BMB

Korean Society for Biochenisy and Molecuiar Biology

ARTICLE

www.nhature.com/emm

W) Check for updates

PAK4 phosphorylates cyclin-dependent kinase 2 to promote
the G,/S transition during adipogenesis
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p21-activated kinase 4 (PAK4), a member of the PAK family (PAK1-6), was initially recognized for its role in tumor development.
Recently, we discovered PAK4's involvement in triacylglycerol lipolysis in adipocytes. However, its function in adipogenesis remains
unclear. Here we show that PAK4 plays a critical role in adipocyte differentiation. Following adipogenic stimulation, PAK4 protein
levels increased. Knockdown of PAK4 in 3T3-L1 preadipocytes or human stromal vascular cells, as well as pharmacological inhibition
of PAK4 in 3T3-L1 cells, impaired adipogenesis, as indicated by reduced expression of adipocyte marker genes and decreased lipid
accumulation. Mechanistically, PAK4 phosphorylated cyclin-dependent kinase 2 at serine 106, a critical step for CCAAT/enhancer-
binding protein  expression during mitotic clonal expansion. Consistent with these findings, preadipocyte-specific Pak4-knockout
mice exhibited reduced fat mass and smaller adipocytes. These results reveal PAK4 as a crucial regulator of adipogenesis and,
together with its inhibitory role in triacylglycerol lipolysis, further underscore its potential as a therapeutic target for obesity

treatment.
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INTRODUCTION

Adipogenesis is the process by which mesenchymal stem cells
differentiate into preadipocytes, which then mature into adipo-
cytes. The early stage of adipogenesis involves cell cycle growth
arrest, followed by the reentry of preadipocytes into the cell cycle,
leading to mitotic clonal expansion'. During the initial phases of
differentiation, the expression of CCAAT/enhancer binding
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proteins delta (C/EBPS) and beta (C/EBP) increases in response
to hormonal signals. The final stage of adipogenesis is regulated
by the coordinated expression of peroxisome proliferator-
activated receptor gamma (PPARy) and C/EBPa, ultimately
resulting in the formation of mature adipocytes>.
Cyclin-dependent kinases (CDKs) are enzymes that regulate cell
division by forming complexes with cyclins. Most tissues remain in
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the Gy phase, which can either progress to the next stage or
undergo permanent arrest. Quiescent cells require stimulation,
such as insulin, dexamethasone and agents that elevate cellular
cAMP, to trigger intracellular signaling cascades, leading to CDK-
mediated progression through the cell cycle®. In response to these
signals, CDK-cyclin complexes phosphorylate retinoblastoma
protein (RB), relieving its suppression of gene expression and
enabling cell cycle advancement’.

Preadipocytes in the G; phase express C/EBP(, initiating a
cascade of transcriptional events. The activation of C/EBP( as a
transcription factor involves a complex series of regulatory steps,
including interactions with other proteins and posttranslational
modifications. Typically, C/EBP3 is found in a repressed state and
becomes activated through phosphorylation of a repressor
domain situated between the N-terminal transactivation domains
and the C-terminal bZIP region®. Its phosphorylation occurs
sequentially, first by ERK at T188 (T235 in humans), followed later
by GSK-3p at T179 (T226 in humans) or S184 (5231 in humans)’. In
addition, various kinases, such as protein kinase A (5299/5288 in
humans)®, homeodomain-interacting protein kinase 2 (T188)°,
CDK2 (T188)'°, protein kinase G (5176/5223 in humans)'’,
ribosomal S6 kinase-2 (T217/T266 in humans)'?> and Ca®*-
calmodulin-dependent kinase Il (S276/5325 in humans)'® also
phosphorylate C/EBP(. Overall, phosphorylation of C/EBP
enhances its DNA-binding activity.

p21-activated kinases (PAKs) are a group of serine/threonine
kinases involved in regulating key cellular functions, such as cell
survival, proliferation, apoptosis inhibition and cell morphology'.
Despite sharing about 50% sequence similarity, group | (PAK1-3)
and group Il (PAK4-6) differ in other domains, affecting their role
in promoting cell cycle progression and proliferation. PAK4, in
particular, is recognized as an oncoprotein, implicated in cancers
such as breast cancer', non-small cell lung cancer'® and prostate
cancer'’. Beyond its role in cancer, our previous work has linked
PAK4 to several biological processes, including myogenesis
following  muscle  injury’®,  oxidative  stress  during
ischemia—reperfusion injury'>?°, ketone body production during
fasting?', and insulin-stimulated glucose uptake in skeletal
muscle??. Recently, we showed that PAK4 inhibits lipolysis in
adipocytes, potentially contributing to obesity?>. However, its role
in adipogenesis remains unclear. Given PAK4's links to cell cycle
regulation and obesity, we hypothesized it may promote mitotic
clonal expansion during adipogenesis.

