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ABSTRACT 

Paxillin is a ubiquitously expressed adaptor protein integral to focal adhesions, cell motility, and apoptosis. Paxillin has also recently 
been implicated as a mediator of nongenomic androgen receptor (AR) signaling in prostate cancer and other cells. We sought to investi
gate the relationship between paxillin and AR in granulosa cells (GCs), where androgen actions, apoptosis, and focal adhesions are of 
known importance, but where the role of paxillin is understudied. We recently showed that paxillin knockout in mouse GCs increases 
fertility in older mice. Here, we demonstrate that paxillin knockdown in human granulosa-derived KGN cells, as well as knockout in 
mouse primary GCs, results in reduced AR protein but not reduced mRNA expression. Further, we find that both AR protein and mRNA 
half-lives are reduced by approximately one-third in the absence of paxillin, but that cells adapt to chronic loss of paxillin by upregulat
ing AR gene expression. Using co-immunofluorescence and proximity ligation assays, we show that paxillin and AR co-localize at the 
plasma membrane in GCs in a focal adhesion kinase-dependent way, and that disruption of focal adhesions leads to reduced AR pro
tein level. Our findings suggest that paxillin recruits AR to the GC membrane, where it may be sequestered from proteasomal degrada
tion and poised for nongenomic signaling, as reported in other tissues. To investigate the physiological significance of this in disorders 
of androgen excess, we tested the effect of GC-specific paxillin knockout in a mouse model of polycystic ovary syndrome (PCOS) in
duced by chronic postnatal dihydrotestosterone (DHT) exposure. While none of the control mice had estrous cycles, 33% of paxillin 
knockout mice were cycling, indicating that paxillin deletion may offer partial protection from the negative effects of androgen excess 
by reducing AR expression. Paxillin-knockout GCs from mice with DHT-induced PCOS also produced more estradiol than GCs from lit
termate controls. Thus, paxillin may be a novel target in the management of androgen-related disorders in women, such as PCOS.

Keywords: paxillin / androgen receptor / ovary / granulosa / focal adhesion / polycystic ovary syndrome / PCOS 

Introduction
Although traditionally regarded as male hormones, androgens 
play a crucial role in female reproduction. Excessive androgen 
production is a hallmark of polycystic ovary syndrome (PCOS) 
(Azziz et al., 2016), which is the leading cause of female infertil
ity (Dennett and Simon, 2015). In addition, PCOS can cause a 
wide range of symptoms that can range from unpleasant to de
bilitating, including acne, hair loss, dysmenorrhea, weight 
gain, insulin resistance, and mental health and mood disorders 
such as anxiety and depression (Balen et al., 1995; Dennett and 
Simon, 2015; Hoeger et al., 2021). Furthermore, patients with 
PCOS are at higher risk for endometrial cancer, Type 2 diabetes 
mellitus, and major cardiovascular events (Berni et al., 2021). 
On the other hand, androgen deficiency in mouse androgen re
ceptor (AR) knockout models causes reduced fertility and pre
mature ovarian insufficiency, or diminished ovarian reserve 
(DOR) (Hu et al., 2004; Sen and Hammes, 2010). The observation 
that both PCOS and DOR result in impaired fertility highlights 
the importance of androgen balance in order to maintain fe
male reproductive functionality (Astapova et al., 2019). Thus, 
studying androgens in the context of female reproductive 
health is important.

Granulosa cells (GCs) are the main androgen-responsive ovar

ian cell type. GCs are stimulated by FSH to metabolize androgens, 
produced by neighboring theca cells, into estrogens. Androgen 

deficiency in genetic females causes subfertility (Gleicher et al., 
2013; Shohat-Tal et al., 2015). Transgenic mice with cell-specific 

knockout of AR in theca cells (Ma et al., 2017) and in oocytes 
(Sen and Hammes, 2010) exhibit normal fertility, while both 

global as well as GC-specific AR knockouts result in impaired fer

tility as a result of DOR (Hu et al., 2004; Sen and Hammes, 2010; 
Walters et al., 2012). It is clear that androgen actions in GCs are of 

major importance for female fertility; however, the mechanisms 
of androgen actions and the regulation of AR in GCs are not 

yet known.
Most of our current knowledge of AR comes from prostate 

cancer studies. In prostate cancer cells, AR action has been found 
to be regulated by paxillin (Sen et al., 2010). Paxillin (PXN) is an 

adaptor protein that is involved in the formation of focal adhe
sion complexes in many cell types. Paxillin binds with cytoskele

tal and focal adhesion proteins, such as vinculin, tubulin, and 
focal adhesion kinase (FAK), and has been found to play an im

portant role in cell motility and cancer cell migration and inva
sion (Brown et al., 1996; Alpha et al., 2020). In addition to its role in 
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focal adhesions, more recent studies have implicated paxillin in 
steroid signaling. In prostate cancer cells, paxillin regulates both 
nuclear and extranuclear androgen actions, serving as a liaison 
between the two modes of AR signaling (Ma and Hammes, 2018). 
Specifically, paxillin mediates rapid AR signaling through the epi
dermal growth factor receptor (EGFR)–mitogen-activated protein 
kinase (MAPK) pathway, promotes AR nuclear import, and co- 
regulates androgen-responsive gene networks in prostate cancer, 
potentiating androgen effects on cell metabolism and prolifera
tion (Kasai et al., 2003; Sen et al., 2010). As in prostate cancer cells, 
androgen signaling is crucial to GC processes, but it is unknown 
whether paxillin plays a similar role regulating AR actions 
in GCs.

