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Our recent studies have identified p21-activated kinase 4 (PAK4) as a key
regulator of lipid catabolism in the liver and adipose tissue, but its role in

glucose homeostasis in skeletal muscle remains to be explored. In this study,
we find that PAK4 levels are highly upregulated in the skeletal muscles of
diabetic humans and mice. Skeletal muscle-specific Pak4 ablation or admin-
istering the PAK4 inhibitor in diet-induced obese mice retains insulin sensi-
tivity, accompanied by AMPK activation and GLUT4 upregulation. We
demonstrate that PAK4 promotes insulin resistance by phosphorylating
AMPKa2 at Ser491, thereby inhibiting AMPK activity. We additionally show
that skeletal muscle-specific expression of a phospho-mimetic mutant
AMPKa25*™® impairs glucose tolerance, while the phospho-inactive mutant
AMPKa2***™ improves it. In summary, our findings suggest that targeting
skeletal muscle PAK4 may offer a therapeutic avenue for type 2 diabetes.

p2l-activated kinase 4 (PAK4), a serine/threonine kinase belonging
to the group Il PAK family, is ubiquitously expressed during
development'. However, its expression is specifically increased after
an oncogenic transformation in many adult tissues. Notably, PAK4
is overexpressed in almost all tumors and cancer cell lines and its
expression is positively correlated with poor survival rates in
patients®’. Previous studies have identified PAK4 as an important
player in cytoskeletal reorganization, cell proliferation and survival,
and gene transcription, acting as an effector protein for Rho GTPase
Cdc42 and Rac*.

We recently reported that PAK4 also plays a critical role in fatty
acid metabolism. It achieves this mainly by phosphorylating nuclear
receptor co-repressor 1 in hepatocytes® and hormone-sensitive lipase
and fatty acid binding protein 4 in adipocytes®. Mice with hepatocyte-
specific Pak4 ablation show reduced triglyceride accumulation in
liver compared to their wild type counterparts when fed a high-fat
diet (HFD). Similarly, when PAK4 is suppressed genetically or phar-
macologically in adipocytes, a lean phenotype is observed without
any changes in food intake®. These mice also resist adipose tissue

inflammation and glucose intolerance on a HFD. These findings sug-
gest that PAK4, in addition to its role as an oncoprotein, regulates
metabolic pathways in the liver and adipose tissues.

Skeletal muscle, which accounts for up to 80% of total glucose
clearance in the body, plays a crucial role in maintaining systemic
glucose homeostasis’. Insulin and muscle contraction are the two
primary physiological stimulators of glucose uptake in skeletal
muscle®. When insulin binds to its receptor on the cell surface of ske-
letal muscle, glucose transporter type 4 (GLUT4) is translocated from
intracellular stores to the plasma membrane through the phosphoi-
nositide 3-kinase (PI3K)-protein kinase B (Akt) pathway’. During exer-
cise or with the presence of adiponectin, GLUT4 is also shifted
to the plasma membrane through the AMP-activated protein
kinase (AMPK) pathway, which operates independently of the insulin
signaling pathway'. It is acknowledged that compromised GLUT4
trafficking or impaired expression, involving dysregulated transcrip-
tion factors normally under the control of AMPK, is implicated in the
development of insulin resistance in skeletal muscle. Consequently,
the pharmacological activation of AMPK using 5’-aminoimidazole-4-
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carboxamide-1-B-D-ribofuranoside, metformin, or the recently devel-
oped AMPK activators has been proposed as a strategy to overcome
insulin resistance by mimicking the beneficial metabolic effects of
exercise training" . As a result, current research is increasingly
focused on identifying mechanisms to regulate AMPK as a therapeutic
strategy to improve insulin sensitivity. Several upstream regulators of
AMPK have been identified that either positively or negatively mod-
ulate its activity. AMPK activation depends on phosphorylation of the
catalytic a-subunit at T172", primarily by liver kinase B1 (LKB1) and
Ca”*/calmodulin-dependent protein kinase kinase”. Conversely, inhi-
bition of AMPK is associated with phosphorylation at S485 in AMPKal
or S491 in AMPKa2 in a variety of tissues including skeletal muscle,
adipocytes and hepatocytes'“®. Therefore, glucose uptake in skeletal
muscle might depend on the coordinated phosphorylation of AMPKa
at T172 and S485/491.