MATERIALS AND METHODS

Human tissue samples

We obtained abdominal fat tissues located near the gallbladder from
patients who underwent elective or emergency laparoscopic cholecys-
tectomy at the Surgery Unit of Jeonbuk National University Hospital
(Jeonju, Korea). All patients provided written informed consent, and the
study received approval from the Institutional Review Board of Jeonbuk
National University Hospital (permit no. JUH 2022-04-033).

Animals

Pak4™/1°% mice (B6.12952-Pak4™21Amin/}) and Pdgfrb-Cre mice (B6. Pdgrfb-
P2A-CreER™) were obtained from the Jackson Laboratory. Preadipocyte-
specific Pak4-knockout (KO) mice (Pak4™1°%pdgfrb-Cre) were generated
by crossing Pak4™% and Pdgfrb-Cre mice. Genotyping was carried out
using tail tips that were incubated with STE buffer (0.2% SDS, 100 mM Tris,
5mM EDTA and 200 mM NaCl, pH 7.4) along with 0.5 mg/ml proteinase K
for 12 h at 56 °C. Subsequently, a two-step PCR was conducted with Taq
polymerase (Clontech) using specific forward (5-GATGCAACGAGTGAT-
GAG-3') and reverse (5-TCGGCTATACGTAACAGG-3’) primers, and the
presence of a 496-bp band confirmed the Pak4 genotype. All experimental
mice were housed in a controlled barrier facility (12-h light/dark cycle,
23+1°C, 60-70% humidity). This study protocol was approved by the
Institutional Animal Care and Use Committee of Jeonbuk National
University Hospital (permit no. JBUH-2020-12-1).
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Body fat percentage
Percentage body fat was determined using a Bruker Minispec mq 7.5 NMR
analyzer (Bruker Optics) as described previouslyz“.

Histology

Epidydimal adipose tissue (EAT) was promptly immersed in a 10% formalin
solution in 0.1 M phosphate-buffered saline (PBS) for fixation. Subsequently,
6-um-thick paraffin sections were prepared, blocked with 5% goat serum at
room temperature for 40 min and stained with the primary antibody against
perilipin-1 (#9349, Cell Signaling Technology) overnight at 4°C. After
washing with PBS, secondary antibody (#11001, Alexa Fluor 488-
conjugated goat anti-mouse IgG1, Thermo Fisher Scientific) was incubated
for 90 min at room temperature. Sections were then counterstained with
4/,6-diamidino-2-phenylindole (DAPI). The resulting images were visualized
using an LSM510 confocal laser-scanning microscope (Carl Zeiss).

Isolation of preadipocytes

EAT were aseptically collected from 8-week-old wild-type (WT) and Pak4-
KO mice, finely minced and digested with 0.1% (w/v) type | collagenase
(#LS004194, Worthington) at 37°C for 30-45 min with gentle shaking.
Digestion was halted by adding an equal volume of Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
The cell suspension was then filtered through a 100-pym mesh and
centrifuged at 200g for 5 min. The resulting stromal vascular fraction was
treated with ACK lysis buffer (Invitrogen) for 3 min to remove erythrocytes,
followed by an additional centrifugation at 200g for 5 min. Preadipocytes
were subsequently isolated from the stromal vascular fraction using a
magnetic-activated cell sorting separation column positioned in a
magnetic stand (#130-118-457, Miltenyi Biotec).

Adipocyte differentiation of 3T3-L1 preadipocytes and
stromal vascular cells

3T3-L1 murine preadipocytes were obtained from the American Type Culture
Collection. Stromal vascular cells (SVCs) were isolated from EAT of mice or
mesenteric fat tissues from humans and plated onto collagen-coated dishes
until reaching confluency. The cells were cultured in DMEM supplemented
with 10% FBS, penicillin (100 units/ml) and streptomycin (100 mg/ml) in a
10% CO, incubator. To induce differentiation, an adipogenic cocktail
(Methylxanthine (isobutyl-methylxanthine), Dexamethasone, and Insulin
(MDI), including 10 pg/ml insulin, 1uM dexamethasone and 0.5mM
isobutyl-methylxanthine) was added to the DMEM-10% FBS medium. After
2 days, the medium was replaced with DMEM-10% FBS containing 10 ug/ml
insulin for an additional 2 days, followed by replacing the medium with
DMEM-10% FBS every 2 days for another 4-day period.

Transient transfection

In the knockdown experiment using SVCs, cells were electroporated with
small interfering RNA (siRNA) targeting PAK4 (#93759, Bioneer) at 300 mV
for 30 ms using a Microporator (Invitrogen). After electroporation, cells
were cultured overnight in growth medium without antibiotics. For
knockdown experiments in 3T3-L1 preadipocytes, siRNA was delivered
using Lipofectamine RNAIMAX (Invitrogen). To overexpress CDK2 or its
mutants, 1.5 ug of the respective plasmids were transfected into 3T3-L1
cells on day —1 using Lipofectamine RNAIMAX (Invitrogen). For
transcriptional regulation assays of C/EBPB, 1ug of luciferase reporter
vectors (#336841 CCS-001L, Qiagen) was transfected into 3T3-L1 cells on
day —1.