Few studies have focused on the role of paxillin in female re
production. In Xenopus laevis oocytes, paxillin is an important reg
ulator of steroid-mediated development, where paxillin 
phosphorylation is required for expression of a key protein in oo
cyte maturation, namely MOS, and MAPK1 (ERK2) activation and 
oocyte maturation (Miedlich et al., 2017). In mouse GCs, paxillin 
was found to be required for androgen-stimulated FSH receptor 
protein translation, likely owing to paxillin’s role in modulating 
the MAPK pathway (Sen et al., 2014). This suggests that paxillin 
may module ovarian function. To explore this, we recently cre
ated a GC-specific paxillin knockout mouse model and found 
that paxillin loss in GCs reduces cell death and increases female 
fertility in advanced reproductive age (Vann et al., 2023). 
Previously, we showed that genomic AR actions in GCs may be 
minimal, and that AR localization is a major determinant of its 
stability, as its half-life increases dramatically when AR is not 
available for proteasomal degradation in the cytoplasm 
(Astapova et al., 2021). Here, we elucidate the interaction between 
paxillin and AR in GCs and show that paxillin recruits AR to the 
cell membrane, near focal adhesions, thereby protecting it from 
degradation and promoting its nongenomic activity. Further, we 
show that this interaction may be relevant in female reproduc
tion by enhancing ovarian sensitivity to excess androgen expo
sure in a mouse model of PCOS.

Materials and methods
Animals
Mice were maintained in an experimental animal facility accord
ing to the protocol for the Care and Use of Laboratory Animals, 
approved by the University Committee on Animal Resources at 
the University of Rochester. Mice were group-housed when possi
ble, except during estrous cycling studies during which mice 
were single-housed, on a 12-h light–dark cycle with lights on at 
6:00 AM and ambient temperature of 23 ± 1�C. Standard chow 
(LabDiet PicoLab® Rodent Diet 20, Marlborough, MA, USA), steril
ized by the manufacturer via irradiation, and ultra-filtered (0.1 
micron) municipal water were provided ad libitum.

Generation of GC-specific paxillin knockout mice
GC-specific paxillin knockout mice were generated as previously 
published using the Cre-lox system (Vann et al., 2023). Briefly, 
paxillin-floxed mice (Pxnfl/fl) were crossed with mice expressing 
Cre recombinase driven by the anti-M€ullerian hormone receptor 
2 (Amhr2) promoter (Amhr2Cre/þ ). Offspring positive for Amhr2- 
Cre and two paxillin-floxed alleles (Amhr2Cre/þ ; Pxnfl/fl) were 
considered GC-specific paxillin knockouts, while offspring nega
tive for Amhr2-Cre and positive for two paxillin-floxed alleles 
(Amhr2þ /þ ; Pxnfl/fl) were designated as littermate controls. We 
recently characterized the reproductive effects of this knockout 
model (Vann et al., 2023). Here, we studied the effects of paxillin 

on AR expression in GCs using an independent cohort of these 
transgenic mice.

Cell culture
KGN cells were obtained from RIKEN (Wak�o, Saitama, Japan; 
RRID: CVCL0375) and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (Invitrogen catalog #11330-057, Waltham, 
MA, USA) supplemented with 10% fetal bovine serum (FBS) at 
37�C and 5% CO2. Cells were passaged every 5–6 days, and pas
sage number <20 was used for experiments until 
clonal selection.

To culture primary GCs, ovaries from 24- to 26-week-old mice 
were dissected in PBS, then transferred to DMEM/F12. Follicles 
were punctured under a dissecting microscope with 31-guage 
needles to extrude GCs into the media, as previously described 
(Tian et al., 2015). Cells were pelleted at 1000g for 5 min at 4�C, 
then resuspended in fresh DMEM/F12 supplemented with 10% 
FBS and cultured at 37�C and 5% CO2 for up to 4 days.

For protein degradation experiments, paxillin knockout KGN 
cells (see ‘Stable paxillin knockout’) or non-targeting control KGN 
cells were treated with 50 μM cycloheximide (Fisher 0970100, 
Waltham MA, USA), diluted in ethanol, for up to 24 h before har
vest. For RNA degradation experiments, cells were treated with 
5 μM actinomycin D (Sigma-Aldrich catalog #A1410, Burlington, 
MA, USA), diluted in DMSO, for up to 24 h before harvest. In some 
experiments, 25 nM dihydrotestosterone (DHT) in ethanol was 
added to the media.

siRNA knockdown
siRNA targeting human PXN (Dharmacon ON-TARGETplus 
SMARTpool L-003023-00-0005, Lafayette, CO, USA) was trans
fected using DharmaFECT3 (3 μL/ml) in Opti-MEM at final 
amounts of 40 pmol/ml. Non-targeting siRNA (Dharmacon D- 
001810-01) was used as a non-targeting control in all experi
ments. Serum-containing media were added after 24 h. The total 
duration of knockdown was 5 days in all experiments.

Stable paxillin knockout
Paxillin-knockout KGN cells were generated as previously de
scribed (Vann et al., 2023). Briefly, KGN cells were transfected us
ing jetPRIME (Polyplus, Illkirch, France) with an all-in-one non- 
viral vector set containing three single-guide (sg) RNAs targeting 
the human paxillin gene (ABM catalog #382401110591, 
Richmond, BC, Canada) or a non-targeting control vector. Two 
days later, green fluorescent protein (GFP)-positive cells were se
lected using a BioRad S3e flow cytometer and either seeded into a 
96-well at one cell per well to generate single cell-derived clones 
or cultured for 5 additional days prior to experimentation.

