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through dual YAP-RhoA and PPARY activation
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HIGHLIGHTS

« ARHGEF3 regulates adipogenesis
through RhoA-YAP signaling for
hypertrophy while promoting
differentiation via PPARYy activation.

« ARHGEF3 deletion reduces fat
accumulation by decreasing RhoA,
impairing cytoskeletal reorganization
and limiting adipocyte expansion.

« ARHGEF3 enables YAP nuclear
transport to bind TEAD motifs on
RhoA promoter, creating a feedback
loop for cytoskeletal remodeling.

o ARHGEF3 and PPARY form a
regulatory circuit: ARHGEF3
enhances PPARY activity while PPARy
upregulates ARHGEF3, boosting
adipogenesis.
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ABSTRACT

Introduction: Obesity presents a significant global health burden, necessitating insights into the molecu-
lar drivers of adipogenesis and adipose tissue regulation.

Objectives: This study investigates the role of Rho guanine nucleotide exchange factor 3 (ARHGEF3) in
adipocyte differentiation and hypertrophy, focusing on its influence on adipogenesis and body weight
regulation under high-fat diet conditions.

Methods: ARHGEF3~/~ mice and littermate controls were subjected to a high-fat diet (HFD) and under-
went comprehensive metabolic phenotyping. In vitro studies in C3H10T1/2 cells were conducted to
assess ARHGEF3’s role in adipogenesis, utilizing quantitative PCR, western blotting, chromatin
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immunoprecipitation (ChIP), immunoprecipitation (IP), immunostaining, and luciferase reporter assays.
Results: ARHGEF3 expression increased in white adipose tissue (WAT) of HFD-fed mice and during adi-
pogenic differentiation in C3H10T1/2 cells. ARHGEF3-deficient mice exhibited reduced weight gain and
adipocyte size, correlating with decreased RhoA expression and altered cytoskeletal dynamics.

Additionally, ARHGEF3 facilitated yes-associated protein (YAP) nuclear translocation and its direct bind-
ing to the RhoA promoter, an effect reliant on ARHGEF3. ARHGEF3 also enhanced the transcriptional
activity of peroxisome proliferator-activated receptor gamma (PPARY), establishing a reciprocal activa-
tion loop to drive adipocyte differentiation and hypertrophy.
Conclusion: ARHGEF3 emerges as a pivotal regulator of adipocyte dynamics by coordinating YAP-RhoA
signaling and enhancing PPARY activity. These findings offer novel therapeutic insights for addressing
obesity and related metabolic disorders.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Adipose tissue, once considered merely a site for energy storage,
is now recognized as an endocrine organ crucial for maintaining
metabolic homeostasis and overall health. To understand the ori-
gins of obesity and associated metabolic disorders, it is essential
to investigate the complex processes governing adipogenesis, lipid
metabolism, and systemic inflammation.

Rho guanine nucleotide exchange factor 3 (ARHGEF3), also

known as XPLN (exchange factor found in platelets, leukemic, and
neuronal tissues), plays a central role in facilitating the conversion
of guanosine diphosphate (GDP) to guanosine triphosphate (GTP),
specifically in Ras homolog family members A (RhoA) and B [1].
As a distinct member of the Dbl family, comprising over 70 Rho gua-
nine nucleotide exchange factors (RhoGEFs), ARHGEF3 is composed
of 526 amino acids and features a characteristic tandem arrange-
ment of a Dbl homology (DH) domain at its N-terminus and a pleck-
strin homology (PH) domain at its C-terminus [1]. In RhoGEFs, the
DH domain typically binds Rho GTPases and functions as the cat-
alytic domain [2], though in ARHGEF3, this domain is specifically
tailored for interactions with RhoA and RhoB. The PH domain, pri-
marily responsible for subcellular localization, is adapted for inter-
acting with phosphoinositides such as PI(4,5)P2 [3]. Notably, the
combined presence of both the DH and PH domains enhances its
affinity for PI(3,5)P2, underscoring ARHGEF3’s specificity in phos-
phoinositide binding and functional versatility [4].

Additionally, the C-terminus of ARHGEF3 seems to exert regula-
tory control by restricting lipid binding, a function that may be
modulated by the N-terminal domain. Beyond its GEF activity,
ARHGEF3 independently influences the mammalian target of rapa-
mycin complex 2 (mTORC2)-Akt signaling pathway [5]. Notably,
ARHGEF3 deficiency accelerates muscle regeneration after injury
and improves strength recovery, a process mediated by ARH-
GEF3’s GEF activity and autophagy, independent of Akt signaling
[6]. Recent findings emphasize the significance of the ARHGEF3-
Rho-associated protein kinase (ROCK)-autophagy pathway in
addressing muscle weakness associated with Duchenne muscular
dystrophy [7], underscoring its role in muscle physiology. More-
over, ARHGEF3 has emerged as a novel regulator of ATP-citrate
lyase, an enzyme critical in converting citrate into acetyl-CoA
and oxaloacetic acid in non-small cell lung cancer, thus promoting
tumor growth by stabilizing ATP-citrate lyase through decreased
acetylation and ubiquitination [8].

In adipose tissue development, GEFs and mTORC2 play integral
roles, both regulated by ARHGEF3. The RhoA effector ROCK is a key
regulator of the actin cytoskeleton dynamics [9], with inhibition of
the RhoA/ROCK pathway enhancing early adipocyte progenitor
recruitment and promoting preadipocyte differentiation into
mature adipocytes [10]. Conversely, heightened RhoA/ROCK activ-
ity in adipose tissue leads to excessive F-actin assembly and
altered actin-regulating protein expression, triggering adipocyte
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stretching due to lipid accumulation and perpetuating a cycle of
hypertrophy and compromised function [11]. Furthermore,
reduced mTORC2 activity in adipocytes is associated with insulin
resistance, largely due to diminished Akt signaling [12] and
reduced lipid synthesis, which partly results from decreased carbo-
hydrate response element-binding protein (ChREBP) B expression,
a key transcription factor in lipid regulation [13]. As a dual regula-
tor of RhoA and mTORC2, ARHGEF3 is likely to have an uncharted
role in adipose tissue.

Given the link between adipogenesis and metabolic disorders
like obesity, uncovering the mechanisms by which ARHGEF3 regu-
lates adipocyte differentiation and hypertrophy may present new
therapeutic targets. In this study, we aimed to investigate the mul-
tifaceted functions of ARHGEF3 in adipocyte biology using ARH-
GEF3 knockout mice. Our results demonstrate that ARHGEF3
facilitates the translocation and activation of yes-associated pro-
tein (YAP) to the nucleus, mediated by the RhoA pathway, which
subsequently regulates RhoA expression. Additionally, we
observed a reciprocal enhancement between ARHGEF3 expression
and peroxisome proliferator-activated receptor gamma (PPARY)
activity, underscoring the pivotal role of ARHGEF3 as a GEF in adi-
pogenesis. These findings reveal the intricate mechanisms by
which ARHGEF3 governs adipose size and differentiation, offering
potential avenues for therapeutic interventions in obesity-related
metabolic disorders.

Materials and methods
Antibodies and other reagents

The primary antibodies and reagents used in this study are
listed in Table S1.

Animals and diet

The mice were housed under controlled and pathogen-free con-
ditions maintained on a 12-h light/dark cycle. They were given
ad libitum access to either a standard chow diet (PicoLab® Rodent
Diet 20, 5053; LabDiet, St. Louis, MO, USA), which consisted of
24.651 % protein, 13.205 % fat, and 62.144 % carbohydrates by calo-
ric content, or a high-fat diet (HFD) containing 20 % protein, 60 %
fat, and 20 % carbohydrates (D12492, Research Diets, New Bruns-
wick, NJ, USA). ARHGEF3 knockout (ARHGEF3~/~) mice were char-
acterized as previously reported [6]. Control mice for these
experiments were littermate controls, homozygous for the wild-
type ARHGEF3 allele.

Study approval

All animal care and treatments were conducted following the
guidelines of the Institutional Animal Care and Use Committee of
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the Center of Animal Care and Use at Lee Gil Ya Cancer and Dia-
betes Institute, Gachon University (approval numbers: LCDI-
2017-0133 and LCDI-2020-0068).

Metabolic phenotyping

Body composition was assessed using the 1H-Minispec system
(LFOOII; Bruker Biospin, Billerica, MA, USA) at baseline and follow-
ing 34 weeks of high-fat diet (HFD) feeding. Hepatic triglyceride
and plasma non-esterified fatty acid levels were quantified utiliz-
ing colorimetric assay kits (279-75401, Wako Pure Chemical Indus-
tries, Osaka, Japan). Plasma triglycerides, total cholesterol, low-
density lipoprotein, high-density lipoprotein, alanine transami-
nase, and aspartate transaminase levels were measured using a
Cobas ¢111 analyzer (Roche, Basel, Switzerland). Glucose tolerance
tests were conducted after a 16-h fast by administering an
intraperitoneal glucose injection (1.5 g/kg body weight), followed
by blood glucose measurements at 0, 15, 30, 60, 120, and 180-
min post-injection using a glucose analyzer (GM9; Analox Instru-
ments Ltd., Stokesley, UK).

Adipose tissue analysis

Perigonadal adipose tissues were fixed in 10 % neutral-buffered
formalin (BBC Biochemical, Mount Vernon, WA, USA), followed by
standard paraffin embedding. Sections were cut at a thickness of
5 um and mounted onto slides. Hematoxylin and eosin (H&E)
staining for histological analysis was performed by the Core Facil-
ity at Gachon University. The stained sections were then digitized
using the PANNORAMIC SCAN II scanner (3D Histech Ltd., Buda-
pest, Hungary). The Panoramic Viewer software captured six ran-
domly selected images under a 10 x objective lens for each
animal. Adipocyte size and number were subsequently quantified
using the Adiposoft plug-in (version 1.15) within Image] software.

Cell culture and adipogenic differentiation

C3H10T1/2 preadipocytes were obtained from ATCC (Manassas,
VA, USA) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 4.5 g/L glucose and 10 % fetal bovine
serum (FBS) (M1) at 37 °C in 5 % CO,. The cells reached confluence
two days after seeding (designated as day 0). Differentiation was
initiated in the M2 medium (DMEM with 10 % FBS, 1.0 M dexam-
ethasone, 0.5 mM IBMX, and 1.5 pg/mL insulin). After 48 h, the
medium was replaced with M3 (DMEM with 10 % FBS and
1.5 pg/mL insulin), which was replenished every two days. Sam-
ples were collected at specific time points for real-time PCR, west-
ern blotting, and Oil Red O staining.