Oil Red O staining

Differentiated cells were fixed in 10% formalin for 10 min at room temperature.
After fixation, the cells were washed with deionized water twice and incubated
in 60% isopropanol for 5min. Cells were completely air dried at room
temperature before Oil Red O working solution (2g/l Oil Red O in 60%
isopropanol) was applied. After incubation at room temperature for 10 min, the
Oil Red O solution was removed and the cells were washed with deionized
water five times before the images were acquired for analysis.

Flow cytometry

3T3-L1 preadipocytes were induced to differentiate into adipocytes for
24 h, then collected, washed with PBS and fixed overnight in 70%
precooled ethanol at —20°C. After washing with PBS, the cells were
resuspended in 500 pl of PBS containing 100 pg/ml RNase1 and incubated
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for 30 min at room temperature. They were then stained with propidium
iodide solution (Roche) at a final concentration of 50 pg/ml for 30 min at
4°C. The stained cells were analyzed using a Accuri C6 flow cytometer (BD
Biosciences).

Western blotting and co-immunoprecipitation (co-IP)

Plasma membrane and cytoplasmic fractions were prepared using the
MEM-PER membrane protein extraction kit (#89842, Thermo Fisher
Scientific). Tissue homogenates or cell lysates (20 ug) were separated by
6-14% SDS-PAGE and transferred to polyvinylidene difluoride membranes.
After blocking with 5% skim milk, blots were probed with primary
antibodies against PAK4 (#G222), p-PAK4-S474 (#3241), C/EBPa (#2295), C/
EBP (#3082), FAS (#3189), FABP4 (#2120), PLIN1 (#9349), cyclin D1 (#2922),
SMYD3 (#12859), p-CDK2-T160 (#2561), p-CDK4 (#5884), RB (#9302), p-RB
(#9308), lamin B1 (#13435), B-tubulin (#2146, all from Cell Signaling
Technology), MAPK6 (#ab53277), PCNA (#ab18197), p-C/EBPB (#ab52194,
all from Abcam), ACC (#sc-137104), PPARy (#sc-7273), CDK2 (#sc-6248), Ub
(#sc-166553, all from Santa Cruz Biochemicals) or HSP9O (#ADI-SPA-846,
Enzo Life Science). An affinity-purified rabbit monoclonal antibody
targeting p-CDK2-5106 was generated against a peptide corresponding
to the sequence GIPLPLIKS(106)YLFQLLQ in mouse and human CDK2 by
GWVitek.

For co-IP, 100 ug protein was incubated with anti-CDK2 (#sc-6248, Santa
Cruz Biochemicals), anti-C/EBP( (#3082) or anti-Myc (#9402, both from Cell
Signaling Technology) overnight at 4 °C, followed by protein G agarose
(#15920-010, Invitrogen) for 2 h at 4 °C. Blots were probed with antibodies
against C/EBPB, p-C/EBPB, PCNA, p-PAK4, PAK4, p-CDK2-T160, CDK2, p-
CDK2-5106 or ubiquitin. Immunoreactive bands were detected with a Las-
4000 imager (GE Healthcare Life Science).

RNA isolation and qPCR

Total RNA was isolated from 3T3-L1 adipocytes using the RNA Iso kit
(TaKaRa). The RNA was precipitated with isopropanol, dried with 70%
ethanol and dissolved in diethyl pyrocarbonate-treated distilled water.
First-strand cDNA was synthesized using random hexamer primers from
the first-strand cDNA synthesis kit (Applied Biosystems). Specific primers
for the target genes were designed using PrimerBank (https://
pga.mgh.harvard.edu/primerbank). The oligonucleotide primers for qPCR
were as follows: Pak4 forward 5-GCTCCCCTTTGAAGATGTCA-3/, reverse 5'-
GACCCACAAGGACTCAAGGA-3;  Gapdh forward 5-CGTCCCGTAGAC
AAAATGGT-3’, reverse 5-TTGATGGCAACAATCTCCAC-3'. gPCR reactions
were performed in a final volume of 10 pl, containing 10 ng of reverse-
transcribed total RNA, 200 nM of both forward and reverse primers, and
PCR master mix. The qPCR analysis was conducted in 384-well plates using
the ABI Prism 7900HT Sequence Detection System (Applied Biosystems).

