate), and 9 (12-well plate) (2 biologic replicates). Error bars = standard error 

of the mean. Statistical analysis was performed using the Kruskal-Wallis test, followed by 

a post hoc Mann-Whitney U test. *P <.05, **P <.01, and ***P<.001. (B) Differences in 

TEAD-luc expression of granulosa cells when grown on plates with different stiffness and 

composition. To evaluate changes in mechanotransduction signaling, 4 different types of 

plates were compared. Polystyrene is the typical well type that is the stiffest with a rigidity 

of 2–4 GPa. Three types of Flexcell plates that were less stiff with a rigidity of 930 KPa 

with 3 different coatings were used: untreated, laminin, and ProNectin. The x-axis indicates 

different well types, and the y-axis shows TEAD-luciferase in RLU fold change. There was 

a significant decrease in TEAD-luc activity between the polystyrene plate and all 3 silicone 

Flexcell plates (P <.0001), meaning that there was greater reporter activity in cells plated 

on a stiffer matrix. There was no significant difference in TEAD-luc expression between 

untreated Flexcell plates and laminin- or ProNectin-coated plates (P =.24 and P =.13, 

respectively). Samples were analyzed with 2 biologic replicates and 3 technical replicates 

each. Error bars = standard error of the mean. Statistical analysis was performed using the 

Kruskal-Wallis test, followed by a post hoc Mann-Whitney U test. *P <.05, *P<.01, and 

***P<.001. RLU = relative luciferase unit; TEAD = Tea domain family; TEAD-luc = TEAD 

luciferase.
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FIGURE 3. 
A-kinase anchoring protein 13 manipulation. (A) No significant changes in TEAD-TEAD-

luc expression with AKAP13 overexpression and AKAP13 mutants and with and without 

FSH treatment. The GEF-AKAP13 mutant, GEF(-), has a single point mutation: tyrosine to 

phenylalanine at position 2153 (Y2153F), which eliminates the GEF activity of AKAP13 

and downstream Rho activity. The protein kinase A regulatory subunit II (RII)-AKAP13 

mutant, RII(-), has 2 point mutations: alanine to proline at position 1251 and isoleucine 

to proline at position 1260 (A1251P/I1260P). This mutant disrupts binding of the RII 

regulatory subunit to AKAP13, thus interfering with activation of protein kinase A by 

AKAP13. The x-axis indicates the various vectors transfected into the COV434 cells, 

and the y-axis shows TEAD-luc in RLU fold change. White bars are cells treated with 

0.9% NaCl, and black bars are cells treated with 1 IU of FSH (GONAL-f; Merck Serono, 

Darmstadt, Germany). No significant differences were found for the overall 2-way ANOVA 

or for each of the paired transfection comparisons between NaCl and FSH treatment. 

The results showing that there was no effect after treating with FSH support the idea 

that TEAD in the Hippo pathway is part of the gonadotropin-independent portion of 

folliculogenesis. There were also no differences between empty vector HMax-AKAP13 

(HMax), AKAP13 overexpression, and GEF(-) or RII(-) mutant transfected cells treated 

with NaCl, which may indicate that the endogenous AKAP13 is already at its maximum 

use. Samples were analyzed with 3 biologic replicates and 3 technical replicates each. Error 

bars = standard error of the mean. Statistical analysis was performed using a permutation 

2-way ANOVA followed by a post hoc quantile 1-way ANOVA to compare each pair 

of experimental groups. Data are presented with false discovery rate-adjusted P values. 

*P<.05, **P<.01, and ***P<.001. (B) The effect of A13 and A02 on TEAD-luc with 

AKAP13 overexpression plus either NaCl or FSH treatment. The x-axis indicates the vector 

transfected (HMax or AKAP13 overexpression) or treatment with the AKAP13 inhibitor 

(A13) or AKAP13 activator (A02) in COV434 cells. The y-axis shows TEAD-luc in RLU 

fold change. White bars are cells treated with 0.9% NaCl, and black bars are cells treated 

with 1 IU of FSH (GONAL-f; Merck Serono). Addition of AKAP13 did not augment 

TEAD-luc reporter activity, possibly due to high levels of endogenous AKAP13 in COV434 

cells. Treatment with A13 reduced TEAD-luc activity by 68% (P <.0001), and treatment 

with A02 increased TEAD-luc activity by 73% (P <.0001). Samples were analyzed with 

3 biologic replicates and 3 technical replicates each. Error bars = standard error of the 
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mean. Statistical analysis was performed using a permutation 2-way ANOVA followed by 

a post hoc quantile 1-way ANOVA to compare each pair of experimental groups where 

the permutation 2-way ANOVA results were statistically significant. Data are presented 

with false discovery rate-adjusted P values. *P<.05, **P<.01, and ***P<.001. . AKAP13 

= A-kinase anchoring protein 13; ECM = extracellular matrix; FSH = follicle-stimulating 

hormone; GEF = guanine nucleotide exchange factor; GTP = guanosine-5′-triphosphate; 

RLU = relative luciferase unit; TEAD = Tea domain family; TEAD-luc = TEAD luciferase.
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FIGURE 4. 
Effect of A13 on Hippo signaling cascades in COV434 immortalized human granulosa 

cells. The x-axis is the cell condition of NT (control) or treated with the AKAP13 inhibitor 

(A13), and the y-axis is the mRNA relative unit fold change. Cells were treated with 

A13 at 10 or 20 μM for 24 hours. The mRNA and protein levels of several molecules of 

Hippo signaling by quantitative real-time polymerase chain reaction and Western blot were 

analyzed. (A) While the mRNA levels of CTGF YAP-responsive gene were unchanged, 

(B) CTGF protein levels were greatly reduced by A13 treatment. (C and D) BIRC5 and 

ANKRD1 are YAP-responsive genes that were also reduced by A13 treatment. The levels 

of (E) YAP1 (a transcriptional effector of Hippo signaling) mRNA and (F) protein were 

unchanged after A13 treatment at 10 μM compared with untreated control. The (G) mRNA 

and (H) protein levels of TEAD1 (a binding partner of YAP) were increased after A13 

treatment at 10 μM, but (I) the protein levels of TEAD1 appear to be decreased by A13 

at 20 μM. The mRNA and protein samples of CTGF, YAP1, and TEAD1 were analyzed 

with 2 biologic replicates and 3 technical replicates each; those of BIRC5 and ANKRD1 
were analyzed with 1 biologic replicate and 3 technical replicates. Error bars = standard 

error of the mean. For quantitative real-time polymerase chain reaction, a 1-way quantile 

ANOVA was used for analyses. *P <.05, **P<.01, and ***P<.001. AKAP13 = A-kinase 

anchoring protein 13; ANKRD1 = ankyrin repeat domain 1;BIRC= baculoviral inhibitors of 

apoptosis repeat containing; CTGF= connective tissue growth factor; ECM = extracellular 

matrix; mRNA = messenger ribonucleic acid; NT= not treated; TEAD = Tea domain family; 

TEAD-luc = TEAD luciferase; YAP = yes-associated protein.
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