Protein extraction and western blot analysis

Total protein was extracted from inguinal white adipose tissue
(iWAT) (100 mg) using a lysis buffer specifically formulated for
adipose tissue (50 mM Tris-HCI pH 8.0, 0.25 M NaCl, 5 mM EDTA,
1 % Triton X-100). Other tissues (30 mg) were lysed using the T-
PERTM Tissue Protein Extraction Reagent (#78510, Thermo Fisher
Scientificc, Waltham, MA, USA) supplemented with protease
(#04693159001, Roche, Basel, Switzerland) and phosphatase inhi-
bitors (Roche, #04906837001). Tissue samples were homogenized
using steel beads and a TissueLyser II (Qiagen, Hilden, Germany) at
30 Hz for 1-2 min. C3H10T1/2 cells were rinsed with phosphate-
buffered saline (PBS) and lysed using a lysis buffer (#9303, Cell Sig-
naling Technology, Danvers, MA, USA). Lysates were centrifuged at
13,000 x g for 10 min at 4 °C, and the supernatants were collected
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for further analysis. Subsequently, the samples were boiled for
3 min at 100 °C before loading onto SDS-polyacrylamide gels for
electrophoresis. Proteins were transferred to polyvinylidene fluo-
ride membranes (PVDF) (Millipore, Billerica, MA, USA) and blocked
with 5 % (w/v) skim milk in Tris-buffered saline with 1 % Tween-20
for 30 min at room temperature. Primary antibodies were incu-
bated with membranes overnight at 4 °C, followed by horseradish
peroxidase-conjugated secondary antibodies. Detection was car-
ried out using Immobilon western Chemiluminescent HRP Sub-
strate (Millipore), and the signals were captured using an iBright
1500 imaging system (Thermo Fisher Scientific). Band intensities
were quantified using Image] software [14].

Immunoprecipitation

C3H10T1/2 cells were lysed in RIPA buffer (50 mM Tris-HCl, pH
7.4, 150 mM Nadl, 0.5 % sodium deoxycholate, 0.1 % SDS, 1 % NP-
40) supplemented with a protease inhibitor cocktail (P8340,
Sigma-Aldrich, St. Louis, MO, USA). The lysates were incubated at
4 °C with anti-Flag M2 affinity gels (A2220, Sigma-Aldrich) for
1 h for immunoprecipitation. Alternatively, lysates were incubated
overnight with specific antibodies, followed by incubation with
protein G-agarose (16-266, Millipore) for 1 h. After centrifugation
at 10,000 rpm for 1 min, the beads were washed three times with
RIPA buffer and resuspended in 30 pL of 2 x SDS sample buffer.
Protein samples were then boiled for 3 min at 100 °C and subjected
to western blot analysis as described previously.

Cytosolic and nuclear Fractionation

We followed previously established methods to isolate cytosolic
and nuclear fractions [14]. C3H10T1/2 cells were washed three
times with cold PBS and then lysed in 300 pL of cytoplasmic pro-
tein extraction buffer (5 mM KCI, 5 mM HEPES pH 7.9, 0.05 mM
ethylene glycol-bis (B-aminoethyl ether)-N, N, N, N-tetra acetic
acid, 0.05 mM EDTA, and 0.075 % NP-40). The lysates were incu-
bated on ice for 30 min, shaking every 10 min. After centrifugation
at 3,000 x g for 5 min at 4 °C, the cytosolic extract was collected,
and the remaining nuclear pellet was washed three times with
cytoplasmic extraction buffer. The nuclear pellet was then resus-
pended in 100 pL of nuclear extraction buffer (0.25 M EDTA,
0.5 M Tris-HCl pH 7.4, 2.5 M Na(Cl, 5 % sodium deoxycholate, 5 %
SDS, and 5 % Triton X-100), and incubated on ice for 30 min with
shaking every 10 min. Nuclear extracts were collected by centrifu-
gation at 13,000 x g for 30 min at 4 °C. The resulting supernatant
was mixed with an SDS sample buffer, boiled for 3 min at 100 °C,
and then subjected to SDS-PAGE. Proteins were analyzed by west-
ern blotting.

Preparation of F-actin and G-actin fractions

F-actin and G-actin fractions were prepared using the G-Actin/
F-actin In Vivo Assay Kit (BK037; Cytoskeleton, Denver, CO, USA)
following the manufacturer’s protocol. Cells were treated with
LASO1 buffer (1 mL of Lysis and F-actin Stabilization Buffer,
10 pL of ATP stock solution (100 mM), and 10 pL of
100 x protease cocktail inhibitor) to facilitate lysis. The mixture
was gently homogenized by pipetting, incubated at 37 °C for
10 min, and centrifuged at 350 x g for 5 min to pellet unbroken
cells. After discarding cell debris, supernatants were centrifuged
at 100,000 x g at 37 °C for 1 h to separate F-actin (pellet) from sol-
uble G-actin (supernatant). A F-actin depolymerization buffer was
added to the pellet to induce actin depolymerization. As previously
described [14], both pellet and supernatant samples were mixed
with 5 x SDS sample buffer and analyzed by western blotting.
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RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from C3H10T1/2 cells, iWAT (100 mg),
and other tissues (30 mg) using the TRIzol reagent (CC0926-928,
Favorgen Biotech Corp., Ping-Tung, Taiwan). Subsequently, 25 ng/
UL RNA was used to synthesize cDNA employing TOPscript RT Dry-
MIX (dT18 plus), according to the manufacturer’s instructions
(Enzynomics, Daejeon, South Korea). qRT-PCR was conducted using
TOPreal qPCR 2X PreMIX (SYBR Green with high ROX; Enzynomics)
and a CFX384 C1000 thermal cycler (Bio-Rad, Hercules, CA, USA).
Gene expression levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or cyclophilin A (CypA)
expression levels. The primers used are listed in Table S2.

Transduction with shRNA and transfection

Lentiviral shRNA constructs targeting mouse YAP and the tran-
scriptional coactivator with a PDZ-binding domain (TAZ) were
obtained from Sigma-Aldrich;

YAP shRNA#1 (shY#1; TRCN0000238432; GAAGCGCTGAGTTC
CGAAATC),

YAP shRNA#2 (shY#2; TRCN0000095866; CGGTTGAAACAAC
AGGAATTA),

TAZ shRNA (shTAZ; TRCN 0000121047; CCAGGATTCAAGCA
CAGCTAA).

ARHGEF3 shRNA#1 (shA#1; TRCN0000110045, CCAGTTTCAT-
TAGCTCTCATT), ARHGEF3 shRNA #2 (shA#2; TRCN 0000047546,
CGCAAACTAGATCTCTGGAAT), along with a negative control ShRNA
containing a scrambled hairpin sequence, were used as previously
described [5]. These constructs were packaged into lentiviruses
using 293L cells, following established protocols [14]. Transduction
of C3H10T1/2 cells was carried out in a growth media supple-
mented with 8 pg/mL polybrene and 2 pg/mL puromycin for a
selection period of five days. For plasmid transfection, C3H10T1/2
cells were transfected using the Lipofectamine 3000 reagent (Invit-
rogen, Thermo Fisher Scientific) and the 4D-Nucleofector-X kit
(Lonza-V4XP-2012, AAF-1002X, Lonza, Basel, Switzerland) accord-
ing to the manufacturer’s protocol.

Fluorescence imaging

C3H10T1/2 cells were cultured in 8-well chamber plates
(154941; Thermo Fisher Scientific) and fixed with a 3.7 % formalde-
hyde solution. Cells were permeabilized with 0.1 % Triton X-100 for
10 min, followed by blocking with 3 % bovine serum albumin for
30 min. The cells were incubated overnight at 4 °C with an anti-
Flag M2 antibody (F1804, Sigma-Aldrich) in a blocking solution.
The next day, cells were treated with Zenon mouse IgG and Alexa
Fluor 488 (Z25202; Basel, Switzerland) or Alexa Flour 555
(A21424; Invitrogen, Thermo Fisher Scientific). To visualize stress
fibers, cells were incubated with rhodamine-phalloidin
(ab235138; Abcam, Cambridge, UK) at a dilution of 1:2000. Nuclei
were counterstained using Vectashield antifade mounting medium
containing 4,6-diamidino-2-phenylindole (DAPI) (H-1200; Vector
Laboratories, Burlingame, CA, USA). Images were captured using
Zeiss-LSM-700 (Carl Zeiss, Oberkochen, Germany) and Leica Thun-
der imager (Leica Microsystems, Wetzlar, Germany).

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described [14]. Briefly, cells
were treated with 0.75 % formaldehyde for 30 min, then sonicated
at 20 Hz using ChIP lysis buffer (50 mM Tris-HCl pH 7.4, 1 % Igepal
CA-630, 0.25 % sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,
0.1 % SDS, 0.5 mM dithiothreitol, 5 mM sodium butyrate, protease
inhibitor cocktail (P8340, Sigma-Aldrich), phosphatase inhibitor
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cocktail I (P2850, Sigma-Aldrich), and phosphatase inhibitor cock-
tail Il (P5726, Sigma-Aldrich). Nuclei were collected, sonicated, and
then centrifuged at 14,000 x g for 10 min. The supernatant was
incubated overnight with anti-YAP or anti-PPARY antibodies. Pro-
tein A/G-PLUS-agarose beads (SC-2003, Santa Cruz Biotechnology,
Dallas, TX, USA) were added for precipitation. Beads were washed,
and the DNA was eluted with a buffer containing 1 % SDS and
100 mM NaHCOs. Following RNA and protein removal with RNase
and proteinase K, DNA was purified using phenol-chloroform
extraction and analyzed by PCR targeting PPRE and TEAD. The pri-
mers are listed in Table S3.

0Oil Red O staining

Lipid accumulation in C3H10T1/2 cells was evaluated via QOil
Red O (ORO) staining (00625, Sigma-Aldrich). A stock solution of
ORO in isopropanol (3.5 mg/mL) was prepared and filtered. The
working solution was made by diluting the stock solution 2:3 with
distilled water, filtered through a 0.2-um filter. Cells were cultured
on coverslips, washed with PBS, fixed with 3.7 % formaldehyde in
PBS for 10 min at room temperature, and further incubated with
fresh formalin for 1 h. After washing with distilled water and
60 % isopropanol, cells were stained with ORO solution for
30 min at room temperature. Following four-time washes, images
were taken using an Imager Z1 (Zeiss) microscope (Carl Zeiss). To
quantify staining, 100 % isopropanol was used to elute the dye,
and absorbance was measured at 492 nm using a Victor NivoTM
plate reader (PerkinElmer, Waltham, MA, USA).