Proximity ligation assay

Protein interactions were assessed using a Duolink proximity ligation assay
(PLA) kit (#DU092002, Sigma-Aldrich) as previously described®. In brief,
3T3-L1 adipocytes were fixed with 10% neutral buffered formalin,
permeabilized with PBS/0.1% Triton X-100 and incubated with anti-PAK4
(#sc-390507, Santa Cruz Biochemicals) in conjunction with anti-CDK2
(#7882, Cell Signaling Technology). Samples were then incubated with
Duolink in situ PLA Probes (anti-rabbit Minus and anti-mouse Plus) for 1 h.
Signals were amplified with polymerase using In Situ Detection Reagents
Green. Finally, cells were counterstained with DAPI and images were
captured using an LSM880 confocal laser scanning microscope (Carl Zeiss).

In vitro kinase assay

Recombinant human CDK2 (3 pg, #ab268339 Abcam) was incubated with
recombinant human PAK4 protein (1 pg, #ab96405, Abcam) in assay buffer
(50 mM Tris-HCl, 10 mM MgCl,, 2mM dithiothreitol and 0.1 mM EDTA,
pH7. 6) containing 5 uCi [y->2P] ATP and 50 uM cold ATP at 30°C for
10 min. The reaction mixtures were then subjected to SDS-PAGE, and
32p-labeled proteins were detected by autoradiography. For Coomassie
blue staining, the gel was stained for 1h in protein staining buffer
(#ab119211, Abcam).

Mutagenesis

Mutant constructs of the human CDK2 plasmid vector (#RC200494,
Origene) were generated using a site-directed mutagenesis kit (#£EZ004S,
Enzynomics). Specifically, the CDK2%'%*, CDK2°'%P and CDK2""%°* variants
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were created by introducing point mutations that substituted the serine
residue at position 106 with alanine or aspartic acid, and the threonine
residue at position 160 with alanine. The corresponding nucleotide
changes were: CDK2%'%* (AGC — GCC), CDK2%'%® (AGC — GAC) and
CDK2'%%* (ACU — GCU).

Global phosphoproteomic and LC-MS/MS analysis

To identify the phosphorylated substrates by PAK4, 3T3-L1 preadipocytes
were transfected with 1 ug of Flag-PAK4 (#HG12175, Sino-Biological). After
1day of differentiation, the cells were lysed in T-PER buffer containing
protein phosphatase inhibitors. Cell lysate (500 ug) was subjected to
SDS-PAGE and visualized by colloidal Coomassie blue staining. After going
through the in-gel digestion process, they were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as described
previously*’. Potential proteins of interest were defined as phosphotryptic
peptides that exhibited (1) a negative or positive change of >2-fold in the
phosphorylation state (phosphoprotein/protein) and (2) a change with
P <0.05 across the three replicates.

Prediction of PAK4-CDK2 complex model

Computational simulation was conducted to predict the complex model of
PAK4 and CDK2. The X-ray crystal structures of human PAK4 (PDB ID:
4XBR)*® and CDK2 (PDB ID: 1W98)%° were retrieved from Protein Data Bank
(PDB). Among the available X-ray crystal structures of CDK2, the one in
which the C-terminal loop does not hinder the location of S106 was
selected. Protein—protein docking was conducted using the PIPER module
implemented in Schrédinger with the attraction restraints between S474 of
PAK4 and S106 of CDK2. The ten most populated models were determined
through clustering analysis and analyzed to identify the most biologically
relevant interactions by assessing the docking scores and visually
inspecting the interface. The final docking model was further minimized
using the Desmond module implemented in Schrodinger to validate the
stability and feasibility of the predicted protein-protein interactions. The
molecular graphic figure was created using PyMOL v.2.5.4 (Schrodinger).

Statistics and reproducibility

All experiments requiring statistical analysis were performed at least three
times with similar results. Data are expressed as the mean + standard
deviation (s.d.). Data from animal and cell studies were collected in a
randomized and blinded fashion, and no data were excluded during the
statistical analysis. Data distribution was assumed to be normal, but this
was not formally tested.

For comparisons between two groups, Student’s unpaired t-test was
used. The Pearson correlation coefficients were calculated for continuous
variables. A P value less than 0.05 was considered significant. We utilized
GraphPad 9.5 software for statistical analysis.

RESULTS

PAK4 knockdown suppresses adipogenesis

To determine whether PAK4 plays a role in adipogenesis, we
examined its expression after treatment with MDI. Both PAK4
protein and mRNA levels significantly increased on day 1, declined
by day 4 and then rose again (Supplementary Fig. 1a,b), suggesting
its involvement in the adipogenic process. In PAK4-knockdown cells,
the expression of early and late adipogenic markers was markedly
reduced (Fig. 1a). As a result, adipogenesis was impaired, shown by
reduced expression of fatty acid synthase (FAS) and fatty acid
binding protein 4 (FABP4), and diminished lipid accumulation as
observed by QOil Red O staining and boron-dipyrromethene (BODIPY)
immunostaining (Fig. 1b, c). Given the interaction between PAK4
and cyclin D1 in ovarian cancer’” and cyclin D1’s role in the G,/S
phase?®, we found that cyclin D1 was reduced by PAK4 knockdown
(Fig. 1a), leading to G;/S cell cycle arrest. Flow cytometry and
bromodeoxyuridine (BrdU) incorporation assays confirmed this
arrest (Fig. 1d-f). These findings suggest that PAK4 deficiency
hinders adipogenesis by arresting the cell cycle at the G;/S phase.