Western blot
After treatments as indicated, cells were lysed directly in the cul
ture plates with lysis buffer containing 50 mM Tris base, 150 mM 
NaCl, 5 mM EDTA, 1% Triton X-100, and HaltTM Protease and 
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific catalog 
#1861281, Waltham, MA, USA). Cell lysates were boiled for 5 min 
in sample buffer containing 5% β-mercaptoethanol, then sepa
rated in sodium dodecyl sulfate-polyacrylamide gels (4–15% gra
dient gels, BioRad catalog #4561086, Hercules, CA, USA) and 
transferred onto polyvinylidene fluoride membranes in 20% 
methanol. Blots were blocked for 1 h at room temperature with 
5% milk in Tris-buffered saline Tween, then probed overnight at 
4�C with antibodies for AR (human samples: Cell Signaling 
Technology catalog #5153, 1:1000, Danvers, MA, USA; mouse 
samples: Abcam catalog #ab105225, 1:1000, Boston, MA, USA), 
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paxillin (BD Transduction Laboratories catalog #610051, 1:1000, 
Franklin Lakes, NJ, USA), phospho-paxillin (Cell Signaling 
Technology catalog #2541, 1:1000), FAK (Invitrogen catalog 
#701094, 1:1000), phospho-FAK (Invitrogen catalog #700255, 
1:1000), or GAPDH (Cell Signaling Technology catalog #2118, 
1:4000). Band density was quantified using ImageJ (Schneider 
et al., 2012) and normalized to GAPDH where indicated.

Quantitative PCR
After treatments as indicated, for quantitative PCR (qPCR), total 
RNA was isolated from cultured cells using the E.Z.N.A.® Total 
RNA Kit I (Omega Bio-Tek catalog #R6834, Norcross, GA, USA). 
RNA samples from KGN cells or primary GCs were reverse- 
transcribed and amplified in the same reaction using the qScript 
XLT 1-Step RT-qPCR ToughMix kit (QuantaBio, Beverly, MA, USA) 
and species-specific ROX-containing TaqMan primers (Applied 
Biosystems, Waltham, MA; Hs with capital letters for human and 
Mm with lower case letters for mouse: Mm00448533_m1 [Pxn], 
Mm00442688_m1 [Ar], Hs00171172_m1 [AR], Mm99999915-g1 
[Gapdh], and Hs02786624_g1 [GAPDH]). RNA expression was nor
malized to GAPDH or to untreated (0 h) samples using the 
ΔΔCT method.

Immunofluorescence
Cells were seeded on poly-L-lysine-treated glass coverslips to 
�25% confluency. After indicated treatments, cells were fixed 
with 4% paraformaldehyde, permeabilized with 0.25% Triton 
X-100, and blocked with 2% bovine serum albumin. The samples 
were incubated overnight in a humidity chamber at 4�C with 
mouse anti-PXN antibody (BD Transduction Laboratories catalog 
#610051, 1:100 or 2.5 μg/ml) and rabbit anti-AR antibody (Santa 
Cruz AR N-20, catalog #sc-816, 1:50 or 2 μg/ml, Dallas, TX, USA), 
then for 2 h at room temperature with fluorescein goat anti- 
rabbit IgG (Invitrogen catalog #A-11008, 1:500) and Texas Red 
goat anti-mouse IgG (Invitrogen catalog #T-6390, 1:500). IgG con
trols for the primary antibodies are shown in Supplementary Fig. 
S1. Samples were mounted in Duolink In Situ Mounting Medium 
with DAPI (4', 6-diamidino-2-phenylindole; Sigma-Aldrich catalog 
#DUO82040) or incubated in 1 μM Hoechst 33342 Staining Dye 
Solution (Abcam catalog #ab228551) for 15 min prior 
to mounting.

Proximity ligation assay
Primary mouse GCs or KGN cells were seeded as for immunofluo
rescence (see above) and treated with 5 μM FAK inhibitor PF- 
573228 (Sigma-Aldrich catalog #PZ0117) in DMSO, and 25 nM 
DHT in ethanol, or vehicle. Cells were fixed, permeabilized, and 
probed with primary antibodies as described in the Section 
‘Immunofluorescence’. In KGN cells, the Abcam AR antibody SP- 
107, catalog #ab105225 was used at 1:22 dilution (5 μg/ml). This 
antibody was validated in our laboratory using AR-expressing 
and AR-null prostate cancer cells (Supplementary Fig. S2). For 
DNA methyltransferase (DNMT), the Novus Biologicals catalog 
#NB100-56519 antibody was used at 1:100 dilution (10 μg/ml, 
Centennial, CO, USA), and for cytoplasmic poly (A)-binding pro
tein (PABP), the Abcam catalog #21060 antibody was used at 
1:100 dilution (10 μg/ml). The Duolink® Proximity Ligation Assay 
(Sigma-Aldrich, Duolink® In Situ PLA® Probe Anti-Rabbit MINUS: 
catalog #DUO92005 and Duolink® In Situ PLA® Probe Anti-Mouse 
PLUS: catalog #DUO92001) was then utilized to image proximity 
between the following pairs of proteins using specific antibodies: 
AR and paxillin, AR and DNMT, or paxillin and PABP. In this as
say, secondary antibodies are conjugated to complementary oli
gonucleotides, which generate a fluorescent signal when the two 

primary antibodies are in close proximity, allowing the comple
mentary oligonucleotides to produce a double-stranded product.

PCOS mouse model
PCOS was induced by chronic postnatal DHT exposure as previ
ously described (van Houten et al., 2012). C57BL/6J pups were 
weaned on postnatal Day 18. The following day, female pups 
were placed under general anesthesia (isoflurane/O2), and a 
90-day continuous-release pellet containing either 2.5 mg DHT or 
placebo (Innovative Research of America, Sarasota, FL, USA, cat
alog #NA-161 and #C-111) was inserted s.c. under the dorsal skin. 
Mice were randomly assigned to either the DHT or placebo group 
in a split-litter design, with half of the female pups in each litter 
receiving DHT pellets and the other half receiving placebo, to ac
count for litter-specific effects. The incision was closed using the 
AutoclipTM Wound Closing System (BD, catalog #22-275998), and 
the staple was removed the following week. Immediately follow
ing surgery, mice were injected i.p. with 2 μg/g of body weight 
meloxicam to minimize pain during recovery. After pellet inser
tion, mice were group-housed within treatment groups as DHT- 
treated mice tend to become more aggressive.