Cloning

We replaced the YAP sequence from HA-YAP WT (Addgene,
#27007) with pCMV-Flag-YAP5SA mutant (Addgene, #2731) with
Kpnl and Xbal restriction enzymes to construct Flag-YAP WT. For
the promoter analysis of ARHGEF3 and RhoA, we amplified DNA
fragments encoding the RhoA promoter region containing TEAD
binding site (GGAATC) from —80 to —74, as well as the ARHGEF3
promoter region containing the PPRE binding site (AGGTA) from
—157 to —151. Additionally, we generated a construct of the ARH-
GEF3 promoter region with the PPRE site deleted. These DNA frag-
ments were amplified using the Q5 High-fidelity DNA polymerase
kit (M0491, New England BioLabs, Ipswich, MA, USA) and then
inserted into the pGL4.20 luciferase reporter vector (Promega,
Madison, WI, USA) using Kpnl and Xhol restriction enzymes. Liga-
tion was performed using the EZ-Fusion™ HT Cloning Kit
(EZ015TM, Enzynomics). For ARHGEF3 overexpression, we sub-
cloned wild-type ARHGEF3 and its two mutants, W440L and
L269E [5], from previously generated constructs into the pLVX-
puro vector under the control of the CMV promoter region using
Xhol and BamHI restriction enzymes. Ligation was again per-
formed using the EZ-Fusion™ HT Cloning Kit. The EGFP-
ARHGEF3-wild type (WT) and its mutant EGFP-ARHGEF3-K342E/
K348E were described in prior studies [4].

Luciferase reporter assay

C3H10T1/2 cells were co-transfected with a luciferase
promoter-reporter and a vector expressing p-galactosidase along-
side a DNA plasmid, as the figure legend details. Following cell
lysis, the luciferase activity was assessed using the Luciferase
Assay System Kit (E1500, Promega) according to the manufac-
turer’s instructions. Concurrently, B-galactosidase activity was
measured using the pB-galactosidase Enzyme Assay System
(E2000, Promega). Luminescence intensity was recorded with a
Victor Nivo™ multimode microplate reader (PerkinElmer). To
ensure accuracy, luciferase activity was normalized against B-
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galactosidase activity to account for variations in transfection
efficiency.

Statistical analysis

Data are expressed as means =+ standard deviation (SD), with n
indicating the number of independent experiments or individual
mouse phenotypes used. Random allocation was applied to the
experimental groups. Each experiment, whether in vitro or
in vivo, was replicated in at least three independent trials (ranging
from three to six across the figures). In the quantified graphs, indi-
vidual data points are represented as dots. Statistical significance
was evaluated using a two-tailed paired Student’s t-test with
GraphPad Prism version 9.0 (GraphPad Software, La Jolla, CA,
USA) for Microsoft Windows, with a significance threshold set at
p < 0.05.

Results

ARHGEF3 is predominantly expressed in adipose tissue and
upregulated during adipogenesis

To investigate ARHGEF3's role in weight gain, we examined its
expression in the adipose tissue of mice on a high-fat diet (HFD).
ARHGEF3 mRNA levels were significantly elevated in inguinal
white adipose tissue (iWAT) and epididymal white adipose tissue
(eWAT) of HFD-fed mice compared to those on a regular chow diet,
whereas no significant changes were observed in the liver, tibialis
anterior muscle, or gastrocnemius muscle (Fig. 1A). Similarly, Wes-
tern blot analysis confirmed increased ARHGEF3 protein levels in
iWAT and eWAT of HFD-fed mice, while expression in other tissues
remained unchanged (Fig. 1B). Given the well-documented effects
of long-term HFD feeding on hepatic lipid accumulation, we fur-
ther assessed whether ARHGEF3 expression is altered in the liver
under these conditions. We reanalyzed ARHGEF3 mRNA expres-
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sion in the liver of C57Bl/6] mice fed an HFD for 4 or 8 weeks.
Our results showed a mild but not statistically significant upregu-
lation of ARHGEF3, despite a significant increase in body weight,
liver weight, and triglyceride content (Fig. S1). These findings sug-
gest that ARHGEF3 expression remains largely unchanged in the
liver, even in the presence of HFD-induced fatty liver development,
further reinforcing its primary role in adipose tissue. To further
characterize ARHGEF3 expression in adipose tissue, we analyzed
publicly available single-nucleus RNA sequencing (snRNA-seq)
data from human adipose tissue [15], which confirmed ARHGEF3
expression in adipocytes and fibroblast-like adipose progenitors
(FAPs) (Fig. S2). Additionally, we examined ARHGEF3 expression
during adipogenesis in vitro. ARHGEF3 mRNA and protein levels
increased significantly during the 8-day differentiation of
C3H10T1/2 cells into adipocytes, further supporting its involve-
ment in adipogenesis (Fig. 1C and D).

ARHGEF3 deficiency mitigates weight gain and adiposity in mice fed a
high-fat diet

To assess ARHGEF3's function in adipose tissue under HFD, we
utilized ARHGEF3~/~ mice, which carry a 17-base pair deletion in
exon 3, generated via transcription activator-like effector nucle-
ases (TALEN) technology [6]. We confirmed the absence of ARH-
GEF3 mRNA expression in ARHGEF3~/~ mice (Fig. 2A). After
14 weeks on an HFD, ARHGEF3~/~ mice exhibited significantly
reduced body weight compared to ARHGEF3*/* mice, a trend that
persisted throughout the 34-week feeding period (Fig. 2B). Addi-
tionally, ARHGEF3~/~ mice had significantly lower fat mass while
maintaining similar lean mass compared to ARHGEF3*/* mice
(Fig. 2C and Fig. S3A). However, ARHGEF3~/~ mice under regular
chow diet did not show significant differences in body weight,
fat mass, or lean mass compared to ARHGEF3*/* mice (Fig. S3B),
suggesting that ARHGEF3's role in body composition is specific to
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Fig. 1. ARHGEF3 expression is upregulated in adipose tissue under high-fat diet conditions and during adipogenic differentiation. (A) ARHGEF3 mRNA expression was
analyzed in inguinal white adipose tissue (iWAT), epididymal white adipose tissue (eWAT), liver, tibialis anterior (TA), and gastrocnemius (GA) tissues of mice fed an HFD for
15 weeks compared to regular chow diet (RCD)-fed controls (n = 6) using qRT-PCR. (B) Protein levels of ARHGEF3 in iWAT, eWAT, liver, TA, and GA were evaluated by western
blotting (n = 6). (C-D) ARHGEF3 expression during the 8-day differentiation of C3H10T1/2 preadipocytes was assessed by qRT-PCR (C) and western blotting analysis (D)
(n = 3). Band intensities were quantified using Image] software for panels (B) and (D). Data are presented as mean + standard deviation. Statistical significance was
determined by unpaired Student’s t-test, with *p < 0.05 indicating significant differences compared to RCD-fed mice or undifferentiated controls (Day 0).
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Fig. 2. Deficiency of ARHGEF3 reduces weight gain and adiposity in mice fed a high-fat diet (HFD). (A) ARHGEF3 mRNA expression in inguinal white adipose tissue
(iWAT) was analyzed using qRT-PCR in wild-type (WT, ARHGEF3*/*) and ARHGEF3 knockout (KO, ARHGEF37") mice (n = 6) after 34 weeks on an HFD. (B) Weekly
measurements of body weight were recorded for WT and ARHGEF3 KO mice throughout the 34-week HFD feeding period (n = 15). (C) Body composition analysis, including
body weight (BW), whole-body fat mass (fat), and lean mass (lean), was performed in WT and ARHGEF3 KO mice after 34 weeks on an HFD (n = 15). (D) Representative
hematoxylin-eosin (H&E) staining images (left) and mean cell area measurements (right) were obtained from iWAT of WT and ARHGEF3 KO mice after 34 weeks on an HFD.
Scale bar = 100 um. (E) qRT-PCR was used to assess the expression of F4/80 (macrophage marker), adiponectin (adipokine), and MCP-1 (inflammatory marker) in iWAT from
WT and ARHGEF3 KO mice (n = 4). (F) Serum biochemical profiles were compared between WT and ARHGEF3 KO mice (n = 10). TG: triglyceride, TC: total cholesterol, HDL:
high-density lipoprotein, LDL: low-density lipoprotein, ALT: alanine aminotransferase, AST: aspartate aminotransferase, FFA: free fatty acids. (G) Liver triglyceride (TG) levels
were analyzed in WT and ARHGEF3 KO mice after 34 weeks of HFD feeding (n = 9). (H) An intraperitoneal glucose tolerance test (GTT) was performed in mice after 34 weeks
on an HFD, with area under the curve (AUC) calculated (n = 15). Data are presented as mean + standard deviation. Statistical analysis was performed using an unpaired
Student’s t-test with significance set at p < 0.05. Asterisks (*) indicate significant differences compared to WT mice.

>

Fig. 3. ARHGEF3 regulates cytoskeletal reorganization and adipocyte size by modulating RhoA expression through GEF-mediated activity. (A) C3H10T1/2 cells were
differentiated for 4, 8, or 12 days, followed by Oil Red O staining for lipid droplets and phalloidin-rhodamine staining for F-actin visualization. Lipid droplet size and F-actin-
positive areas were quantified using Image]. Scale bar = 100 pm. (B-C) C3H10T1/2 cells differentiated as described in (A) were harvested for qRT-PCR analyses (B) and western
blotting (C). (D) C3H10T1/2 preadipocytes transduced with control and ARHGEF3-targeting shRNAs (shARHGEF3 #1, shA#1; shARHGEF3 #2, shA#2) were selected with
1.5 uM puromycin for 5 days and subsequently differentiated for 8 days, followed by phalloidin-rhodamine staining. Scale bar = 100 pm. (E) F-actin and G-actin fractions
were isolated from undifferentiated or 8-day differentiated C3H10T1/2 cells and analyzed by western blotting. The F-actin/G-actin ratio was calculated as the band intensity
of F-actin normalized to B-actin divided by the band intensity of G-actin normalized to B-actin. (F) F-actin and G-actin fractions were isolated from inguinal white adipose
tissue (iWAT) of high-fat diet (HFD)-fed wild-type (WT, ARHGEF3*/*) and ARHGEF3 knockout (KO, ARHGEF3") mice and analyzed by western blotting (n = 3). (G) Western
blot analysis of iWAT from HFD-fed WT and ARHGEF3 KO mice (n = 6). Schematic illustration was created using BioRender.com. (H) qRT-PCR analysis of ARHGEF3 and RhoA
mRNA levels in iWAT and liver tissues from WT and ARHGEF3 KO mice (n = 8). (I) qRT-PCR analysis of RhoA expression in various tissues from HFD-fed mice after 15 weeks
(n =4-6). (J) C3H10T1/2 preadipocytes transduced with control or ARHGEF3-targeting shRNAs were differentiated for 8 days and analyzed by western blotting (n = 3). (K)
C3H10T1/2 cells were transfected with Myc-tagged wild-type ARHGEF3 (WT) or GEF activity-deficient mutants (W440L, L269E) and differentiated for 8 days, followed by
western blotting. (L) C3H10T1/2 preadipocytes transduced with control and ARHGEF3-targeting shRNAs as described in (D) followed by treatment with 10 pM
lysophosphatidic acid (LPA), a RhoA activator, for 6 h. The cells were stained with phalloidin-rhodamine. Scale bar = 100 um. Protein band intensities were quantified using
Image], with phosphorylated forms normalized to corresponding total protein levels and other proteins normalized to p-actin as loading control. The size measurements of
lipid droplet and adipocyte were obtained by manually tracing cell boundaries, followed by quantification using the 'Measure’ function in Image]. Data are expressed as
mean =+ standard deviation. Statistical significance was determined using an unpaired Student’s t-test, with p < 0.05 considered significant. Asterisks (*) indicate significant
differences (p < 0.05) compared to WT mice, undifferentiated controls (Day 0), or 8-day differentiated controls as appropriate.