PAK4 inhibitor impairs adipogenesis

We further explored the effect of the PAK4 inhibitor, ND201651%°, on
adipogenesis in 3T3-L1 cells. Similar to the effects seen with PAK4
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Fig. 1 Inhibition of mitotic clonal expansion by PAK4 knockdown. a, b 3T3-L1 preadipocytes were transfected with either scrambled siRNA

(siCtrl) or PAK4-targeting siRNA (siPAK4). Twelve hours after siRNA transfection, cells were induced to differentiate for the indicated durations:
up to 48 h (a) or 8 days (b). Adipogenic marker gene expression was assessed via western blotting. ¢ After 8 days of differentiation, 3T3-L1 cells
were stained with Oil Red O (ORO) or immunostained using BODIPY. d The cell cycle distribution of 3T3-L1 preadipocytes was analyzed by
flow cytometry after 24 h of MDI treatment. e, f After 12 or 24 h of MDI treatment, the number of cells in the S, G, and M phases (e) and BrdU

incorporation (f) were measured. Values are mean +s.d. "P <0.05, P < 0.01.
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knockdown, the inhibitor suppressed adipogenesis in a dose- and
time-dependent manner, without cytotoxicity up to concentrations of
100 nM (Fig. 2a—c). This was further confirmed by cell cycle analysis,
BrdU incorporation, Oil Red O staining and BODIPY immunostaining
(Fig. 2d-g). In addition, the PAK4 inhibitor PF-3758309%° produced
similar results (Supplementary Fig. 2a-e).

Experimental & Molecular Medicine (2025) 57:2121-2132

BODIPY/DAPI

PAK4 phosphorylates CDK2 at S106

To identify downstream substrates of PAK4 kinase, we conducted
a phosphoproteomic analysis comparing preadipocytes over-
expressing PAK4 with control preadipocytes. The primary screen-
ing focused on differences in phosphoprotein/total protein levels
between the two groups. Based on the criteria outlined in the
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Fig. 2

Inhibition of adipogenesis by the PAK4 inhibitor ND201651. a 3T3-L1 preadipocytes were treated with varying concentrations of

ND201651, followed by differentiation induction with MDI. All adipogenic marker proteins were analyzed on day 8 post-MDI treatment, while
PAK4 phosphorylation was assessed on day 1. b Temporal changes in adipogenic marker expression in the presence or absence of ND201651
(30 nM). € 3T3-L1 preadipocytes were treated with different concentrations of ND201651 for 2 days, and cell viability was measured using the
MTT assay (n=6). d—f 3T3-L1 preadipocytes were treated with MDI for 12 or 24 h with or without 30 nM ND201651. Flow cytometry was
performed to analyze cell cycle distribution (d), quantify the number of cells in the S, G, and M phases (e, n=4) and determine BrdU
incorporation (f, n = 4). g, After 8 days of differentiation, representative images were captured from each group following Oil Red O (ORO)
staining or BODIPY immunostaining to assess lipid accumulation. ORO intensity was quantified with spectrophotometer at 540 nm
wavelength after dissolving in 70% isopropanol (n = 5). Values are mean +s.d. P<0.05, P<0.01.

Methods section, the top three candidates were SMYD3, MAPK6
and CDK2 (Fig. 3a). SMYD3 and MAPK6 were excluded from
further analysis as they were not detected in PAK4 immunopre-
cipitates (Supplementary Fig. 3a,b); however, CDK2 was present in
PAK4 immunoprecipitates (Fig. 3b). We therefore focused on
analyzing PAK4'’s regulation of CDK2.

The direct interaction between PAK4 and CDK2 was confirmed
using a PLA (Fig. 3c). A cell-free phosphorylation assay with
recombinant human CDK2 showed that PAK4 enhances CDK2
phosphorylation (Fig. 3d). LC-MS/MS analysis further identified
S106 (corresponding to S106 in human) within the catalytic
domain of CDK2 as the phosphorylation site targeted by PAK4
(Fig. 3e,).

To validate CDK2 phosphorylation at S106, we generated the
CDK2°"%%A (serine-to-alanine substitution at $106), the CDK2"'5%A
(threonine-to-alanine  substitution at T160) and the
CDK2%196#4/T160A double mutant. These constructs were trans-
fected into 3T3-L1 cells with or without PAK4. In vitro
phosphorylation assays revealed that PAK4 phosphorylated
CDK2 in the presence of the CDK2"'%°* mutant, but not when
CDK2°"9%A or CDK25196~T160A a5 expressed (Fig. 3g), confirming
S106 as the specific phosphorylation site targeted by PAKA4.