Previous studies have demonstrated the significance of Rho
GTPase and F-actin remodeling in the translocation of GLUT4 stimu-
lated by insulin'®?°, In a similar context, PakI null mice display impaired
glucose tolerance due to deficiencies in insulin-stimulated GLUT4
translocation in skeletal muscle”. However, no studies have been
conducted to investigate the involvement of PAK4 in this process.
Here, we report that PAK4 is highly upregulated in the skeletal muscles
of humans and mice with diabetes. Conversely, skeletal muscle-
specific Pak4 knockout (KO) mice demonstrate improvement in insulin
sensitivity, accompanied by AMPK activation and GLUT4 upregulation.
This phenotype was also replicated by the treatment of a PAK4
inhibitor®* in mice. Our data reveals that PAK4 phosphorylates
S485/491 of AMPKa, thereby inhibiting its activity. Accordingly, ske-
letal muscle-specific expression of the phospho-mimetic mutant
AMPKa25*’'® worsened insulin resistance, while the phospho-defective
mutant AMPKa2%" alleviated it, linking AMPKa2-S491 phosphoryla-
tion to the enhancement of insulin resistance. Thus, PAK4 inhibition
promotes insulin sensitivity though AMPK activation, and emerges as a
therapeutic target for type 2 diabetes.

Results

The expression of PAK4 is upregulated in the skeletal muscles of
both diabetic humans and mice

We first explored our hypothesis that PAK4 expression is altered in
skeletal muscles in diabetes. Analysis of the human skeletal muscle
tissue database (GSE161721) revealed that PAK4 mRNA levels were
increased in patients with diabetes compared to healthy counterparts
(Fig. 1a). We confirmed that the protein and mRNA levels of PAK4, as
well as p-PAK4 (S474), was markedly upregulated in patients with type
2 diabetes mellitus (T2DM) compared to healthy controls (Fig. 1b,
Supplementary Fig. 1a). Consistent with this, we observed markedly
higher levels of PAK4 and p-PAK4 protein in the skeletal muscles
of HFD-fed and db/db mice, while mRNA levels remained unchanged
(Fig. 1c-e). Moreover, in line with our earlier finding that the activation
of Sirtl and protein kinase A (PKA) pathways is responsible for
the protein destabilization of PAK4 in the hepatocytes and
adipocytes®®, protein levels of Sirtl and p-PKA substrates were greatly
suppressed in the skeletal muscles of diabetic mice and humans
(Supplementary Fig. 1b-d).

Pak4 KO mice exhibit improved glucose homeostasis

To evaluate the impact of muscle-specific PAK4 deficiency on whole
body glucose homeostasis, we generated mice with a specific dele-
tion of the Pak4 gene in skeletal muscle. This was achieved by
crossing Pak4™* mice with mice that express Cre recombinase
under the control of the myosin light chain 1 promoter (MylI-Cre),
which is predominantly active in postmitotic type Il myofibers
(Supplementary Fig. 2a). The resulting Pak4 KO mice were born in the
Mendelian ratio and did not show any apparent abnormalities in
appearance or behavior. Genomic PCR analysis and western blotting

confirmed the successful and specific removal of PAK4 in skeletal
muscle tissues, with no changes in the expression of other PAK
family members in the Pak4 KO mice (Supplementary Fig. 2b-d).
Throughout the study, littermate mice with the Pak4™*%* genotype
were used as the wild type (WT) control.

Pak4 KO and WT control male mice were placed on NCD or aHFD
for 12 weeks starting at 8 weeks of age, and their metabolic profile
was monitored. Pak4 KO mice had significantly lower body weight
than WT mice under HFD without any difference in food intake, and
showed enhanced glucose and insulin tolerance (Fig. 2a, Supple-
mentary Fig. 3a-c). Fasting glucose and insulin levels and HOMA-IR
were significantly reduced in HFD group of Pak4 KO mice compared
to WT mice (Fig. 2b-d). Plasma adiponectin was increased but leptin
levels were decreased in Pak4 KO mice than WT mice (Fig. 2e, f).
We also repeated the HFD feeding experiment in female mice,
observing reduced body weight and improved glucose and
insulin tolerance in female Pak4 KO mice compared to WT mice
(Supplementary Fig. 3d-g).