450


http://BioRender.com

S.A. Khaliq, S.-Y. Park, S. Maham et al.

high-fat dietary conditions. In HFD-fed mice, further analysis
revealed that iWAT adipocytes in HFD-fed ARHGEF3~/~ mice were
smaller in both average size and cell size distribution compared to
those in ARHGEF3** mice (Fig. 2D). This reduction in adipocyte
size was accompanied by decreased expression of the proinflam-
matory gene F4/80 and elevated levels of adiponectin, an adipokine
inversely associated with adiposity [16],
ARHGEF3~/~ mice (Fig. 2E). However, MCP-1 expression, a chemo-
kine involved in immune cell recruitment, remained unchanged.
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We also examined metabolic parameters in both genotypes.
Plasma lipid levels, along with alanine transaminase (ALT) and
aspartate transaminase (AST) levels—markers of liver function
[17] —were not significantly different between ARHGEF3~/~ and
ARHGEF3*"* mice (Fig. 2F). Similarly, hepatic triglyceride levels
were comparable between the two groups (Fig. 2G), and
ARHGEF3~/~ mice showed no differences in insulin sensitivity com-
pared to wild-type mice, as indicated by glucose tolerance tests

(Fig. 2H).
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ARHGEF3 regulates adipocyte hypertrophy and cytoskeletal
reorganization via RhoA-mediated F-actin dynamics

Adipocyte development and hypertrophy involve cell size and
shape changes that exert mechanical stress on the cytoskeleton,
promoting F-actin reorganization [18,19 20]. During adipogenesis,
cytoplasmic F-actin stress fibers were reduced, as shown by
rhodamine-phalloidin staining, particularly on days 8 and 12 of
differentiation (Fig. 3A). This restructuring coincided with
increased ARHGEF3 mRNA and protein levels (Fig. 3B and C).
Proper cortical F-actin remodeling is essential for lipid droplet
integrity, as disruptions can alter lipid droplet size and number,
ultimately impairing adipocyte function [21-23]. Consistent with
ARHGEF3’s role in cytoskeletal organization, ARHGEF3-
knockdown C3H10T1/2 adipocytes displayed a condensed
cytoskeleton and reduced cell size compared to controls
(Fig. 3D). This was accompanied by a reduction in F-actin [ G-
actin ratio 8 days after adipocyte differentiation, indicating
decreased polymerized actin filaments and increased monomeric
actin content (Fig. 3E). Importantly, adipose tissue from
ARHGEF3~/~ mice exhibited similar alterations in F-actin to G-
actin ratio (Fig. 3F), confirming that these cytoskeletal abnormali-
ties occur both in vitro and in vivo. To investigate the molecular
mechanism by which ARHGEF3 deficiency affects adipocyte
cytoskeleton, we examined RhoA signaling in iWAT of HFD-fed
ARHGEF3 knockout mice. We observed a significant decrease in
phosphorylation of Ezrin at Thr567 and myosin phosphatase target
(MYPT) at Ser695, key downstream targets of ROCK, indicating
diminished RhoGEF signaling (Fig. 3G). However, Akt phosphoryla-
tion at Ser473—a key mTORC2 target—was unaffected, and autop-
hagic flux remained stable, as evidenced by a mild decrease in p62
and unaltered LC3B II/I level (Fig. 3G). Similar changes in signaling
were observed in ARHGEF3 knockdown C3H10T1/2 cells (Fig. S4).
We next examined the relationship between ARHGEF3 and RhoA
expression. ARHGEF3 knockout significantly reduced RhoA mRNA
levels in iWAT but not in the liver (Fig. 3H). Under HFD conditions,
RhoA expression was upregulated in iWAT and eWAT, but
remained unchanged in other tissues (Fig. 3I). In C3H10T1/2 cells,
ARHGEF3 knockdown reduced RhoA protein levels, during 8-day
differentiation (Fig. 3]). Conversely, ARHGEF3 overexpression ele-
vated RhoA levels, while expression of GEF-inactive ARHGEF3
mutants (W440L and L269E) markedly reduced RhoA levels
(Fig. 3K), demonstrating the requirement for ARHGEF3’s GEF activ-
ity. To establish a direct link between ARHGEF3 and RhoA in
cytoskeletal regulation, we treated ARHGEF3 knockdown cells with
lysophosphatidic acid (LPA), a known RhoA activator. LPA treat-
ment restored actin fiber formation and cell size to levels compa-
rable to control cells (Fig. 3L). These findings indicate that
ARHGEF3 regulates adipocyte cytoskeletal organization and size
through GEF-dependent modulation of RhoA expression and
activity.

YAP regulates RhoA expression in an ARHGEF3-dependent manner

Building on our previous findings regarding ARHGEF3's role in
adipocyte hypertrophy, we next investigated the relationship
between mechanotransduction and RhoA regulation. During adipo-
genesis, cytoplasmic F-actin stress fibers undergo reorganization
and reduction at the cortical region [20]. These mechanical alter-
ations during hypertrophy development influence the mechan-
otransducers YAP and TAZ, which act as transcriptional
coactivators, translating physical changes into cell-specific tran-
scriptional responses [20,24]. As a transcriptional coactivator,
YAP modulates the expression of target genes through interactions
with transcription factors such as transcriptional enhanced associ-
ate domain (TEAD) [25]. While YAP has been reported as down-

452

Journal of Advanced Research 79 (2026) 445-460

stream of RhoA [26], we identified a potential TEAD binding
motif within the promoter region of RhoA at -80 to -74
(Fig. 4A). Reduced YAP expression led to a decrease in RhoA expres-
sion (Fig. 4B), whereas YAP overexpression enhanced RhoA levels
(Fig. 4C). Consistently, the mRNA levels of YAP target genes-
including Cysteine-rich angiogenic inducer 61 (CYR61), Ankyrin
repeat domain 1 (ANKRD1), and connective tissue growth factor
(CTGF), which are reported to be increased in hypertrophic adipo-
cytes [20], were significantly reduced in YAP knockdown
C3H10T1/2 adipocytes (Fig. S5). Conversely, TAZ knockdown did
not affect RhoA protein levels (Fig. 4D), suggesting a specific role
for YAP rather than TAZ in RhoA regulation. To investigate the
potential role of YAP in regulating RhoA expression, we performed
chromatin immunoprecipitation (ChIP) assays with an anti-YAP
antibody. Our findings indicate that YAP directly binds to the
TEAD-binding motif within the RhoA promoter, with this binding
being dependent on ARHGEF3 in differentiated C3H10T1/2 cells
(Fig. 4E). Consistent with this, ARHGEF3 knockdown led to reduced
mRNA levels of YAP target genes (Fig. 4F), while overexpression of
ARHGEF3 WT enhanced them (Fig. 4G). Notably, the ARHGEF3
mutant K342E/K348E, which lacks PI (4,5) P2 binding and GEF
activity[4], decreased mRNA levels of YAP target genes (Fig. 4G),
confirming that YAP regulation is dependent on ARHGEF3 with
plasma membrane localization and GEF activity. Furthermore,
YAP overexpression enhanced RhoA promoter activity, with co-
expression of ARHGEF3 and YAP further amplifying this effect
(Fig. 4H), aligning with the observed RhoA mRNA levels (Fig. 4I).
In contrast, the ARHGEF3 mutant K342E/K348E did not influence
RhoA promoter activity or RhoA mRNA levels (Fig. 4H and I),
regardless of YAP overexpression, further supporting that YAP reg-
ulation is dependent on both plasma membrane localization and
the GEF activity of ARHGEF3. Collectively, these findings reveal a
novel regulatory mechanism in which ARHGEF3 functions as an
upstream regulator of YAP, which in turn controls RhoA expression
through direct binding to its promoter.

ARHGEF3 facilitates YAP nuclear translocation through GEF-mediated
RhoA activation

To explore the role of ARHGEF3 in YAP-mediated regulation of
RhoA expression, we examined its effect on YAP localization during
adipogenesis. YAP nuclear translocation relies on an active RhoA
pathway, functioning independently of the Hippo pathway [26].
We observed enhanced nuclear localization of YAP after days 8
and 12 following adipogenesis induction (Fig. 5A). Correspond-
ingly, the mRNA level of YAP target genes, such as CYR61, ANKRD1,
and CTGF, significantly increased during this period (Fig. S6). Treat-
ment with C3 exoenzyme, a Rho-GTPase inhibitor, or latrunculin B,
an actin polymerization inhibitor, reduced the nuclear localization
of YAP WT, as confirmed by anti-Flag immunostaining of Flag-YAP
WT and Flag-YAP 5SA (Fig. 5B-E). However, the nuclear localiza-
tion of the YAP5SA mutant, which primarily resides in the nucleus
[27], remained unaffected by these treatments (Fig. 5B-E). EGFP-
tagged ARHGEF3 WT was present in both the cytoplasm and the
nucleus, whereas the ARHGEF3 K342E/K348E mutant, which lacks
PI (4,5) P2 binding and GEF activity, localized exclusively to the
nucleus (Fig. 5F and G), aligning with previous findings [4]. ARH-
GEF3 WT promoted YAP WT nuclear translocation, whereas the
ARHGEF3 K342E/K348E mutant did not exert this effect (Fig. 5F
and G). Furthermore, other GEF-deficient mutants (W440L,
L269E) also resulted in reduced YAP nuclear localization
(Fig. 5H). Supporting these results, ARHGEF3 overexpression fur-
ther enhanced RhoA mRNA levels in cells overexpressing the YAP
WT but did not enhance levels further in cells overexpressing the
YAP5SA mutant, which was already localized in the nucleus
(Fig. 51), underscoring the importance of ARHGEF3’s GEF activity
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Fig. 4. YAP regulates RhoA expression dependent on ARHGEF3. (A) The promoter region of RhoA contains a predicted YAP/TEAD binding site at position —80 to —74 relative
to the transcription start site. Schematic illustration was created using BioRender.com. (B) C3H10T1/2 preadipocytes were transduced with control or YAP-targeting shRNAs
(ShYAP #1, shY#1; shYAP #2, shY#2), selected with 1.5 uM puromycin for 5 days, and differentiated for 8 days. Cell lysates were analyzed by western blot for YAP and RhoA
expression (n = 3). (C) C3H10T1/2 preadipocytes were transfected with HA-YAP WT, lysed, and subjected to western blot analysis to assess RhoA induction. (D) C3H10T1/2
preadipocytes were transduced with control and TAZ-targeting shRNAs, selected with puromycin for 5 days, differentiated for 8 days, and lysed for western blot analysis of
TAZ and RhoA levels (n = 3). (E) C3H10T1/2 cells were transduced with control and ARHGEF3-targeting ShRNAs (ShARHGEF3 #1, shA#1; shARHGEF3 #2, shA#2), selected with
puromycin for 5 days, and differentiated for 8 days. Chromatin immunoprecipitation (ChIP) was performed using anti-YAP antibodies, with input and IgG samples as controls
to assess YAP binding to the RhoA promoter. PCR products were visualized by agarose gel electrophoresis. ARHGEF3 knockdown efficiency was confirmed by western blotting.
(F) Cells treated as in (E) were lysed for qRT-PCR analysis of the expression of YAP target genes (CYR61, ANKRD1, and CTGF). (G) C3H10T1/2 cells were transfected with EGFP-
ARHGEF3 WT or EGFP-ARHGEF3 K342E/K348E mutant, differentiated for 8 days, and analyzed by qRT-PCR for the expression of YAP target genes (n = 3). (H) C3H10T1/2 cells
were transfected with a luciferase reporter containing the putative TEAD-binding site of RhoA along with Flag-YAP WT, EGFP-ARHGEF3 WT, or EGFP-ARHGEF3 K342E/K348E
mutant. Cell lysates were subjected to luciferase assays to measure promoter activity (n = 3). (I) C3H10T1/2 cells were transfected with Flag-YAP WT, EGFP-ARHGEF3 WT, or
EGFP-ARHGEF3 K342E/K348E, differentiated for 8 days, and analyzed by qRT-PCR for RhoA expression (n = 3). (B and D) Band intensities were quantified using Image],
normalized to B-actin levels. Data are presented as mean + standard deviation. Statistical significance was assessed using an unpaired Student’s t-test (p < 0.05). Asterisks (*)
indicate significant differences (p < 0.05) compared with undifferentiated cells (Day 0) or differentiated controls (Day 8).