The protein-protein docking study predicted the structural
complex of PAK4 and CDK2, identifying key residues involved in
their interactions. Phosphorylated S474 of PAK4 and S106 of CDK2
are critical for their interaction, and the complex model showed
the feasibility of the phosphorylation mechanism we have
identified (Fig. 4a). The binding interface, marked by a black box
(Fig. 4b), shows a substantial region of complementary surface
and electrostatic interaction between PAK4 and CDK2. These
findings provide a molecular basis for the regulatory role of PAK4
in CDK2 activity, highlighting its potential as a modulator in cell
cycle control.

PAK4 phosphorylation of CDK2 at S106 is required for
adipogenesis

Because the CDK2-cyclin A complex induces phosphorylation of
C/EBPB at T188 and initiates mitotic clonal expansion'®, we
investigated whether PAK4-mediated phosphorylation of CDK2 at
S106 could affect the effect of C/EBP on this process. Co-IP
experiments on 3T3-L1 preadipocytes treated with MDI, with or
without ND201651, demonstrated that C/EBPB, CDK2 and PAK4
interact with each other (Fig. 5a). Interestingly, phosphorylation of
CDK2 at T160 was diminished by ND201651, which mirrored the
effect observed at the S106 phosphorylation site, suggesting a
potential relationship between T160 and S106. However, PCNA,
another CDK2 binding partner®, was not affected by ND201651,
indicating specific action of PAK4 on CDK2.

To assess the functionality of PAK4-mediated phosphorylation
of CDK2 at S106, we transfected 3T3-L1 cells with either a
phosphodeficient mutant (CDK2°'%*) or a phosphomimetic
mutant (CDK2°'°P) and evaluated their impact on C/EBPp.
Transfection with CDK2%'%* resulted in a reduced interaction
between CDK2 and C/EBPB (Fig. 5b) and decreased C/EBP
transcriptional activity (Fig. 5¢), whereas CDK2°'°® had no effect
on these. Consistently, CDK2°'%* inhibited adipogenesis in 3T3-L1
cells (Fig. 5d), demonstrating the significance of CDK2
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phosphorylation at S106 in the adipogenesis process. To rule
out the possibility that this disruption was due to CDK2 protein
degradation, treatment with the proteasome inhibitor MG132
confirmed that CDK2 levels remained stable regardless of
phosphorylation status (Fig. 5e). Considering that active CDK2
and C/EBP( are probably present in the nucleus, we isolated
nuclear and cytosolic fractions from 3T3-L1 cells after ND201651
treatment. The results indicated that PAK4 inhibition led to a
decrease in nuclear protein levels of both CDK2 and C/EBP(
(Fig. 5f) and transcriptional activity of C/EBP (Fig. 5g), suggesting
that the PAK4-CDK2 axis functionally regulates C/EBPf3.

Preadipocyte-specific Pak4 KO exhibits reduced fat mass

To establish tamoxifen-inducible preadipocyte-specific Pak4-KO
mice (Pak4™"*.pdgfrb-Cre), we crossed Pdgfrb-Cre mice®' and
Pak4™°x mice (Fig. 6a). The successful deletion of PAK4 in
primary preadipocytes was validated by western blot analysis
(Fig. 6b). The resulting Pak4-KO mice were born at the expected
Mendelian ratio and appeared indistinguishable from their WT
littermates. However, 3 months after tamoxifen treatment, the
Pak4-KO mice exhibited smaller body size, reduced fat pads and
smaller adipocyte sizes compared with their WT counterparts
(Fig. 6¢,d). This trend was also observed through body fat mass
measurements using a nuclear magnetic resonance analyzer
(Fig. 6e). Western blot analysis revealed a marked decrease in
both CDK2 phosphorylation and the levels of adipogenic
markers in EAT (Fig. 6f). Moreover, we isolated SVCs from the
EAT and induced their differentiation into adipocytes, with Oil
Red O staining and adipogenesis marker expression confirming
the tissue analysis results (Fig. 6g,h).

PAK4 knockdown reduces adipogenesis in human adipocytes
Finally, we isolated SVCs from fat pads near the gallbladder of
patients undergoing elective or emergency laparoscopic chole-
cystectomy. Consistent with the findings in adipocytes differen-
tiated from 3T3-L1 preadipocytes and SVCs from Pak4-KO mice,
PAK4 knockdown resulted in decreased protein levels of
adipogenesis markers (Fig. 7a), reduced fat accumulation after
MDI treatment (Fig. 7b) and weakened interaction between CDK2
and C/EBPB (Fig. 7¢). In addition, analysis of the human adipose
tissue GTEx database showed a positive correlation between PAK4
mMRNA and CDK2 mRNA levels (Fig. 7d). Together, these findings
indicate that PAK4 in visceral fat promotes adipogenesis and may
serve as a molecular marker of obesity in both mice and humans.