To confirm the enhanced glucose and insulin tolerance resulting
from PAK4 deficiency, we performed hyperinsulinemic-euglycemic
clamp study in a different cohort of male mice fed HFD for 12 weeks.
Ablation of Pak4 gene in skeletal muscles significantly increased the
glucose infusion rate (GIR) in HFD-fed mice (Fig. 2g), indicating
improved systemic insulin sensitivity. Whole-body glucose turnover
and glucose uptake in the skeletal muscle were also increased in Pak4
KO mice (Fig. 2h, i). Furthermore, under HFD condition, Pak4 KO mice
demonstrated significantly higher levels of insulin-stimulated Akt
phosphorylation in skeletal muscle and epididymal adipose tissue
(EAT) compared to WT mice, while no such difference was observed in
the liver (Fig. 2j). These findings indicate that the absence of PAK4 in
skeletal muscle improves systemic insulin resistance.

The expression and plasma membrane localization of GLUT4 is
enhanced in Pak4 KO mice

As glucose metabolism in skeletal muscle is highly influenced by
GLUT#4 translocation and expression'®****, we investigated the impact
of PAK4 deficiency on these factors. Through confocal microscopy and
western blot analysis, we observed substantial upregulation of total
and plasma membrane GLUT4 proteins in the skeletal muscles from
both NCD- and HFD-fed Pak4 KO mice compared to WT muscles
(Fig. 3a, b, Supplementary Fig. 4a). Increase in the mRNA level of the
GLUT4 encoding gene, solute carrier 2A4 (Slc2a4), was also observed in
Pak4 KO mice (Fig. 3c).

To further explore the underlying mechanisms, we examined the
signaling pathways linked to GLUT4 translocation or expression,
including AMPK and p38 MAPK?**?, The phosphorylation of AMPKa-
T172 and its canonical substrates such as ACC, Raptor, TBCID1, and
ULK1 was significantly increased by PAK4 deficiency (Fig. 3d, Supple-
mentary Fig. 4b). The increase in p-p38 MAPK was also noted in Pak4
KO mice, with no alteration in the phosphorylation of its primary
activating kinases, MKK3/6 (Fig. 3d, Supplementary Fig. 4b). We
wondered how Pak4 deficiency resulted in AMPK activation. Notably,
the inhibitory phosphorylation of AMPK (i.e., p-AMPKal-S485/
AMPKa2-S491)7, was significantly suppressed in Pak4 KO mice com-
pared to WT mice, whereas LKB1, the upstream regulator of AMPK",
remained unchanged across the different groups (Fig. 3d, Supple-
mentary Fig. 4b), suggesting the possibility of PAK4 phosphorylation
and inhibition of AMPK activity. We also examined whether insulin-
stimulated phosphorylation of p-AMPKa1-S485/AMPK0a2-S491" was
affected by Pak4 deficiency. We found that insulin-induced a sub-
stantial increase in these phosphorylations, but this was significantly
reduced in Pak4 KO mice under both NCD and HFD conditions, sug-
gesting crosstalk between insulin/Akt and PAK4 in the phosphoryla-
tion of AMPKa at S485/491 (Supplementary Fig. 4c). In contrast, the
levels of p-AMPKa-T172 and p-p38 MAPK were higher in Pak4 KO mice
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compared to WT mice. The levels of GLUT4 in the plasma membrane
and p-TBC1D4 (T649) largely mirrored those of p-Akt shown in Fig. 2j
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We further examined the key transcription factors responsible
for Slc2a4 gene transcription. As shown in Fig. 3d and Supplementary
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and GLUT4 enhancer factor (GEF, also known as SLC2ARG) was
consistently upregulated in Pak4 KO mice compared to WT mice.

These findings suggest that PAK4 may inhibit AMPKa activity

Fig. 4d, the nuclear expression of MEF2A, Kriippel-like factor KLF15, of GLUT4.

through phosphorylation at S485/491, thereby impeding glucose
uptake by affecting both the transcription and membrane trafficking

Nature Communications | (2024)15:6858



Article

https://doi.org/10.1038/s41467-024-51240-w

Fig. 1| Expression of PAK4 in skeletal muscle in subjects with diabetes.

a Genotype tissue expression analysis of human skeletal muscle tissues (GSE161721,
n=9 for healthy and n =18 for T2DM). b PAK4 and p-PAK4 (S474) protein levels
were compared between skeletal muscles from healthy (n =21) and patients with
diabetes (n=21). c, d Skeletal muscles from 8-week-old male C57BL/6 mice fed
either a normal chow diet (NCD) or a 60% high-fat diet (HFD) for 12 weeks (c, n=6)
or from 16-week-old male db/db mice (d, n = 3) were subjected to western blotting

analysis. Protein density was quantified. e Pak4 mRNA levels in gastrocnemius
(GAS) muscle of HFD-fed and db/db mice were determined by qPCR (n =14 for NCD,
n=20 for HFD, and n = 6 for db/+ or db/db). Data are presented as the mean + SD.
Unpaired two-tailed ¢ test was conducted for statistical analyzes (a-e). Source data
are provided as a Source Data file. T2DM, type 2 diabetes mellitus; SOL, soleus; EDL,
extensor digitorum longus; TA, tibialis anterior; QF, quadriceps femoris; ns, not
significant.