in facilitating YAP nuclear translocation. These findings emphasize lipase (LPL), and transcription factors sterol regulatory element-
the essential role of ARHGEF3’s GEF activity in regulating YAP binding protein-1c (SREBP1-c) and carbohydrate-responsive

localization and subsequent control of RhoA expression. element-binding protein (ChREBP), showed decreased expression

in the iWAT of HFD-fed ARHGEF3~/~ mice (Fig. 6A). Similarly, pro-
ARHGEF3 deficiency suppresses genes associated with adipocyte tein levels of adipogenic markers and PPARy-dependent genes,
differentiation such as C/EBP-o, C/EBP-B, and FABP4/aP2, were significantly lower

in the iWAT of HFD-fed ARHGEF3~/~ mice (Fig. 6B). In vitro knock-

To investigate how ARHGEF3 deficiency impacts adipocyte size, down of ARHGEF3 led to a reduction in the expression of
we examined adipogenesis-related gene expression. In adipogenesis-related genes (PPARYy, C/EBP-a, C/EBP-B, and FABP4/
ARHGEF3~/~ mice, significant reductions in the expression of key aP2), as well as lipogenic genes (FAS and LPL) and transcription fac-
adipogenic markers—including PPARYy, CCAAT-enhancer-binding tors (SREBP-1c and ChREBP) (Fig. S6A). Correspondingly, protein
proteins o and B (C/EBP-a, C/EBP-B), and fatty acid binding protein levels of PPARY, FABP4/aP2, C/EBP-a, and C/EBP-B were lower in
4 also known as adipocyte protein 2 (FABP4/aP2)—were observed ARHGEF3-depleted C3H10T1/2 preadipocytes (Fig. S6B). Lipid
in iWAT compared to ARHGEF3*/* mice (Fig. 6A). Additionally, lipo- accumulation was also significantly decreased in ARHGEF3-
genic genes, such as fatty acid synthetase (FAS) and lipoprotein knockdown cells after 8 days of adipogenesis induction, while cell
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Fig. 5. The GEF activity of ARHGEF3 promotes YAP nuclear translocation. (A) C3H10T1/2 cells were differentiated for 4, 8, and 12 days, and nuclear extracts were prepared
for western blot analysis of YAP localization. Tubulin and lamin B were used as cytoplasmic and nuclear markers respectively (n = 3). (B) C3H10T1/2 cells were transfected
with FLAG-YAP-WT or FLAG-YAP5SA (constitutively active YAP), pre-treated with 1 pug/ml of C3-exoenzyme for 24 h, and fractionated into cytosolic and nuclear fractions,
followed by western blot analysis (n = 3). (C) Immunofluorescence staining was performed on cells treated as in (B), using anti-FLAG (green) and DAPI (blue) for nuclear
visualization. Scale bar = 100 pm. (D) C3H10T1/2 cells were transfected as in (C), pre-treated with 2.5 pM latrunculin B for 24 h, fractionated into cytosolic and nuclear
fractions, and subjected to western blot analysis (n = 3). (E) Cells treated as in (D) were subjected to immunofluorescence staining using anti-FLAG (green) and DAPI (blue).
Scale bar = 100 um. (F) C3H10T1/2 cells were co-transfected with Flag-YAP WT and either EGFP-ARHGEF3 WT or EGFP-ARHGEF3 K342E/K348E mutant (PI(4,5)P2 binding and
GEF activity —deficient mutant), followed by western blot analysis of nuclear and cytosolic fractions (n = 3). (G) Immunofluorescence staining was performed on cells co-
transfected as in (F) using anti-FLAG (red) and DAPI (blue). Scale bar = 100 pm. (H) C3H10T1/2 cells were co-transfected with Flag-YAP-WT and either Myc-ARHGEF3 WT or
GEF-deficient mutants (W440L and L269E), followed by western blot analysis of nuclear and cytosolic fractions to assess YAP localization. (I) C3H10T1/2 cells were
transfected with Myc-ARHGEF3 WT, FLAG-YAP, or FLAG-YAP5SA alone or in combination, lysed, and analyzed by qRT-PCR for RhoA expression (n = 3). Band intensities were
quantified using Image], with tubulin and lamin B serving as reference proteins for cytosolic and nuclear fractions respectively. Data are presented as mean + standard
deviation. Statistical significance was determined using an unpaired Student’s t-test (p < 0.05). Asterisks (*) denote significant differences (p < 0.05) compared to
undifferentiated controls (Day 0), differentiated controls (Day 8), or vehicle-treated controls.

proliferation remained unaffected (Fig. 6C and Fig. S6C). In con- These findings underscore the importance of ARHGEF3's GEF activ-
trast, overexpression of ARHGEF3 WT enhanced the expression of ity in regulating adipogenesis and suggest a mechanistic link
adipogenic and lipogenic genes, as well as the transcription factors between ARHGEF3 function and adipocyte differentiation through

during adipogenesis in C3H10T1/2 preadipocytes (Fig. 6D). Nota- modulation of key adipogenic pathways.

bly, overexpression of two GEF-inactive ARHGEF3 mutants

(W440L and L269E) markedly suppressed these genes, suggesting ARHGEF3 is a reciprocal activator of PPARy in a GEF activity-

a dominant negative effect (Fig. 6D). Additionally, protein levels dependent manner

of PPARY and FABP4/aP2, along with fat accumulation, increased

with ARHGEF3 WT overexpression during adipogenesis but ARHGEF3 deficiency led to decreased PPARY expression in both
remained unchanged in cells overexpressing the two GEF- in vivo and in vitro models (Fig. 6). These models included ARH-
inactive ARHGEF3 mutants (W440L and L269E) (Fig. 6E and F). GEF3 knockout mice and shRNA-mediated knockdown in
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Fig. 6. ARHGEF3 deficiency suppresses the expression of adipogenic genes. (A) qRT-PCR analysis of adipogenic gene expression was performed in inguinal white adipose
tissue (IWAT) from wild-type (WT, ARHGEF3*/*) and ARHGEF3 knockout (KO, ARHGEF37") mice fed an HFD for 34 weeks (n = 5). (B) Protein levels of adipogenic markers in
iWAT from HFD-fed WT and ARHGEF3 KO mice were analyzed by western blotting (n = 5). (C) C3H10T1/2 preadipocytes transduced with control or ARHGEF3-targeting
shRNAs (shARHGEF3 #1, shA#1; shARHGEF3 #2, shA#2) were selected with puromycin for 5 days and induced to differentiate into adipocytes for 8 days, followed by Oil Red
O staining (n = 3). Scale bar = 500 pm. (D) C3H10T1/2 preadipocytes were transfected with Myc-ARHGEF3 WT or the GEF activity-deficient mutants Myc-ARHGEF3-W440L
and Myc-ARHGEF3-L269E. After transfection, cells were differentiated for 8 days. Cells were harvested for qRT-PCR analysis to assess adipogenic gene expression and western
blotting to confirm ARHGEF3 WT and mutants’ expression (n = 3). (E) Cells treated as in (D) were lysed and subjected to western blotting to analyze the protein levels of
PPARY and FABP4/aP2. (F) Cells treated as in (D) were stained with Oil Red O after 8 days of adipogenesis induction (n = 3). Scale bar = 500 um. (B, E) Band intensities were
quantified using Image] and normalized to B-actin levels. Data are presented as mean + standard deviation. Statistical significance was determined using an unpaired
Student’s t-test, with p < 0.05 considered statistically significant. Asterisks (*) indicate significant differences (p < 0.05) compared to WT mice, undifferentiated controls (Day
0), or differentiated controls (Day 8). Abbreviations: FABP4/aP2 (Fatty Acid Binding Protein 4/Adipocyte Protein 2), FAS (Fatty Acid Synthase), LPL (Lipoprotein Lipase), PPARy
(Peroxisome Proliferator-Activated Receptor ), C/EBPa and C/EBPB (CCAAT/Enhancer-Binding Proteins o and B), SREBP-1c (Sterol Regulatory Element-Binding Protein 1-c),
ChREBP (Carbohydrate-Responsive Element-Binding Protein).