Estrous cycling
Estrous cycles were monitored using daily vaginal cytology as 
previously described (Byers et al., 2012) for 2 weeks in 9-week-old 
(45 days post-pellet) and 15-week-old (90 days post-pellet) mice. 
Briefly, vaginal lavage samples were collected by repeatedly 
pipetting a drop of sterile PBS at the vaginal opening, which was 
then placed on a microscope slide and air-dried. Slides were then 
processed using Hema 3 Stat Pack (Fisher catalog #22-122911) 
according to the manufacturer’s instructions and visualized un
der light microscopy. Similar to a previously developed protocol 
(McLean et al., 2012), samples containing predominantly neutro
phils were classified as diestrus, samples where at least one- 
third of the cells were nucleated epithelial cells were classified as 
proestrus, samples with only epithelial cells (both nucleated and 
keratinized) were classified as estrus, and samples containing 
both keratinized epithelial cells and neutrophils were classified 
as metestrus. Mice were single-housed beginning 1 week before 
and continuing throughout estrous cycle monitoring to minimize 
group-housing effects.

Statistical analysis
Data are displayed as mean with SEM of the indicated numbers 
of biological replicates. Data analysis was performed using 
GraphPad Prism (version 10.0.3, GraphPad Software, Boston, MA, 
USA, www.graphpad.com). Unless otherwise noted, data were 
analyzed by the nonparametric Mann–Whitney test. The estrous 
cycling data analysis was performed using the Mantel–Haenszel 
Chi-square test. RNA and protein degradation experiments were 
analyzed using non-linear regression with a one-phase decay 
model, with Y0 constrained to the t¼ 0 value and Plateau con
strained to 0. A P value <0.05 was considered to be statistically 
significant.

Results
Paxillin enhances AR expression in human and 
mouse GCs
To investigate the role of paxillin in GC androgen signaling, we 
first knocked down paxillin using siRNA in human granulosa- 
derived KGN cells. After 5 days, paxillin mRNA and protein con
tent was significantly reduced by the knockdown. This resulted 
in decreased AR protein, but not mRNA expression (Fig. 1A, 

Paxillin and androgen receptor in granulosa cells | 3  

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaae018#supplementary-data
https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaae018#supplementary-data
https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaae018#supplementary-data
http://www.graphpad.com


Supplementary Fig. S3). We also measured AR expression in pri
mary GCs isolated from GC-specific paxillin knockout mice (PXN- 
KO GCs), which were created by crossing Amhr2-Cre expressing 
mice with Pxn-floxed mice as recently reported (Vann et al., 2023). 
Similar to KGN cells, AR protein content was slightly but statisti
cally significantly decreased, but Ar mRNA was not affected in 
PXN-KO GCs (Fig. 1B, Supplementary Fig. S3). This suggests that 
paxillin regulates AR expression in GCs at a post-transcriptional 
level. To assess whether this effect is specific to AR, we also mea
sured the expression of another nuclear receptor, estrogen recep
tor α (ERα) in paxillin-knockdown KGN cells. The protein level of 

ERα, relative to the housekeeping gene GAPDH, was not signifi
cantly altered after paxillin knockdown (Fig. 1C, Supplementary 
Fig. S3).

Paxillin and AR co-localize at the mouse and 
human GC membrane in a focal adhesion- 
dependent manner
Having found that paxillin enhances AR protein content, we next 
sought to determine the mechanism by which paxillin regulates 
AR expression. To determine whether paxillin and AR co-localize 
in GCs, we performed co-immunofluorescence of both proteins 

Figure 1. Paxillin enhances androgen receptor protein content independently of its mRNA expression in KGN cells and in mouse granulosa cells. 
(A) Representative western blot, band densitometry, and qPCR of KGN cells after transfection with siRNA targeting non-specific (NSP) control or 
paxillin (PXN). Data are mean and SEM of five independent experiments. Statistical significance was determined by paired Mann–Whitney test. 
(B) Representative western blot, band densitometry and qPCR in mouse primary GCs from GC-specific paxillin knockout mice (GC-PXN KO or KO), or 
littermate controls (LM CTRL or C), n ¼ 3–11 per group. Cells were cultured for 4 days before analysis. Data are mean and SEM of n ¼ 3–11 mice per 
group. Statistical significance was determined by Mann–Whitney test. (C) ERα protein content in PXN-knockdown KGN cells transfected as in (A) and 
band densitometry of ERα relative to GAPDH. Statistical significance was determined by Mann–Whitney test. For all comparisons, ns: not significant; 
�P > 0.05; ��P < 0.01; ���P < 0.001. AR: androgen receptor, PXN: paxillin, NSP: nonspecific control, LM CTRL: littermate control, GC-PXN KO: granulosa- 
specific paxillin knockout, ERα: estrogen receptor alpha. Uncropped blots are shown in Supplementary Fig. S3.
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in mouse primary GCs. The purity of our GC isolation was con
firmed by enriched FSH receptor expression and low Cyp17 ex
pression compared with theca cells from the same ovaries 
(Supplementary Fig. S4). Surprisingly, we found that mouse AR 
and paxillin co-localize in punctate, membrane-associated struc
tures (Fig. 2A), which have the appearance of focal adhesions. We 
then examined AR in primary GCs from GC-specific paxillin- 
knockout mice. Owing to the long half-life of paxillin (more than 
5 days in our previous studies) and the comparatively short life 
cycle of a follicle, paxillin protein was depleted but not 
completely absent in paxillin-knockout GCs, consistent with our 
prior findings (Vann et al., 2023). Paxillin-knockout GCs did not 
show appreciable AR near the cell membrane, suggesting that 
paxillin recruits AR to the cell membrane. Further, AR expression 
in paxillin-knockout GCs was reduced compared to the littermate 
control GCs (Fig. 2A), validating our western blot findings from  

Fig. 1. Similar to mouse primary GCs, we observed co-localization 
of AR and PXN in human KGN cells (Fig. 2B). To prove that this re
sult is not an artifact of fluorescence cross-over between the red 
and green spectra, we used non-specific isotype control antibod
ies for both AR and PXN, which did not produce fluorescent sig
nals (Supplementary Fig. S1 and Fig. 2B).