PAK4 inhibits AMPK activity by phosphorylating AMPKa2

at S491

To test our hypothesis that PAK4 might directly phosphorylate
AMPKa, we conducted a series of experiments. Overexpression of
HEK293T cells with AMPKa2, a predominant form of « subunit in
skeletal muscle”, in combination with PAK4 resulted in co-
immunoprecipitation in kinase active group (FLAG-PAK4) but not in
kinase inactive group (FLAG-PAK4%%*") (Fig. 4a). Direct interaction
between AMPKa2 and PAK4 was confirmed by proximity ligation assay
(PLA) (Fig. 4b, Supplementary Fig. 5a). Moreover, PAK4 induced a
marked increase of serine phosphorylation of AMPKa2 while com-
pletely inhibiting threonine phosphorylation (Fig. 4a). Western blot
results of p-AMPKa2 at S491 and T172 in cell lysates correlated with the
p-Ser and p-Thr in AMPKa2 immunoprecipitates, respectively (Fig. 4a).
The activation of known upstream kinases for AMPKa, i.e., its threo-
nine kinase LKB1 and serine kinases such as p70 Sé6 kinase 1* and
Akt'**®, was not affected by PAK4 (Supplementary Fig. 5b). The physical
interaction of PAK4 with AMPKa, along with its serine phosphoryla-
tion, were recapitulated in the muscles of HFD mice and type 2 dia-
betes patients (Supplementary Fig. 5¢).

We next conducted a cell-free in vitro phosphorylation study
using the recombinant human AMPKa2(2y1 heterotrimeric complex.
The results indicated that PAK4 clearly increased p-AMPKa2-S491
while concurrently reducing T172 phosphorylation (Fig. 4c). This
finding was further corroborated by a molecular modeling study
(Fig. 4d). Structural information® and disorder predictions for
AMPKa2 suggest that S491 is located within a disordered loop region
of approximately 50 residues. Therefore, we hypothesize that
this flexible loop could adopt a suitable conformation at PAK4's
binding site to facilitate phosphorylation. The most likely con-
formation was predicted for the 15-mer peptide, including the S491
residue of AMPKa2, at the substrate binding site of PAK4. The model
revealed a direct interaction between PAK4 and AMPKa2 with reli-
able energetic stability and structural complementarity. This inter-
action underpins the mechanistic insights into the PAK4-AMPKo2
interface and supports that the phosphorylation of AMPKx2-5491 by
PAK4 is structurally feasible. The proximity of AMPKa2-S491 to
PAK4-S474 further substantiates the molecular plausibility of this
phosphorylation event.

We then aimed to determine whether introducing a phospho-
deficient mutant AMPKa2, wherein S491 was replaced with alanine
(AMPKa2%*™), could negate the inhibitory effect by PAK4 on AMPK
activation. The PAK4-mediated increase in the p-AMPKa2-S491,
decreases in the p-AMPKa-T172, p-ACC and p-p38 MAPK, and sup-
pression of insulin signaling were all abolished in the cells over-
expressing AMPKa25*'* (Fig. 4e, f and Supplementary Fig. 5d).
These findings highlight the importance of AMPKa2-S491 phos-
phorylation by PAK4 in suppressing AMPK activity and affecting
insulin sensitivity.

Analysis of the human skeletal muscle tissue GTEx database
revealed that PAK4 was negatively correlated with genes related to
mitochondrial oxidative phosphorylation, the calcium pathway, and
muscle contraction (Supplementary Fig. 6a). KEGG pathway analysis
also indicated involvement in multiple pathways containing AMPK
(Supplementary Fig. 6b).