C3H10T1/2 preadipocytes. Immunoprecipitation assays demon- nous PPARY or Flag-PPARYy in C3H10T1/2 adipocytes (Fig. 7A). Dur-
strated that ARHGEF3 physically interacts with PPARY, as shown ing adipocyte differentiation, cellular morphological changes
by co-immunoprecipitation of myc-ARHGEF3 with either endoge- associated with lipid accumulation and cellular hypertrophy
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enhanced the nuclear localization of ARHGEF3 after 8 and 12 days
of adipogenesis induction (Fig. 7B). Given ARHGEF3's role in RhoA
signaling, we hypothesized that RhoA inhibition might affect ARH-
GEF3 localization and its interaction with PPARy. In C3H10T1/2
preadipocytes, treatment with C3 exoenzyme (a Rho-GTPase inhi-
bitor) or latrunculin B (an actin polymerization inhibitor) reduced
ARHGEF3 nuclear localization (Fig. 7C and D). While ARHGEF3's
nuclear localization was significantly decreased by these inhibi-
tors, the nuclear localization of PPARy remained unaffected, as
shown by Flag-PPARy immunostaining, suggesting that PPARy
localization is independent of ARHGEF3 localization (Fig. 7D).
Importantly, when ARHGEF3 and PPARy co-localized in the
nucleus, PPARY transcriptional activity increased, as indicated by

A B

Nucleus
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the luciferase reporter assay containing a triple-repeat DR1
sequence, a potent PPARy-responsive element (PPRE) (Fig. 7E).
Reducing ARHGEF3 nuclear localization via C3 exoenzyme or
latrunculin B significantly downregulated PPARY transcriptional
activity, indicating that ARHGEF3's nuclear localization is neces-
sary for full PPARY activation (Fig. 7E). To determine whether ARH-
GEF3's enzymatic activity is also required for this regulation, we
performed additional transcriptional assays using wild-type and
mutant ARHGEF3 constructs. ARHGEF3 WT significantly increased
PPARYy transcriptional activity, while GEF-inactive mutants
(W440L and L269E) showed markedly reduced effects (Fig. 7F),
suggesting that the GEF function of ARHGEEFS3 is required for PPARY
transcriptional activation. Interestingly, our data further revealed
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that PPARy also regulates ARHGEF3 expression, establishing a
reciprocal feedback mechanism. Notably, we identified a potential
PPRE binding motif within the promoter region of ARHGEF3 at
—157 to —151 (Fig. 7G). Treatment with rosiglitazone, a PPARY ago-
nist, enhanced ARHGEF3 promoter activity, consistent with the
presence of this putative PPRE site (Fig. 7G). A mutant ARHGEF3
promoter lacking this PPRE region retained partial responsiveness
to rosiglitazone, although to a significantly lesser extent than the
wild-type promoter (Fig. 7G). Chromatin immunoprecipitation
(ChIP) assays confirmed direct PPARY binding to the PPRE site on
the ARHGEF3 promoter (Fig. 7H). Furthermore, treatment with
rosiglitazone upregulated ARHGEF3 mRNA expression and restored
it in ARHGEF3-knockdown C3H10T1/2 cells (Fig. 7I). Consistently,
ARHGEF3 protein levels also increased in rosiglitazone-treated
C3H10T1/2 cells (Fig. 7]). Collectively, these findings establish a
reciprocal regulatory feedback loop between ARHGEF3 and PPARY:
ARHGEF3 enhances PPARY transcriptional activity through its GEF
function, while PPARY, in turn, drives ARHGEF3 expression through
direct binding to its promoter. This bidirectional regulation
appears to be critical for normal adipogenesis and adipocyte
hypertrophy. The mechanosensitive nature of this feedback loop
suggests it may serve as a molecular mechanism linking physical
forces to metabolic regulation in adipose tissue, potentially con-
tributing to adipose tissue remodeling in response to obesity or
other metabolic challenges.

Discussion

Obesity is a complex, multifactorial condition that necessitates
a deeper understanding of the molecular mechanisms underlying
adipocyte differentiation and hypertrophy. Our study identifies
ARHGEF3 as a central regulator of these processes, integrating
mechanical signals, cytoskeletal reorganization, and transcrip-
tional control through the YAP-RhoA and PPARy pathways. By
coordinating these pathways, ARHGEF3 exerts a multifaceted influ-
ence on adipocyte function, particularly in regulating cell size and
lipid accumulation. Previous studies have demonstrated the indi-
vidual roles of YAP and PPARY in adipogenesis [20,26,28-30], but
our findings establish ARHGEF3 as a central integrator, supporting
adipocyte hypertrophy via cytoskeletal rearrangement and tran-
scriptional activation (Fig. 8).

During adipogenesis, cytoskeletal changes are essential for lipid
droplet expansion and increasing cell volume [23,31]. ARHGEF3
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facilitates this process by activating the RhoA-ROCK pathway,
which drives F-actin reorganization—an essential step in lipid dro-
plet formation and maintenance of adipocyte structure [23]. Actin
dynamics are central to this process, and disruptions in actin poly-
merization can impair lipid droplet formation, ultimately compro-
mising adipocyte function [23,31]. Furthermore, a recent study
identified Zc3h10, a zinc finger transcription factor, as a critical
regulator of early adipocyte differentiation through its control of
F-actin remodeling and mitochondrial dynamics [32]. These find-
ings highlight the importance of cytoskeletal remodeling not only
in lipid droplet formation but also in metabolic regulation during
adipogenesis.

While our study primarily focused on the cellular and molecular
mechanisms of adipogenesis, the metabolic implications of ARH-
GEF3 modulation present an area for further exploration. Other
studies have assessed metabolic outcomes, including insulin sensi-
tivity and glucose tolerance [23,32]. These studies revealed that
cytoskeletal dynamics, regulated by actin remodeling, influence
metabolic function by affecting glucose uptake and insulin respon-
siveness. Although we did not observe a direct effect of ARHGEF3
on insulin sensitivity, it is plausible that ARHGEF3 may indirectly
modulate glucose uptake through its regulation of cytoskeletal
integrity. Given the role of actin remodeling in GLUT4 translocation
[33] and cellular mechanical properties [34], prolonged alterations
in cytoskeletal integrity may influence insulin sensitivity over
time.

ARHGEF3's function is distinct from other Rho GEF family mem-
bers, such as PDZ-RhoGEF, which predominantly regulates insulin/
IGF-1 signaling [35]. Both GEFs contribute to adipogenesis, but
their mechanisms are non-overlapping, underscoring ARHGEF3's
unique role in adipocyte biology. Thus, our study expands the
understanding of how different GEFs regulate adipogenesis and
suggest that ARHGEF3 might indirectly influence insulin sensitivity
through complementary pathways. Future studies should evaluate
the long-term metabolic impacts of ARHGEF3 modulation, particu-
larly regarding glucose homeostasis and insulin sensitivity, to com-
prehensively understand its role in metabolic disorders like obesity
and diabetes.

Mechanical stress is another crucial factor in adipocyte func-
tion, particularly in regulating RhoA activation [36]. Lipid accumu-
lation induces mechanical stretching, activating the RhoA-ROCK
pathway, which is essential for maintaining adipocyte structure
and size. Our study demonstrates that this activation facilitates

<

Fig. 7. ARHGEF3 acts as a reciprocal activator of PPARY in a GEF activity-dependent manner. (A) C3H10T1/2 cells were transfected with Myc-ARHGEF3 WT or FLAG-
PPARY, followed by co-immunoprecipitation with anti-Myc or anti-Flag antibodies to assess protein-protein interaction. (B) Nuclear extracts from C3H10T1/2 cells
differentiated for 0, 4, 8, or 12 days were analyzed by western blotting to monitor ARHGEF3 nuclear localization, with lamin B used as a nuclear marker. (C) C3H10T1/2 cells
transfected with Myc-ARHGEF3 WT were pre-treated with 1 pg/ml C3-exoenzyme (Rho inhibitor) or 2.5 pM latrunculin B (actin depolymerizing agent) for 24 h, then
fractionated into cytoplasmic and nuclear extracts for western blot analysis. Tubulin and lamin B were used as cytoplasmic and nuclear markers, respectively. (D) C3H10T1/2
cells were co-transfected with FLAG-PPARY and EGFP-ARHGEF3 WT, pre-treated as described in (C), and subjected to immunofluorescence staining using anti-Flag (red) and
DAPI (blue) to visualize subcellular localization. Scale bar = 100 um. (E) Luciferase assays were performed by co-transfecting C3H10T1/2 cells with Flag-PPARy and RXRa and
a luciferase reporter containing three DR1 consensus PPARy-responsive elements (PPRE X3-TK-luc) along with Myc-ARHGEF3 WT. Cells were pre-treated with 1 pg/ml C3-
exoenzyme and 2.5 uM latrunculin B for 24 h to assess the role of Rho signaling and actin cytoskeleton in ARHGEF3-mediated PPARY activation (n = 3). (F) C3H10T1/2 cells
were co-transfected as described in (E) along with Myc-ARHGEF3 WT and GEF-inactive mutants (W440L and L269E) and subjected to luciferase assays to determine the
requirement of GEF activity for PPARY activation (n = 3). (G) The ARHGEF3 promoter region contains a putative PPARy-responsive element (PPRE) between — 157 and — 151
base pairs upstream of the transcription start site. Schematic illustration was created using BioRender.com. C3H10T1/2 cells were transfected with either the ARHGEF3-PPRE
luciferase reporter construct or its deletion mutant (ARHGEF3-APPRE) in the presence or absence of 1 uM rosiglitazone (PPARY agonist), and luciferase assays were performed
(n = 3). (H) ChIP analysis using anti-PPARy was conducted on undifferentiated and 8-day-differentiated C3H10T1/2 cells. Input and IgG immunoprecipitated samples were
used as positive and negative controls, respectively. The upper panel presents the PCR products of the ChIP assay, while the lower panel shows PPARy enrichment on the
ARHGEF3 promoter relative to IgG quantified by densitometry. (I) C3H10T1/2 preadipocytes were transduced with control or ARHGEF3-targeting shRNAs (shARHGEF3 #1,
shA#1; shARHGEF3 #2, shA#2) and selected with 1.5 pM puromycin for 5 days, then treated with or without 1 UM rosiglitazone for 24 h. Cells were lysed and subjected to
qRT-PCR analysis for ARHGEF3 expression (n = 3). (J) Western blot analysis was performed on cells treated with or without 1 uM rosiglitazone for 24 h (n = 3). Band intensities
were quantified using Image]J, with tubulin and lamin B serving as reference proteins for cytosolic and nuclear fractions, respectively (B-C), or B-actin serving as reference
protein (J). Data are presented as mean + standard deviation. Statistical significance was assessed using an unpaired Student’s t-test, with p < 0.05 considered statistically
significant. Asterisks (*) indicate significant differences (p < 0.05) compared to control conditions or as specified in individual panels.
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Fig. 8. Schematic representation of ARHGEF3's role in regulating adipocyte hypertrophy and differentiation. This diagram illustrates the dual regulatory pathways
mediated by ARHGEF3 during adipogenesis. At the plasma membrane, ARHGEF3 activates RhoA through its guanine nucleotide exchange factor (GEF) activity, which drives
YAP translocation into the nucleus. Once in the nucleus, YAP enhances transcriptional activities in complex with TEAD transcription factors to regulate RhoA expression
through direct binding to the RhoA promoter region (—80 to —74 bp relative to the transcription start site), which promotes adipocyte hypertrophy and regulates cell size.
Simultaneously, ARHGEF3 translocates to the nucleus, where it directly interacts with PPARY, a master regulator of adipocyte differentiation, thereby amplifying PPARY’s
transcriptional activity on adipogenic target genes. Additionally, the presence of a PPARy-responsive element (PPRE) located between —157 and —-151 base pairs in the
ARHGEF3 promoter establishes that ARHGEF3 is also a downstream target of PPARY, creating a positive feedback loop. This network of interactions reveals ARHGEF3 as a
critical mediator in adipogenesis, mechanistically linking hypertrophy and differentiation pathways. These findings suggest ARHGEF3 as a potential therapeutic target for
managing obesity and associated metabolic disorders by modulating both adipocyte size and differentiation capacity. The schematic illustration was generated using

BioRender.com.

the translocation of YAP to the nucleus, where it upregulates RhoA
expression. We observed that ARHGEF3 promotes this process,
establishing a feedback loop in which mechanical signals enhance
RhoA expression and promote cytoskeletal changes. Notably, while
RhoA activity is suppressed in the early stages of adipocyte differ-
entiation [37,38], its activation during hypertrophy underscores its
dual role in both adipocyte commitment and maturation.