To test whether the AR–paxillin co-localization sites may in
deed be focal adhesions, we next disrupted focal adhesions in 
wild-type mouse primary GCs using a FAK inhibitor, PF-573228 
(PF). We performed a proximity ligation assay (PLA) to evaluate 
protein–protein interactions between AR and paxillin (Fig. 3A). In 
this assay, the secondary antibodies used for immunofluores
cence are conjugated to complementary oligonucleotides, which 
bind each other and produce a fluorescent signal only when the 
two primary antibodies are in close proximity. The interaction of 
AR with DNMT1 was included as the negative control. We found 

Figure 2. Androgen receptor and paxillin co-localize at the granulosa cell membrane. (A) Mouse primary GCs were isolated from GC-specific paxillin 
knockout mice (PXN KO) or littermate controls (CTRL) and cultured on coverslips before fixation and co-immunofluorescence with antibodies against 
AR and PXN. AR fluorescence was quantified in 18–23 cells from each sample using Image J and analyzed by Mann–Whitney test. ���P < 0.001. (B) KGN 
cells were grown on coverslips, fixed, and co-immunoprobed with the primary antibodies listed on the left. All samples were then probed with both 
anti-mouse and anti-rabbit secondary antibodies. White arrows indicate membrane-localized AR and PXN in all pictures. DAPI: 4',6-diamidino-2- 
phenylindole, AR: androgen receptor, PXN: paxillin, CTRL: littermate control, PXN KO: granulosa-specific paxillin knockout.
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that PXN and AR significantly interact in GCs, and that PF 
strongly disrupts this interaction (Fig. 3A). As expected, PF inhib
ited FAK phosphorylation and PXN phosphorylation (Fig. 3B, 
Supplementary Fig. S5). Notably, AR protein content also de
creased in PF-treated cells, suggesting that paxillin’s regulation of 
AR may be dependent on focal adhesions. Likewise, although to a 
smaller degree, we observed AR–PXN interaction in KGN cells 
(Fig. 3C), which was present in both untreated (vehicle; VEH) and 
DHT-treated cells, and inhibited by PF. No interaction was detected 
in paxillin-negative control cells, which had undergone clustered 
regularly interspaced short palindromic repeats (CRISPR)-Cas9 
gene editing to delete PXN, confirming antibody specificity.

Human GCs compensate for PXN KO-mediated 
AR deficiency
To evaluate the long-term effects of paxillin loss in GCs, we de
veloped stable paxillin knockout clonal cell lines using the 
CRISPR-Cas9 system with PXN-specific (PXN-KO) or non-targeting 
control (NT CTRL) sgRNA in KGN cells. As previously published, 
PXN-KO KGN cells proliferate normally in culture (Vann et al., 
2023). CRISPR-transfected cells were selected using GFP flow cy
tometry, then AR protein content was measured 7 days after 
transfection. In these polyclonal PXN-KO cells (Fig. 4A, 
Supplementary Fig. S6), there was some persistent PXN expres
sion, and AR protein was less affected than in transient PXN 

Figure 3. Androgen receptor and paxillin interaction requires intact granulosa cell focal adhesions. (A) Proximity ligation assay (PLA) in primary 
mouse GCs treated for 24 h with 5 μM PF-573228 (PF) or DMSO (VEH) and probed with antibodies against AR and PXN or AR and DNMT as negative 
control. Protein proximity signal produces red fluorescence, merged with DAPI indicating cell nuclei. Right: red fluorescence was quantified in five 
randomly selected cells in each sample using Image J and analyzed with Mann–Whitney tests. Magnification: ×40. ��P < 0.01. (B) Representative 
western blot and band densitometry of primary mouse GCs (n ¼ 3–6 mice per group) treated for 24 h with 5 μM PF-573228 (PF) or DMSO (VEH) and 
analyzed by Mann–Whitney tests. �P < 0.05. (C) PLA assay in KGN cells edited with CRISPR to delete paxillin (PXN KO) or non-targeting control (NT 
CTRL) and treated with vehicle (VEH), 25 nM dihydrotestosterone (DHT) or 5 μM PF-573228 (PF). All samples were probed with PXN and AR antibodies. 
Protein proximity signal produces red fluorescence, merged with DAPI indicating cell nuclei. Scale bar: 10 μm. AR: androgen receptor, PXN: paxillin, 
DNMT: DNA methyltransferase 1, GC: granulosa cells, VEH: vehicle, PF: PF-573228, FAK: focal adhesion kinase, CRISPR: clustered regularly interspaced 
short palindromic repeats, PXN KO: paxillin knockout, NT CTRL: non-targeting control. Uncropped blots are shown in Supplementary Fig. S5.
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knockdown KGN cells (Fig. 1). Only cells treated with DHT, which 
stabilizes AR protein levels (Astapova et al., 2021), showed a sig
nificantly reduced AR expression after PXN knockout (Fig. 4A, 
Supplementary Fig. S6). Similar to our findings in the transient 
knockdown and Cre-mediated GC-specific knockout (Fig. 1), AR 
mRNA expression was unchanged in KGN cells shortly after 
CRISPR-Cas9 deletion of paxillin (Fig. 4A). We then generated 
PXN-null cell lines by clonal expansion of single cells. After sev
eral weeks of clonal selection and multiple passages, AR protein 
content normalized to control levels in paxillin-null KGN clonal 
lines, while AR mRNA increased significantly in VEH-treated cells 
and tended to increase but did not reach statistical significance 
in DHT-treated cells (Fig. 4B, Supplementary Fig. S6). This sug
gests that GCs may compensate for chronic loss of AR protein 
levels by increasing mRNA transcription.