Skeletal muscle-specific overexpression of AMPK*°™® induces
glucose intolerance, while overexpression of AMPK>*'* attenu-
ates it, in mice

Given our discovery regarding the influence of AMPKx2-S491 phos-
phorylation on PAK4-mediated suppression of AMPK activity, we were
prompted to investigate its effects on systemic glucose homeostasis
and insulin resistance. Eight-week old Pak4 KO mice were fed HFD for
8 weeks and then intravenously injected with adeno-associated
virus 9 (AAV9) that express either the control vector (AAV9-eGFP,
eGFP), wild type AMPKa2 (AAV9-AMPKa2V", AMPKa2"") or phospho-
mimetic mutant of AMPK (AAV9-AMPKa25*'?, AMPKa2%°) (Fig. 5a).
Skeletal muscle-specific delivery of AMPKa2 was confirmed by qPCR
and western blotting (Supplementary Fig. 7a, b). Compared to
AMPKa2"T, overexpression of AMPKa2% resulted in the increases
in insulin, HOMA-IR and leptin but decreased adiponectin,
without changes in body weight (Fig. 5b-e, Supplementary Fig. 7c).
Furthermore, GTT and ITT were aggravated in AMPKa2® group
compared to that in AMPKa2"" group (Fig. 5f, g), indicating phos-
phorylation of AMPKa2 at S491 is critical for systemic insulin sensi-
tivity. Accordingly, mice with AMPKa2® exhibited reduction in
insulin-stimulated Akt phosphorylation in both quadratus femoris
and gastrocnemius muscle (Fig. 5h). The phosphorylation of ACC,
Raptor, TBC1D1, ULK1, p38 MAPK, and TBC1D4 were also decreased
in AMPKa2%® mice, compared to mice with AMPKa2"" (Fig. 5i, Sup-
plementary Fig. 7d).

Conversely, we also studied whether the overexpression of
phospho-inactive mutant AMPKa25**"* (AMPKa2%) attenuates HFD-
induced glucose intolerance. Four weeks after the intramuscular
injection of AMPK** and eight weeks of HFD feeding, mice harboring
AMPK** exhibited improved GTT and ITT compared to control or
AMPK"" mice, with no changes in body weight (Supplementary
Fig. 7e-g). This was accompanied by an increase in p-AMPKa-T172,
p-ACC, and p-p38 MAPK in muscle (Supplementary Fig. 7h). All of
these findings highlight the critical roles of the phosphorylation of
AMPKa2 at S491 in inhibiting AMPK activity and insulin sensitivity
in mice.

PAK4 inhibition in L6 myotubes leads to increased

glucose uptake

We next conducted experiments involving PAK4 silencing or inhibition
in L6 myotubes to gain further insights into the regulatory role of PAK4
in glucose uptake. Both basal- and insulin-stimulated glucose uptake
were enhanced by PAK4 silencing in L6 myotubes (Fig. 6a, b). Con-
sistent with observations from Pak4 KO mice, PAK4 silencing in L6
myotubes increased both surface and total GLUT4 protein levels, along
with the phosphorylation of AMPKa at T172 and its downstream sub-
strates (Fig. 6¢, Supplementary Fig. 8a). Notably, PAK4 silencing
reduced both basal and insulin-stimulated p-AMPK«a-S485/491 while
increasing p-Akt (Fig. 6¢, Supplementary Fig. 8a), corroborating the
results obtained from the animal data (Fig. 2j).

Further, incubation of myotubes with ND201651, a selective inhi-
bitor of PAK4??, increased glucose uptake by alone or co-treatment
with insulin (Fig. 6d). Confocal microscopy analysis confirmed the
increased membrane localization of GLUT4 and glucose uptake by
ND201651, which was repressed with AMPK inhibitor compound C
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(CC) or p38 MAPK inhibitor SB203580 (SB) (Fig. 6e, f). To validate the
significance of AMPKa in PAK4 inhibition-mediated glucose uptake, we
performed AMPKa silencing experiments in L6 myotubes. When either
AMPKal or AMPKa2 was silenced, the effect of ND201651 on glucose
uptake was abolished (Fig. 6g). This suppression was accompanied by
the decreases in the phosphorylation of AMPKa-S485/491 and p38

p-Akt/Akt (liver)

Veh Ins Veh Ins Veh Ins Veh Ins

WT
NCD

KO WT KO

HFD

MAPK (Fig. 6h, Supplementary Fig. 8b). Therefore, these results,
combined with the findings from the AMPK*™* overexpression study
in vitro (Fig. 4e) and in vivo (Supplementary Fig. 7e-h), suggest that
PAK4 inhibition-induced glucose uptake is mediated through the
alleviation of the negative phosphorylation of AMPKa and the sub-
sequent activation of AMPKa.
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Fig. 2 | An improvement of insulin sensitivity in male Pak4 KO mice. a Body
weights and their changes (Abody weight) were monitored during 12 weeks of NCD-
or HFD feeding (n=5). 'p<0.05 and “p < 0.01 versus NCD WT; *p <0.05 and