Recent studies have emphasized the role of Hippo-YAP/TAZ sig-
naling in adipose tissue plasticity, particularly by decoupling leptin
expression from fat mass [39]. YAP/TAZ has been identified as a
negative regulator of fat accumulation, promoting the dedifferenti-
ation of mature adipocytes into progenitor-like cells [39]. Intrigu-
ingly, our findings indicate that ARHGEF3 facilitates YAP nuclear
translocation, leading to adipocyte hypertrophy, suggesting a
context-dependent role for YAP in fat regulation. Both our work
and previous studies underscore YAP’s critical and context-
dependent effects on adipogenesis and metabolic homeostasis.
These findings suggest that the YAP-RhoA signaling axis could be
a viable therapeutic target for modulating fat accumulation, with
outcomes potentially varying based on metabolic conditions.

Beyond RhoA modulation, ARHGEF3 has a broader role in
mechanotransduction by linking cytoskeletal changes to transcrip-
tional regulation through YAP nuclear translocation. We also con-
firmed that ARHGEF3’s own nuclear translocation is regulated by
RhoA and actin polymerization, suggesting that, in addition to
the nuclear localization signal (NLS), active RhoA and actin poly-
merization are required for ARHGEF3’s effective nuclear transloca-
tion. Furthermore, ARHGEF3’s dual localization—both at the
membrane and within the nucleus [4] implies it may have distinct
functions based on its subcellular distribution. The failure of the
K342E/K348E mutant to induce YAP nuclear translocation further
supports this hypothesis. Future studies should focus on elucidat-
ing the specific roles of ARHGEF3 within these cellular compart-
ments and their implications for adipocyte biology and function.
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Our study also reveals a reciprocal regulatory relationship
between ARHGEF3 and PPARy. ARHGEF3 enhances PPARYy tran-
scriptional activity, promoting the expression of key adipogenic
genes such as C/EBP-o, C/EBP-B, and AP2. In turn, PPARY binds
directly to the PPRE site on the ARHGEF3 promoter, further ampli-
fying ARHGEF3 expression and reinforcing this regulatory loop.
This relationship is analogous to other coactivator-driven tran-
scriptional networks, such as the PPARY-PGC-1a interaction [40],
supporting the hypothesis that ARHGEF3 functions as a coactivator
in a GEF-dependent manner. Upon ligand activation, PPARs
undergo conformational changes, displacing co-repressors and
recruiting coactivators like PGC-1a to initiate transcription
[40,41]. Given the central role of PPARY in adipogenesis, exploring
whether other PPAR family members, such as PPARa, regulate
ARHGEF3 expression could enhance our understanding of how
ARHGEF3 modulates lipid metabolism.

In summary, our findings demonstrate that ARHGEF3 is essen-
tial for maintaining adipose tissue homeostasis by coordinating
cytoskeletal rearrangement, transcriptional regulation, and adipo-
cyte hypertrophy. These insights provide a novel understanding
of the molecular mechanisms through which ARHGEF3 regulates
adipogenesis and suggest potential therapeutic strategies for
managing obesity-related metabolic disorders. Future research
should investigate the in vivo effects of ARHGEF3, particularly its
impact on insulin sensitivity and interactions with other metabolic
tissues.

Conclusion

This study establishes that ARHGEF3 as a pivotal regulator of
adipocyte differentiation and hypertrophy by coordinating the
YAP-RhoA and PPARYy pathways. Our findings indicate that ARH-
GEF3 is essential for cytoskeletal reorganization and adipogenic
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gene expression, which are essential for maintaining adipose tissue
homeostasis in diet-induced obesity. Targeting ARHGEF3 may rep-
resent a promising therapeutic approach for treating obesity-
related metabolic disorders. Further research is needed to eluci-
date the mechanisms through which ARHGEF3 regulates these
pathways across different metabolic tissues.

Ethics approval and content to participate

All animal care and treatments were conducted following the
guidelines of the Institutional Animal Care and Use Committee of
the Center of Animal Care and Use at Lee Gil Ya Cancer and Dia-
betes Institute, Gachon University (approval numbers: LCDI-
2017-0133 and LCDI-2020-0068).

CRediT authorship contribution statement

Sana Abdul Khaliq: Conceptualization, Methodology, Data
curation, Formal analysis, Writing - original draft, Writing -
review & editing, Visualization. Shi-Young Park: Methodology,
Investigation, Formal analysis. Syeda Maham: Formal analysis,
Investigation, Data curation, Writing - original draft, Writing -
review & editing. Yoonil Cho: Investigation, Data curation, Writing
- review & editing. Miseon Lee: Investigation, Data curation, Writ-
ing - review & editing. Seungyoon Nam: Investigation, Data cura-
tion, Supervision. Je Kyung Seong: Writing - review & editing,
Funding acquisition. Jie Chen: Visualization, Supervision, Project
administration, Writing - review & editing. Cheol Soo Choi: Con-
ceptualization, Supervision, Writing - review & editing, Funding
acquisition. Mee-Sup Yoon: Conceptualization, Resources, Super-
vision, Writing - original draft, Writing - review & editing, Funding
acquisition.

Funding

This work was supported by the Korea Health Industry Develop-
ment Institute, funded by the Ministry of Health and Welfare,
Republic of Korea (HR14C0001 to CSC), Ministry of Food and Drug
Safety, Republic of Korea (No. 22213MFDS421a to M-SY), and a
National Research Foundation of Korea grant funded by the Korean
Government (Ministry of Science and ICT; RS-2024-00349251 to M
-SY, 2014M3A9D5A01073886 to CSC, RS-2021-NR057623 and RS-
2024-00400118 to JKS).

Data availability
Data will be made available on request.
Declaration of competing interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

We sincerely appreciate our laboratory colleagues for their
invaluable support and technical expertise.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jare.2025.04.010.

459

Journal of Advanced Research 79 (2026) 445-460

References

[1] Arthur WT, Ellerbroek SM, Der (], Burridge K, Wennerberg K. XPLN, a guanine
nucleotide exchange factor for RhoA and RhoB, But Not RhoC. J Biol Chem
2002;277(45):42964-72. doi: https://doi.org/10.1074/jbc.M207401200.

[2] Murayama K, Kato-Murayama M, Akasaka R, Terada T, Yokoyama S, Shirouzu
M. Structure of the Rho-specific guanine nucleotide-exchange factor XplnActa
crystallographica. Section F, Struct Biol Crystall Commun 2012;68(Pt 12):1455-9.
doi: https://doi.org/10.1107/s1744309112045265. in eng.

[3] Hart MJ et al. “Cellular transformation and guanine nucleotide exchange
activity are catalyzed by a common domain on the dbl oncogene product,” (in
eng). ] Biol Chem 1994;269(1):62-5.

[4] Singh N et al. Redefining the specificity of phosphoinositide-binding by human
PH domain-containing proteins. Nat Commun 2021;12(1):4339. doi: https://
doi.org/10.1038/s41467-021-24639-y.

[5] Khanna N, Fang Y, Yoon MS, Chen J. XPLN is an endogenous inhibitor of
mTORC2. Proc Natl Acad Sci U S A 2013;110(40):15979-84. doi: https://doi.org/
10.1073/pnas.1310434110.

[6] You JS et al. ARHGEF3 regulates skeletal muscle regeneration and strength
through autophagy. Cell Rep 2021;34(1). doi: https://doi.org/10.1016/j.
celrep.2020.108594.

[7] You ]S, Kim Y, Lee S, Bashir R, Chen ]. RhoA/ROCK signalling activated by
ARHGEF3 promotes muscle weakness via autophagy in dystrophic mdx mice. J
Cachexia Sarcopenia Muscle 2023;14(4):1880-93. doi: https://doi.org/10.1002/
jcsm.13278.

[8] Zhou F et al. ARHGEF3 regulates the stability of ACLY to promote the
proliferation of lung cancer. Cell Death Dis 2022;13(10):870. doi: https://doi.
0rg/10.1038/s41419-022-05297-4. in eng.

[9] Wei L, Shi J. Insight Into Rho kinase isoforms in obesity and energy
homeostasis. Front Endocrinol (Lausanne) 2022;13:886534. doi: https://doi.
org/10.3389/fend0.2022.886534.

[10] Noguchi M et al. Genetic and pharmacological inhibition of Rho-associated
kinase Il enhances adipogenesis. | Biol Chem 2007;282(40):29574-83. doi:
https://doi.org/10.1074/jbc.M705972200. in eng.

[11] Hara Y et al. Rho and Rho-kinase activity in adipocytes contributes to a vicious
cycle in obesity that may involve mechanical stretch. Sci Signal 2011;4(157):
ra3. doi: https://doi.org/10.1126/scisignal.2001227.

[12] Kumar A et al. Fat cell-specific ablation of rictor in mice impairs insulin-
regulated fat cell and whole-body glucose and lipid metabolism. Diabetes
2010;59(6):1397-406. doi: https://doi.org/10.2337/db09-1061. in eng.

[13] Tang Y et al. Adipose tissue mTORC2 regulates ChREBP-driven de novo
lipogenesis and hepatic glucose metabolism. Nat Commun 2016;7:11365. doi:
https://doi.org/10.1038/ncomms11365. in eng.

[14] Abdul Khaliq S, Umair Z, Baek MO, Chon SJ, Yoon MS. C-peptide promotes cell
migration by controlling matrix metallopeptidase-9 activity through direct
regulation of beta-catenin in human endometrial stromal cells. Front Cell Dev
Biol 2022;10:800181. doi: https://doi.org/10.3389/fcell.2022.800181.

[15] Massier L et al. An integrated single cell and spatial transcriptomic map of
human white adipose tissue. Nat Commun 2023;14(1):1438. doi: https://doi.
0rg/10.1038/s41467-023-36983-2. in eng.

[16] Arita Y et al. Paradoxical decrease of an adipose-specific protein, adiponectin,
in obesity. Biochem Biophys Res Commun 1999;257(1):79-83. doi: https://doi
0rg/10.1006/bbrc.1999.0255. in eng.

[17] McGill MR. “The past and present of serum aminotransferases and the future
of liver injury biomarkers. Excli J] 2016;15:817-28. doi: https://doi.or:
10.17179/excli2016-800. in eng.