Paxillin prolongs AR protein and mRNA half-lives 
in human GCs
To better understand the mechanisms by which PXN regulates 
AR expression in GCs, we next measured the effect of paxillin on 
the half-lives of AR protein and mRNA. We used cycloheximide 
and actinomycin D to halt protein and mRNA synthesis, respec
tively, and measured AR degradation over 24 h. We found that 
both AR protein and mRNA degrade more quickly in the absence 
of paxillin: AR protein half-life is reduced from 6.7 to 4.5 h 
(Fig. 5A and Supplementary Fig. S7), and AR mRNA half-life is re
duced from 13.1 to 8.5 h (Fig. 5B) in PXN-KO KGN cells compared 
with NT-CTRL KGN cells. We repeated this experiment using a 

different set of clonal cell lines and found similar results 
(Supplementary Fig. S8). Paxillin has been shown to interact with 
polyadenylation binding protein (PABP) in Xenopus levis oocytes to 
increase the mRNA translation of key reproductive genes 
(Miedlich et al., 2017). To further investigate the relationship be
tween PXN and AR mRNA in GCs, we assessed the interaction be
tween PXN and PABP in KGN cells. We used the PLA assay to 
show that PXN and PABP interact significantly in NT-CTRL KGN 
cells, while this interaction is absent in PXN-KO KGN cells, con
firming assay specificity (Fig. 5C). These results suggest that pax
illin prolongs both AR protein and mRNA half-lives, likely 
through different mechanisms, as discussed below.

PXN loss in GCs partially rescues estrous cyclicity 
in a PCOS mouse model
Since paxillin enhances AR expression in GCs, we sought to de
termine whether the GC-PXN KO mouse model’s AR-deficient 
GCs would be protective in androgen excess-related diseases 
such as PCOS. We implanted female C57BL/6J 19-day-old GC-PXN 
KO mice and female Cre–/– littermate controls (LM CTRLs) with s. 
c. pellets containing either 2.5 mg DHT or placebo. This treat
ment was developed by van Houten et al. and extensively charac
terized by that group and others to induce a PCOS-like phenotype 
in mice, including anovulation, cystic follicles, and metabolic 
derangements (van Houten et al., 2012; Caldwell et al., 2014; Xue 
et al., 2018; Rodriguez Paris et al., 2021). To confirm the PCOS-like 
ovarian morphology in this mouse model, we examined several 
ovarian sections from one PXN KO and one LM CTRL mouse 

Figure 4. Androgen receptor expression is rescued after chronic paxillin loss in CRISPR-Cas9-generated paxillin-null KGN clones. (A): KGN cells 
were transfected with paxillin-targeting or non-targeting control sgRNA and CRISPR-Cas9 lentivirus (PXN-CRISPR or NT-CRISPR, respectively). 
Successfully transfected cells were selected using GFP-positive flow cytometry 2 days later, cultured for 5 additional days, then treated with 0.1% 
ethanol (VEH) or 25 nM dihydrotestosterone (DHT) for 24 h before western blotting and qPCR. Band densitometry was analyzed by Mann–Whitney 
tests. (B) Clonal populations were obtained from single CRISPR-edited KGN cells by expansion in culture over a period of several weeks, then treated 
and analyzed the same way as in (A). �P < 0.05, ns: not significant. Pictures drawn in Biorender. CRISPR: clustered regularly interspaced short 
palindromic repeats, PXN: paxillin, NT: non-targeting control, EtOH: ethanol, DHT: dihydrotestosterone, AR: androgen receptor, VEH: vehicle, GFP: 
green fluorescent protein. Uncropped blots are shown in Supplementary Fig. S6.
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treated with DHT and observed no corpora lutea and abundant 
cystic follicles, characterized by thin GC layers and degenerating 
oocytes, in both genotypes (Fig. 6A). We then evaluated estrous 
cyclicity at 76–90 days after pellet insertion. All placebo-treated 
mice demonstrated normal estrous cycles, defined as proestrus 
followed by estrus (Fig. 6B). As we previously published (Vann 
et al., 2023), PXN KO had no effect on cyclicity in placebo-treated 
mice. As expected, all LM CTRL mice treated with DHT were in 
persistent diestrus, demonstrating complete acyclicity. 
Remarkably, two out of six DHT-treated knockout mice exhibited 
at least one estrous cycle (Fig. 6B). This suggests that PXN loss in 
GCs may partially rescue anovulation induced by chronic DHT 
exposure by reducing GC AR expression and consequently reduc
ing GC sensitivity to excess androgens.

Estradiol production is increased in GCs from 
PXN KO mice with DHT-induced PCOS
To determine whether PXN KO affects steroidogenesis in PCOS 
GCs, we measured the expression of aromatase (Cyp19) and es
tradiol production in primary GCs isolated from mice with DHT- 
induced PCOS. GCs from PXN KO and LM CTRL mice exposed to 
chronic DHT treatment as described above were cultured for 
2 days, then stimulated with FSH with or without testosterone 
(T), which is the substrate for aromatase-mediated estradiol pro
duction. After 2 days of treatment, Cyp19 gene expression was 
dramatically induced by T, but was similar in PXN KO and LM 

CTRL GCs (Fig. 7A). However, estradiol production was increased 
in the PXN KO GCs compared with LM CTRL GCs cultured with 
and without T (Fig. 7B). The relative increases in both Cyp19 and 
estradiol production after treatment with T were similar in PXN 
KO and LM CTRL GCs. These findings suggest that PXN KO in 
mouse GCs may be protective from PCOS-related defects in ste
roidogenesis, and this may result in improved estrous cyclicity, 
as above. However, since the response to T was not affected by 
PXN KO, these effects may occur through indirect cellular mech
anisms, rather than directly through reduced AR expression.