#p < 0.01 versus NCD KO. b-f Fasting blood glucose (b, n=5), plasma insulin (c,
n=>35), HOMA-IR (d, n=>5), adiponectin (e, n=5) and leptin (f, n=5) levels were
compared among groups. g-i Hyperinsulinemic and euglycemic clamp experiment
was performed, and glucose infusion rate (g, n=35), whole body glucose turnover
rate (h, n=5), and glucose transport into skeletal muscle (i, n = 5) were measured.

j Male mice were fasted for 6 h and then intravenously injected with insulin

(0.75 units/kg body weight). Five or ten minutes thereafter, skeletal muscle (SkM),
epididymal adipose tissue (EAT), and liver tissues were harvested for the mea-
surement of insulin sensitivity (n =3 for Veh and n =5 for insulin treatment). Data
are presented as the mean + SD. Unpaired two-tailed ¢ test (g-i) and one-way
ANOVA followed by Tukey’s multiple comparisons test (a-j) were conducted for
statistical analyzes. Source data are provided as a Source Data file. Veh, vehicle.

PAK4 inhibitor enhances insulin sensitivity in HFD-fed and db/
db mice

We next investigated the in vivo effect of ND201651. C57BL/6 mice
were orally administered with ND201651 (10 and 30 mg/kg) in the final
8 weeks of a 12-week HFD feeding (Fig. 7a). Although there was a trend
towards reduced body weight in ND201651 30 mg/kg group, this
change did not reach statistical significance, likely due to individual
variations, and food intake remained unchanged (Supplementary
Fig. 9a, b). ND201651 treatment significantly improved insulin resis-
tance, as indicated by the results of fasting glucose, insulin, HOMA-IR,
GTT and ITT (Fig. 7b, ¢, Supplementary Fig. 9c-e). Plasma levels of
leptin were also significantly decreased, while adiponectin levels were
increased by ND201651 treatment (Supplementary Fig. 9f, g). Con-
sistent with our findings in HFD-fed Pak4 KO mice (Fig. 3a, b),
ND201651 treatment increased the mRNA and protein level of GLUT4,
and its plasma membrane localization, and the phosphorylation of
AMPKa at T172 and its downstream substrates, while decreasing
AMPKa phosphorylation at S485/491 in the skeletal muscle (Fig. 7d-f,
Supplementary Fig. 9h). These findings were also demonstrated in the
EAT (Supplementary Fig. 9i). Next, to rule out any potential off-target
effects of ND201651 on PAK4, we repeated above experiment in Pak4
KO mice compared to WT mice. The results from the GTT, ITT, and
western blot analysis clearly indicated that ND201651 did not improve
glucose intolerance in the absence of PAK4, nor did it further activate
AMPK or p38 MAPK, validating the PAK4-dependent effect of
ND201651 (Fig. 7g, h, Supplementary Fig. 10a, b).

Blood glucose-lowering effects by ND201651 were also demon-
strated in db/db mice. Treatment with a 30 mg/kg dose of ND201651
significantly reduced fasting glucose and insulin levels and improved
glucose and insulin tolerance (Supplementary Fig. 11a-e).

Human insulin resistance is associated with the increased PAK4
and AMPKa-S487/491 phosphorylation in skeletal muscle
Lastly, we analyzed skeletal muscle tissues from orthopedic patients
with type 2 diabetes or normal glycemia to explore the relationship
between PAK4 and AMPK signaling. In accordance with the previous
reports®?, total and cell surface GLUT4 expression was markedly
repressed in diabetes compared to normal controls (Fig. 8a, Supple-
mentary Fig. 12a). Diabetic patients also exhibited reduced nuclear
expression of MEF2A, KLF15, and GEF, consistent with GLUT4 down-
regulation (Supplementary Fig. 12b). In contrast, both PAK4 protein
levels and phosphorylation of AMPKa-S487/491 (human sequence,
corresponding to rodent S485/491) were increased in diabetic sub-
jects. Accordingly, the phosphorylation of AMPKa-T172 and its
downstream molecules such as ACC, Raptor, TBCID1, ULK1, and p38
MAPK was substantially decreased in the diabetic patients, consistent
with previous observations®. These results indicate that PAK4 is a bona
fide kinase for AMPK0i-S487/491 and plays a pivotal role in suppressing
AMPKa-orchestrated GLUT4 activation in the skeletal muscles of
humans (Fig. 8b).