[18] Rottner K, Faix J, Bogdan S, Linder S, Kerkhoff E. Actin assembly mechanisms at
a glance. J Cell Sci 2017;130(20):3427-35. doi: https://doi.org/10.1242]
jcs.206433. in eng.

[19] Pollard TD, Cooper JA. Actin, a central player in cell shape and movement.
Science 2009;326(5957):1208-12. doi: https://doi.or:
10.1126/science.1175862. in eng.

[20] Lee G-] et al. YAP-dependent Wnt5a induction in hypertrophic adipocytes
restrains adiposity. Cell Death Dis 2022;13(4):407. doi: https://doi.or:
10.1038/s41419-022-04847-0.

[21] Nobusue H et al. Regulation of MKL1 via actin cytoskeleton dynamics drives
adipocyte differentiation. Nat Commun 2014;5:3368. doi: https://doi.org/
10.1038/ncomms4368.

[22] Uetaki M et al. Regulatory roles of fibronectin and integrin alpha5 in
reorganization of the actin cytoskeleton and completion of adipogenesis.
Mol Biol Cell 2022;33(9):ar78. doi: https://doi.org/10.1091/mbc.E21-12-0609.

[23] Kim ]I et al. During adipocyte remodeling, lipid droplet configurations regulate
insulin sensitivity through F-Actin and G-Actin reorganization. Mol Cell Biol
2019;39(20). doi: https://doi.org/10.1128/mcb.00210-19. in eng.

[24] Dupont S et al. Role of YAP/TAZ in mechanotransduction. Nature 2011;474
(7350):179-83. doi: https://doi.org/10.1038/nature10137.

[25] Zanconato F et al. Genome-wide association between YAP/TAZ/TEAD and AP-1
at enhancers drives oncogenic growth. Nat Cell Biol 2015;17(9):1218-27. doi:
https://doi.org/10.1038/ncb3216. in eng.

[26] Wang L et al. YAP and TAZ protect against white adipocyte cell death during
obesity. Nat Commun 2020;11(1):5455. doi: https://doi.org/10.1038/s41467-
020-19229-3.

[27] Xu H, Zhou S, Xia H, Yu H, Tang Q, Bi F. MEK nuclear localization promotes YAP
stability via sequestering beta-TrCP in KRAS mutant cancer cells. Cell Death
Differ 2019;26(11):2400-15. doi: https://doi.org/10.1038/s41418-019-0309-6.



https://doi.org/10.1016/j.jare.2025.04.010
https://doi.org/10.1074/jbc.M207401200
https://doi.org/10.1107/s1744309112045265
http://refhub.elsevier.com/S2090-1232(25)00229-2/h0015
http://refhub.elsevier.com/S2090-1232(25)00229-2/h0015
http://refhub.elsevier.com/S2090-1232(25)00229-2/h0015
http://refhub.elsevier.com/S2090-1232(25)00229-2/h0015
https://doi.org/10.1038/s41467-021-24639-y
https://doi.org/10.1038/s41467-021-24639-y
https://doi.org/10.1073/pnas.1310434110
https://doi.org/10.1073/pnas.1310434110
https://doi.org/10.1016/j.celrep.2020.108594
https://doi.org/10.1016/j.celrep.2020.108594
https://doi.org/10.1002/jcsm.13278
https://doi.org/10.1002/jcsm.13278
https://doi.org/10.1038/s41419-022-05297-4
https://doi.org/10.1038/s41419-022-05297-4
https://doi.org/10.3389/fendo.2022.886534
https://doi.org/10.3389/fendo.2022.886534
https://doi.org/10.1074/jbc.M705972200
https://doi.org/10.1126/scisignal.2001227
https://doi.org/10.2337/db09-1061
https://doi.org/10.1038/ncomms11365
https://doi.org/10.3389/fcell.2022.800181
https://doi.org/10.1038/s41467-023-36983-2
https://doi.org/10.1038/s41467-023-36983-2
https://doi.org/10.1006/bbrc.1999.0255
https://doi.org/10.1006/bbrc.1999.0255
https://doi.org/10.17179/excli2016-800
https://doi.org/10.17179/excli2016-800
https://doi.org/10.1242/jcs.206433
https://doi.org/10.1242/jcs.206433
https://doi.org/10.1126/science.1175862
https://doi.org/10.1126/science.1175862
https://doi.org/10.1038/s41419-022-04847-0
https://doi.org/10.1038/s41419-022-04847-0
https://doi.org/10.1038/ncomms4368
https://doi.org/10.1038/ncomms4368
https://doi.org/10.1091/mbc.E21-12-0609
https://doi.org/10.1128/mcb.00210-19
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/ncb3216
https://doi.org/10.1038/s41467-020-19229-3
https://doi.org/10.1038/s41467-020-19229-3
https://doi.org/10.1038/s41418-019-0309-6

S.A. Khalig, S.-Y. Park, S. Maham et al.

[28] Rosen ED, MacDougald OA. Adipocyte differentiation from the inside out. Nat
Rev Mol Cell Biol 2006;7(12):885-96. doi: https://doi.org/10.1038/nrm2066.

[29] Tontonoz P, Hu E, Spiegelman BM. Stimulation of adipogenesis in fibroblasts
by PPAR gamma 2, a lipid-activated transcription factor. Cell 1994;79
(7):1147-56. doi: https://doi.org/10.1016/0092-8674(94)90006-x. in eng.

[30] Farmer SR. Transcriptional control of adipocyte formation. Cell Metab 2006;4
(4):263-73. doi: https://doi.org/10.1016/j.cmet.2006.07.001.

[31] Yang W et al. Arp2/3 complex regulates adipogenesis by controlling cortical
actin remodelling. Biochem | 2014;464(2):179-92. doi: https://doi.or:
10.1042/bj20140805.

[32] Audano M et al. Zc3h10 regulates adipogenesis by controlling translation and
F-actin/mitochondria interaction. J Cell Biol 2021;220(3). doi: https://doi.org/
10.1083/jch.202003173. in eng.

[33] Abel ED et al. Adipose-selective targeting of the GLUT4 gene impairs insulin
action in muscle and liver. Nature 2001;409(6821):729-33. doi: https://doi.
0rg/10.1038/35055575. in eng.

[34] Liu G, Li ]J, Wu C. Reciprocal regulation of actin filaments and cellular
metabolism. Eur ] Cell Biol 2022;101(4):151281. doi: https://doi.org/10.1016/j.
€jcb.2022.151281.

[35] Chang Y] et al. The Rho-guanine nucleotide exchange factor PDZ-RhoGEF
governs susceptibility to diet-induced obesity and type 2 diabetes. Elife
2015;4. doi: https://doi.org/10.7554/eLife.06011.

460

Journal of Advanced Research 79 (2026) 445-460

[36] Sordella R, Jiang W, Chen GC, Curto M, Settleman J. Modulation of Rho GTPase
signaling regulates a switch between adipogenesis and myogenesis. Cell
2003;113(2):147-58. doi: https://doi.org/10.1016/s0092-8674(03)00271-x. in
eng.

[37] McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape,
cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev
Cell 2004;6(4):483-95. doi: https://doi.org/10.1016/S1534-5807(04)00075-9.

[38] Diep DTV et al. Anti-adipogenic effects of KD025 (SLx-2119), a ROCK2-specific
inhibitor, in 3T3-L1 cells. Sci Rep 2018;8(1):2477. doi: https://doi.org/10.1038/
s41598-018-20821-3.

[39] Choi S et al. Hippo-YAP/TAZ signalling coordinates adipose plasticity and
energy balance by uncoupling leptin expression from fat mass. Nat Metab
2024;6(5):847-60. doi: https://doi.org/10.1038/s42255-024-01045-4.

[40] Miller KN, Clark JP, Anderson RM. Mitochondrial regulator PGC-1a-Modulating
the modulator. Curr Opin Endocr Metab Res 2019;5:37-44. doi: https://doi.org/
10.1016/j.coemr.2019.02.002. in eng.

[41] Miyamae Y. Insights into dynamic mechanism of ligand binding to peroxisome
proliferator-activated receptor y toward potential pharmacological
applications. Biol Pharm Bull 2021;44(9):1185-95. doi: https://doi.or:
10.1248/bpb.b21-00263. in eng.



https://doi.org/10.1038/nrm2066
https://doi.org/10.1016/0092-8674(94)90006-x
https://doi.org/10.1016/j.cmet.2006.07.001
https://doi.org/10.1042/bj20140805
https://doi.org/10.1042/bj20140805
https://doi.org/10.1083/jcb.202003173
https://doi.org/10.1083/jcb.202003173
https://doi.org/10.1038/35055575
https://doi.org/10.1038/35055575
https://doi.org/10.1016/j.ejcb.2022.151281
https://doi.org/10.1016/j.ejcb.2022.151281
https://doi.org/10.7554/eLife.06011
https://doi.org/10.1016/s0092-8674(03)00271-x
https://doi.org/10.1016/S1534-5807(04)00075-9
https://doi.org/10.1038/s41598-018-20821-3
https://doi.org/10.1038/s41598-018-20821-3
https://doi.org/10.1038/s42255-024-01045-4
https://doi.org/10.1016/j.coemr.2019.02.002
https://doi.org/10.1016/j.coemr.2019.02.002
https://doi.org/10.1248/bpb.b21-00263
https://doi.org/10.1248/bpb.b21-00263

	ARHGEF3 coordinates adipocyte hypertrophy and differentiation through dual YAP-RhoA and PPARγ activation
	Introduction
	Materials and methods
	Antibodies and other reagents
	Animals and diet
	Study approval
	Metabolic phenotyping
	Adipose tissue analysis
	Cell culture and adipogenic differentiation
	Protein extraction and western blot analysis
	Immunoprecipitation
	Cytosolic and nuclear Fractionation
	Preparation of F-actin and G-actin fractions
	RNA isolation and quantitative real-time PCR (qRT-PCR)
	Transduction with shRNA and transfection
	Fluorescence imaging
	Chromatin immunoprecipitation (ChIP)
	Oil Red O staining
	Cloning
	Luciferase reporter assay
	Statistical analysis

	Results
	ARHGEF3 is predominantly expressed in adipose tissue and upregulated during adipogenesis
	ARHGEF3 deficiency mitigates weight gain and adiposity in mice fed a high-fat diet
	ARHGEF3 regulates adipocyte hypertrophy and cytoskeletal reorganization via RhoA-mediated F-actin dynamics
	YAP regulates RhoA expression in an ARHGEF3-dependent manner
	ARHGEF3 facilitates YAP nuclear translocation through GEF-mediated RhoA activation
	ARHGEF3 deficiency suppresses genes associated with adipocyte differentiation
	ARHGEF3 is a reciprocal activator of PPARγ in a GEF activity-dependent manner

	Discussion
	Conclusion
	Ethics approval and content to participate
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