Discussion
Although paxillin is primarily known as a focal adhesion protein, 
recent research has begun to reveal its role in modulation of ste
roid signaling. Paxillin has been implicated in androgen signaling 
in several cell types (Sen et al., 2014; Ma et al., 2019), but the ex
tent and mechanism of this interaction is poorly understood. Our 
findings show that paxillin modulates AR expression in GCs. We 
showed for the first time that AR co-localizes with paxillin at the 
plasma membrane, associated with focal adhesions in GCs. We 
also found that paxillin enhances AR protein in GCs and extends 
both AR protein and mRNA half-lives. Additionally, we found 
that a GC-specific PXN knockout in mice may be protective 
against the reproductive consequences of androgen excess, such 
as in PCOS. Therefore, paxillin regulation of AR may have 

Figure 5. Paxillin prolongs androgen receptor mRNA and protein half-lives. (A) CRISPR-Cas9-generated clonal paxillin-knockout (PXN KO) and non- 
targeting control (NT CTRL) KGN cells were treated with 50 μM cycloheximide for indicated times before western blotting. Band densitometry was fitted 
to a one-phase decay with least squares fit, analyzed by ANOVA and protein half-life was calculated by GraphPad Prism. (B) AR mRNA was measured 
by qPCR from cells generated as in (A) and treated with 5 μM actinomycin D for up to 24 h, then analyzed the same way as in (A) to determine the 
mRNA half-life. (C) PLA assay of PABP and PXN and DAPI staining in PXN KO and NT CTRL samples. Red fluorescent signal represents PABP and PXN 
proximity. Magnification: ×40. NT CTRL: non-targeting control, PXN KO: paxillin knockout, AR: androgen receptor, CRISPR: clustered regularly 
interspaced short palindromic repeats, PABP: poly-A binding protein, PLA: proximity ligation assay, DAPI: DAPI: 4',6-diamidino-2-phenylindole. 
Uncropped blots are shown in Supplementary Fig. S7.
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physiological relevance, and paxillin may be a potential target in 
developing novel PCOS therapies.

We found that acute paxillin loss, shown using siRNA trans
fection and early CRISPR-modified KGN cells, decreases AR pro
tein content. This effect may be specific to AR: the expression of 
ERα was not reduced after paxillin knockdown in KGN cells. AR 
protein was also decreased in GCs from GC-PXN KO mice, where 

we have previously shown that paxillin is depleted late in the life 
cycle of a follicle (Vann et al., 2023). Our previous study also 
showed that PXN knockout does not affect GC viability or prolif
eration and does not increase apoptosis (Vann et al., 2023). In 
wild-type mouse GCs, AR protein was reduced after inhibition of 
FAK, which also disrupted AR–paxillin co-localization in focal 
adhesions. Notably, AR mRNA levels were unaffected by paxillin 

Figure 6. Reproductive effects of granulosa cell-specific paxillin knockout in a mouse PCOS model. GC-specific paxillin knockout mice (PXN-KO) and 
littermate controls (WT) were injected with s.c. pellets containing placebo or 2.5 mg DHT on postnatal Day 19. (A) Representative ovary sections 
stained with hematoxylin and eosin from adult PXN-KO and WT mice treated with DHT as above. High-magnification insets show cystic follicles 
characterized by thin GC layers (labeled GC) and degenerating oocytes (labeled O). No corpora lutea were observed in any of the ovary sections. (B) 
Estrous stage was determined daily at 76–90 days after pellet insertion via visual cytology assessment of vaginal lavage. Left, representative estrous 
cycles. P: proestrus; E: estrus; M/D: metestrus or diestrus. Right, number of mice that experienced at least one estrous cycle (‘Cycling’, defined as 
proestrus followed immediately by estrus) during the 14-day cycling study. Data were analyzed by Fisher’s exact test (C versus KO and placebo versus 
DHT) and by Mantel–Haenszel Chi-square test (interaction of pellet treatment and genotype). ns: not significant; ����P < 0.0001. LM CTRL: littermate 
control, PXN KO: paxillin knockout, GC: granulosa cells, O: oocyte, WT: wild-type, P: proestrus, E: estrus, M/D: metestrus/diestrus, C: control, KO: 
knockout, DHT: dihydrotestosterone.
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loss in all of the above experimental models. Taken together, 
these data show that paxillin enhances AR expression at the pro
tein level. We hypothesize that part of this effect may be caused 
by protection of AR from proteasomal degradation by sequester
ing it near focal adhesions.

Our studies suggest that paxillin may regulate AR through 
multiple mechanisms. In addition to AR protein, paxillin also 
extends AR mRNA half-life in our experiments. The mechanism 
by which this occurs may involve enhanced stabilization of the 
mRNA molecule through the interaction of paxillin and PABP. 
This mechanism was reported in In X. laevis oocytes, where paxil
lin was found to elongate the poly-A tail and enhance translation 
of Mos mRNA, a key gene in oocyte maturation, through interac
tion with PABP (Miedlich et al., 2017). Accordingly, we confirmed 
co-localization of these two proteins through the PLA assay in 
primary mouse GCs, pointing toward polyadenylation as a poten
tial mechanism by which paxillin enhances AR mRNA stability.

Despite the role of paxillin in AR mRNA stability, cells with 
paxillin loss through knockdown or knockout maintain normal 
expression of AR mRNA, suggesting that mRNA synthesis is in
creased to compensate for its accelerated degradation. In fact, in 
our clonal selection and propagation of paxillin-null KGN cell 
lines, we observed that chronic and complete loss of paxillin 
resulted in increased AR mRNA levels relative to non-targeted 

controls, whereas AR protein was normalized to control levels. 
These results suggest that a compensation mechanism exists to 
ensure a certain level of AR expression in these cancer-derived 
cells. AR-dependent proliferation has been demonstrated in sev
eral cancer cell models, including castration-sensitive prostate 
cancer (Culig et al., 1994; Migliaccio et al., 2006; Sen et al., 2010, 
2011) and, notably, ER-negative breast cancer, where AR is upre
gulated and may be a treatment target (Barton et al., 2015; He 
et al., 2017; Christenson et al., 2021). KGN cells may therefore 
demonstrate a compensatory activation of AR gene transcription, 
which drives their survival in the face of chronic paxillin loss.