Discussion

This study identifies PAK4 as a functional inhibitor of AMPK activity
through the phosphorylation of AMPKa2-S491 (a1-S485, equivalent
to S487 in humans) in both mice and human skeletal muscles.

Skeletal muscle-specific Pak4 KO mice demonstrate AMPK activation
and improved insulin sensitivity, accompanied by an increase in
total- and cell surface GLUT4 expression. PAK4 inhibition enhances
glucose uptake by upregulating GLUT4 transcription and increasing
its membrane trafficking. These beneficial effects result from the
elimination of PAK4-mediated inhibitory phosphorylation of AMPKa-
$485/491.

A previous study has shown that the lack of skeletal muscle
AMPKa2 activity exacerbated HFD-induced insulin resistance®. Our
study is the first to demonstrate in vivo the critical role of AMPKa2-
S491 phosphorylation in skeletal muscle in inducing systemic glucose
intolerance. We demonstrated that skeletal muscle-specific delivery of
AMPKo2%*°'?, 3 phospho-mimetic mutant, impaired insulin sensitivity
while introducing a phospho-inactive mutant improved it. This is
consistent with prior in vitro findings that protein kinase D1 (PKD1)-
mediated AMPKa2-S491 phosphorylation impairs insulin signaling"”
and with a mouse study showing that serum- and glucocorticoid-
induced kinase 1 (SGK1)-mediated AMPKal1-S485 phosphorylation
induces hepatic insulin resistance®. As pharmacologically activating
AMPK has been shown to effectively enhance skeletal muscle glucose
uptake in mice and primates™'?*® and diabetic patients®, this study
introduces a PAK4 inhibitor as a strategy for AMPK activation and a
glucose-lowering agent.

It is suggested that AMPKa phosphorylation at S485/491 leads to
the inhibition of AMPKa activity, either by dephosphorylation of T172
via regulating the accessibility of protein phosphatase C**, or inde-
pendently of T172'*%. In this study, we observed that muscle-specific
deletion of Pak4 leads to a reduction in S485/491 phosphorylation of
AMPKa, which was associated with an increase in T172 phosphoryla-
tion. Because the results from the cell-free in vitro experiments also
indicated the reciprocal regulation of S491 and T172 phosphorylation
in AMPKa2, we assume that PAK4 phosphorylates S491 initially, and
subsequent conformational changes could hinder phosphorylation of
AMPKa2 at T172.

Although multiple kinases, including Akt'*'*%, p70 Sé kinase 1,
SGK1*, glycogen synthase kinase 3%, PKD1", or IkB kinase beta®, have
been identified as responsible for S485/491 phosphorylation of
AMPKa, we demonstrate that PAK4 is an independent kinase for this
residue, adding to the list of AMPKa kinases. More interestingly,
insulin-stimulated AMPKa-S485/491 phosphorylation was also atte-
nuated by PAK4 deletion in vitro and in vivo. These data suggest that
Akt phosphorylation of AMPKa at S485/491 might involve PAK4 and
could be context-specific, necessitating further study in the future.
Overall, this study highlights the redundancy of kinases in targeting
phosphorylation substrates and introduces PAK4 as a kinase accoun-
table for AMPKa-S485/491 phosphorylation in diabetic mice.

An inverse correlation between AMPKa-S487 phosphorylation
and insulin sensitivity in human muscle has been documented before,
but this was analyzed only in six individuals*°. In our human study
involving 42 participants, we found significantly increased levels of
PAK4 and phosphorylation of AMPKa-S487/491 in the muscles of
diabetic patients compared to those with normoglycemia. Surpris-
ingly, Akt phosphorylation at S473 was not reduced but rather elevated
in diabetes in our study. Many studies indicate a decrease in Akt
phosphorylation in the muscle tissue of diabetic and obese animals
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Fig. 3 | Enhancement of total and cell surface GLUT4 expression in the skeletal  signaling molecules involved in the translocation to the plasma membrane and

muscles of Pak4 KO mice. a Inmunofluorescence staining of GLUT4 in gastro- transcription of GLUT4 in WT and Pak4 KO mice. Data are presented as the
cnemius muscle of 20-week-old male WT and Pak4 KO mice fed NCD or HFD and  mean + SD. One-way ANOVA followed by Tukey’s multiple comparisons test was
their quantification results (n=7). b Western blot analysis of GLUT4 proteins in conducted for statistical analysis (a, c). Source data are provided as a Source Data