DISCUSSION

Adipogenesis is a hallmark of obesity, characterized by the
progression of precursor cells into mature adipocytes. During
mitotic clonal expansion, as the number of cells increases,
signaling pathways related to the cell cycle are activated. Cyclin
D and CDK4/CDK6 complexes regulate the early G; phase, while
cyclin E and CDK2 complexes are essential for the G;/S phase
transition’. In this study, we demonstrate that PAK4 promotes
adipogenesis in 3T3-L1 cells by modulating CDK2. Specifically,
PAK4 binds to and phosphorylates CDK2 at S106, which is crucial
for the interaction between CDK2 and C/EBPP. This interaction
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Fig. 3 Direct phosphorylation of CDK2 by PAKA4. a After transfection of 3T3-L1 preadipocytes with Flag-PAK4, whole-cell lysates were
analyzed using two-dimensional gel electrophoresis, LC-MS/MS for phosphotryptic peptide identification and quantification. The top-ranked
phosphorylated proteins are listed. b Co-IP was performed on whole-cell lysates to assess PAK4's interaction with CDK2. ¢ PLA was performed in
3T3-L1 preadipocytes to determine PAK4's interaction with CDK2. d In vitro phosphorylation of CDK2 by PAK4 was evaluated by incubating
recombinant CDK2 and PAK4 with [y-3P]ATP, followed by autoradiography and Coomassie blue (CB) staining. e 3T3-L1 preadipocytes were
transfected with PAK4, and CDK2 phosphorylation was analyzed via LC-MS/MS following in-gel digestion. A representative spectrum is shown.
f The domain structure of human CDK2 protein is illustrated, showing multiple phosphorylation sites. The arrow indicates phosphorylation site
by PAK4. g 3T3-L1 preadipocytes were transfected with either CDK2T, CDK2°'%, CDK2"'%%* or CDK23'%*/T16%A phosphorylation of CDK2
immunoprecipitates (30 ug) by PAK4 was assessed by incubation with [y->2P]ATP, followed by autoradiography and CB staining.
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Binding interface

Electrostatic potential (APBS)

Fig. 4 A predicted model of the interaction between PAK4 and CDK2. a The binding interaction between PAK4 and CDK2 was predicted
through computational modeling. The secondary structures of PAK4 and CDK2 are shown in pale-green and light-blue ribbons, respectively.
The two residues involved in phosphorylation, that is, PAK4-pS474 and CDK2-5106, are depicted as spheres. The ATP-Mg>" molecule is
displayed as sticks at the ATP-binding site. b The molecular surfaces of PAK4 and CDK2 are displayed with electrostatic potential. The binding
interface, outlined by a black box, illustrates the complementary electrostatic interactions between PAK4 (left) and CDK2 (right), with regions
of positive charge in blue and negative charge in red. The model suggests that PAK4-mediated phosphorylation of CDK2 at the S106 residue is

structurally feasible.

allows cells arrested in the cell cycle to reenter and progress to the
G;/S phase transition.

Several kinases, including protein kinase A, CDK2, protein kinase
G, ribosomal S6 kinase-2 and Ca**-calmodulin-dependent kinase
B3, are known to phosphorylate C/EBPB at various sites.
Notably, the dual phosphorylation of C/EBPB at T188 by ERK and
T198 (or S184) by GSK3B is well established’, and CDK2 also
phosphorylates C/EBPB at T188'°. Our study reveals that PAK4-
mediated phosphorylation of CDK2 at S106 is critical for CDK2's
interaction with C/EBPB, leading to phosphorylation of T188 and
nuclear translocation of C/EBPB and, ultimately, cell cycle
progression in adipocytes. CDK2 activation requires its association
with cyclin E*2, removal of inhibitory phosphorylation on T14 and

SPRINGER NATURE

Y15%, and phosphorylation at T160 by ERK**. We propose that
S106 phosphorylation by PAK4 is necessary for CDK2's full
activation. Interestingly, phosphorylation at CDK2's T160 and
$106 sites has distinct effects. T160 phosphorylation, which occurs
in the T-loop, is crucial for CDK2's nuclear translocation®*, whereas
S106 phosphorylation affects both the phosphorylation of T188
and nuclear translocation of C/EBPP. Although it remains unclear
whether $S106 phosphorylation influences T160 or vice versa, our
findings suggest that S106 phosphorylation promotes C/EBP{'s
nuclear translocation, while T160 phosphorylation enhances its
transcriptional activity.