While steroid hormone receptors are classically known to be 
nuclear receptors that exert their actions by regulating gene 
transcription, growing evidence over the past two decades points 
to the presence of these receptors at or near the cell membrane, 
where they exert rapid signaling which can act in concert with 
their nuclear actions (Mauvais-Jarvis et al., 2021). There has been 
increasing focus on non-classical AR actions caused by AR acti
vation at the cell membrane (Evaul et al., 2007; Lange et al., 2007; 
Hammes and Levin, 2011), where it can promote growth factor 
signaling. AR is reported to associate with membrane-bound pro
teins, such as caveolin-1 in prostate cancer and Sertoli cells (Lu 
et al., 2001; Deng et al., 2017), two cell types in which membrane- 
associated androgen signaling is crucial to cellular function 

Figure 7. Granulosa cell-specific paxillin knockout increases estradiol production in mice with dihydrotestosterone-induced PCOS. (A): Cyp19 gene 
expression was measured by qPCR in primary GCs from littermate control (CTRL) and GC paxillin knockout (PXN KO) mice cultured for 4 days and 
treated as indicated (FSH: 100 ng/ml, Testosterone: 100nM) during the last 2 days of culture. (B) Estradiol concentration was measured in the culture 
media collected from cells described in (A). All comparisons were analyzed by Mann–Whitney test; ns: not significant; �P < 0.05; ��P < 0.01. Rpl19: 
ribosomal protein L19, CTRL: control, PXN KO: paxillin knockout.
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(Cheng et al., 2007). There have also been increasing reports of 
membrane-bound AR variants. These variants are typically 
encoded by distinct genes and are very different in structure 
from the nuclear (classical) AR, with many lacking N-terminal or 
DNA-binding domains and some categorized as ion channels or 
G-protein coupled receptors (Yang et al., 2011; Garza-Contreras 
et al., 2017; Mauvais-Jarvis et al., 2021). These variants are not 
expected to be recognized by the AR antibodies used in our stud
ies. AR and its variants have been reported to be present and 
have biological activity in lipid rafts in the cell membrane (Garza- 
Contreras et al., 2017; Grolez et al., 2019; Aflatounian et al., 2020). 
Membrane-associated AR and possibly some AR variants are re
sponsible for rapid, non-transcriptional steroid hormone signal
ing, and this signaling has been shown to have differential yet 
critical roles in androgen action and cellular function, particu
larly in the context of prostate cancer (Sen et al., 2012; Li et al., 
2018), where paxillin mediates these important non-classical 
actions of AR (Sen et al., 2010). We previously showed that AR has 
minimal genomic activity in GCs (Astapova et al., 2021), suggest
ing that a major part of its effect in GCs, similar to prostate can
cer cells, may be nongenomic. This is the first report of AR 
interacting with membrane structures that appear and function 
as focal adhesions based on our previous studies of paxillin co-lo
calization with the focal adhesion marker vinculin (Vann et al., 
2023), and the first study to identify membrane-associated AR in 
GCs. Of note, while focal adhesions are traditionally known as 
cell–cell contacts, we only observed these structures in cell–cov
erslip contacts. In our samples, we are unable to visualize cell– 
cell focal adhesions either with paxillin or AR immunofluores
cence. We presume these cell–coverslip contact structures to be 
focal adhesions based on previous literature showing similar 
appearing paxillin-containing structures in cultured cells that 
are not in direct contact with each other (Cao et al., 2016; Yang 
et al., 2016; Legerstee and Houtsmuller, 2021). Furthermore, AR 
localization near the cell membrane is ablated with either the 
loss of paxillin or the inhibition of FAK, suggesting that paxillin 
plays a key role in this interaction, similar to the role of caveolin- 
1 in Sertoli and prostate cancer cells. Future studies are needed 
to determine whether this paradigm contributes to nongenomic 
androgen signaling in GCs.

We found PXN knockout in GCs to reduce AR expression; 
therefore, we sought to determine whether this downregulation 
of AR would be protective in androgen excess disorders. We re
cently reported that GC-specific PXN knockout increases fecun
dity in female mice (Vann et al., 2023). Here, we found that after 
chronic prepubertal DHT exposure, 33% of GC-specific PXN KO 
mice exhibited at least one estrous cycle, in comparison to wild- 
type DHT-treated mice, which in our experience and in other 
reports (van Houten et al., 2012; Aflatounian et al., 2020; Cox et al., 
2020; Rodriguez Paris et al., 2021) are completely acyclic. This is 
especially striking because chronic postnatal exposure to DHT, a 
potent and non-aromatizable androgen, is a more extreme model 
of PCOS relative to other models such as prenatal androgeniza
tion or exposure to weaker androgens, such as dehydroepian
drosterone (Caldwell et al., 2014). Therefore, we speculate that 
this protective effect may be even more pronounced in other 
models of PCOS. We postulate that a decreased expression of ARs 
in androgen-sensitive reproductive tissues, such as the GC, pro
vides resistance to the reproductive consequences of androgen 
excess; in this case, acyclicity. On the other hand, although estra
diol production was higher both under basal and T-stimulated 
conditions, T treatment did not result in a higher relative induc
tion of Cyp19 or higher relative increase in estradiol production 

in PXN-knockout GCs. This suggests that the effects of PXN 
knockout on estradiol production may not be through direct 
effects on AR stimulation by T, but rather through other, indirect 
pathways affecting estradiol production.

In summary, paxillin loss in our studies is beneficial against 
the negative effects of both aging (Vann et al., 2023) and androgen 
excess on female fertility. This protection may be linked to re
duced GC oxidative stress (Gozin et al., 1998; Mahdi et al., 2000), 
which involves paxillin activation downstream of nuclear factor- 
κB signaling (Zhang et al., 2015) and is associated with PCOS in 
humans (Gonz�alez, 2012). The interaction between paxillin and 
AR near GC focal adhesions may represent an important target 
for modulating folliculogenesis in fertility treatments.
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