Many anticancer drugs target rapidly dividing cells, and because
adipogenesis involves the proliferation and differentiation of
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Fig. 5 Essential role of PAK4-mediated phosphorylation of CDK2 in adipogenesis. a 3T3-L1 preadipocytes were pretreated with 30 nM
ND201651 before MDI treatment. Co-IP was performed on day 1 to assess CDK2 phosphorylation and its interaction with C/EBPf. b—e 3T3-L1
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to differentiate with MDI treatment. After 24 h, C/EBP phosphorylation (b) and C/EBP-transcriptional activity (c, n = 3) were analyzed. d Lipid
accumulation was assessed after 8 days of differentiation using Oil Red O staining and BODIPY immunostaining. e CDK2 ubiquitination was
analyzed in CDK2 immunoprecipitates from cell lysates collected 24 h after the initiation of differentiation following transfection. f Nuclear
translocation of CDK2 was examined by western blotting after 24 h of differentiation, with or without 30 nM ND201651 treatment. g 3T3-L1
preadipocytes were treated with 30 nM ND201651, followed by differentiation induction with MDI for 24 h. C/EBP-luciferase activity was then
measured (n = 3). Veh, vehicle; RLU, relative luciferase unit; NE, nuclear extract; CE, cytosolic extract.. Values are mean +s.d. P<0.05, P<0.01.
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Fig. 6 Metabolic phenotypes of preadipocyte-specific Pak4-KO mice under normal chow diet feeding. a A schematic representation of
preadipocyte-specific Pak4 ablation using Pdgfrb-Cre mice. b Western blot analysis of primary preadipocytes isolated from WT and Pak4-KO
mice to assess PAK4 expression. ¢ Representative images of Pak4-KO and WT littermates (top), along with gross morphology of brown adipose
tissue (BAT), inguinal adipose tissue (IAT) and EAT (bottom) at 14 weeks of age. d Microscopic analysis of EAT was conducted using
hematoxylin and eosin (H&E) staining and BODIPY immunostaining, with adipocyte size in the H&E sections quantified. e Fat content in mice
was measured using an NMR analyzer f PAK4-mediated phosphorylation of CDK2 and the expression of adipogenic markers were examined in
EATs from both WT and Pak4-KO mice. g, h SVCs isolated from EAT of WT and Pak4-KO mice were differentiated into mature adipocytes for
8 days, and adipogenic marker protein levels and lipid accumulation were assessed. Values are mean +s.d. "P <0.05, P < 0.01.

preadipocytes, anticancer drugs such as doxorubicin, cisplatin and
tamoxifen inhibit adipogenesis®*~’, whereas some, such as
imatinib, may promote it>®. These anticancer drugs typically
reduce the expression of critical adipogenic transcription factors,
PPARy and C/EBPa. In our study, we used PF-3758309 and
ND201651 as PAK4 inhibitors. PF-3758309, developed by Pfizer as
an anticancer drug for solid tumors®®, was withdrawn from phase |
trials owing to severe side effects and off-target effects.
ND201651, created by our group, has shown antioxidative'®%,
antisteatotic?!, antiobesity?®> and antidiabetic effects®?. Like other
anticancer agents, ND201651 inhibits adipogenesis but targets C/
EBPP. Despite differing mechanisms of action, the impact of these
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drugs on adipogenesis can lead to metabolic complications in
patients with cancer, including changes in body fat distribution,
weight loss and insulin resistance.

While our findings highlight the role of preadipocyte PAK4 in
adipogenesis, several points should be noted. First, the optimal
approach is to use Cre mice that target Pdgfra/Pdgfrb for
generating preadipocyte-specific KO models; in this study, we
used tamoxifen-inducible Pdgfrb-Cre mice. Although Pdgfrb-Cre
can also target myofibroblasts in various tissues, we confirmed
specific PAK4 deletion in preadipocytes from SVCs of Pak4-KO
mice, indicating that our model is sufficient for our hypothesis.
Moreover, we focused only on male mice, as female hormones,
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Fig. 7 PAK4 interaction with CDK2 in human adipocytes. a SVCs isolated from mesenteric fat tissues of human subjects were transfected
with PAK4 siRNA, followed by differentiation into mature adipocytes with MDI cocktail for the indicated durations. Protein levels of adipogenic
markers were assessed via western blotting. b After 6 days of differentiation, Oil Red O staining and BODIPY immunostaining were conducted
to evaluate lipid accumulation. ¢ After 1 day of differentiation, the interaction between CDK2 and C/EBPp was analyzed using PLA (n =6 per
group). d Genotype tissue expression (GTEx) analysis of human adipose tissues (n = 355).

especially estrogen, can impact adipogenesis®®. Future research
should include female mice. A notable strength of our study is the
validation of findings from in vitro cultures and animal data in

primary SVCs isolated from human fat pads.

In summary,

combined with our recent discovery that PAK4 suppresses lipolysis
in adipocytes?®>, we propose that inhibiting PAK4 could be a
promising therapeutic strategy for obesity.
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