plasma membrane (PM) and whole cell lysate (WCL). ¢ qPCR analysis for the GLUT4 file. NE nuclear extract.
encoding gene Slc2a4 mRNA level (n =10). d Representative western blot images of
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and humans*. Nonetheless, confirming the limited role for Akt acti-
vation for GLUT4 translocation, cellular studies suggest that Akt has
little impact on GLUT4 translocation or downstream substrates
phosphorylation until reduced by over 80%"*%. Prior research indi-
cates that AMPK-dependent glucose uptake represents an alternative
pathway to increase glucose uptake in human muscle under conditions

of insulin resistance, as it operates independently of the insulin-Akt-
mediated signaling cascade®. Our discovery of significant upregula-
tion of PAK4 and AMPKa-S487/491 phosphorylation, along with
downregulation of GLUT4, in human diabetes underscores the clinical
relevance of PAK4-mediated AMPKa-S485/491 phosphorylation in
glucose intolerance and insulin sensitivity.
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Fig. 4 | PAK4 phosphorylation of AMPKa2 at S491 and attenuation of T172
phosphorylation. a HEK293T cells were transfected with the indicated plasmids,
and phosphorylation of AMPKa2 was analyzed by immunoblotting of p-Ser/Thr
after immunoprecipitation (IP) with anti-HA (AMPKa2) antibody. The main signal-
ing pathway for AMPK activation in whole cell lysates was also shown as input.

b After transfecting HEK293T cells as indicated, in situ proximity ligation assay
(PLA) was performed to determine PAK4’s direct interaction with AMPKa2 (n=17).
¢ Phosphorylation of AMPKa following incubation of recombinant human
AMPKa2/B2/yl complex with or without recombinant PAK4 in vitro. d The inter-
action between PAK4 and AMPKa2 was predicted by computational simulation.
The structures of PAK4, AMPKa2, AMPK[2, and AMPKYy1 are displayed by ribbon
diagrams and colored in green, pink, blue, and yellow, respectively. The disordered
loop of AMPKa2, composed of ca. 50 residues, is depicted with pink dashed lines.

Within PAK4’s substrate binding site, the bound AMPKa2 peptide
(?QRSGSSTPQRSCSAA*?) is shown in stick representation with carbon atoms
colored pink. The two residues involved in phosphorylation, i.e., AMPKa2-5491 and
PAK4-pS474, are represented as spheres with their respective carbon atoms in pink
and green. The ATP-Mg? is displayed in thin lines at the ATP binding site. In the
bottom left inset, the molecular surface of PAK4 is shown in white.

e, FHEK293T cells were transfected with AMPKa2 (wild type or S491A mutant) with
or without PAK4 and then the basal (e) and insulin-stimulated signaling (f) were
assessed by western blotting. Akt phosphorylation was assessed after insulin

(10 nM) treatment for 30 min and quantification was shown (n = 3). Data are pre-
sented as the mean + SD. Unpaired two-tailed ¢ test (b) and one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (f) and were conducted for statistical
analyzes. Source data are provided as a Source Data file.

We also observed that, throughout all the different contexts of
either overexpression or inhibition/deletion of PAK4, phosphorylation
of p38 MAPK was negatively regulated by PAK4 and was in parallel with
AMPKa-T172 phosphorylation. Additionally, PAK4 inhibitor-mediated
GLUTH4 translocation and glucose uptake were attenuated by the p38
MAPK inhibitor SB203580 (Fig. 6e, f). p38 MAPK has been studied as
one of the signaling pathways that adapt skeletal muscle to various
pathophysiological environments such as exercise, obesity, and
diabetes*’. While p38 MAPK is beneficial in promoting glucose uptake
during exercise and positively correlated with AMPK activity***, it has
been reported to mediate insulin resistance in contrast during the
development of obesity-associated metabolic syndrome*. In our
human results, the marked downregulation of p38 MAPK phosphor-
ylation in diabetes (Fig. 8a) supports the hypothesis that AMPK acti-
vation subsequently triggers downstream p38 MAPK activation,
thereby reducing insulin resistance.

In contrast to Pak4 KO mice, Pakl null mice exhibit deficient
skeletal muscle GLUT4 translocation following insulin stimulation,
resulting in peripheral insulin resistance. Recent data indicate that
PAK1 functions downstream of Racl in muscle cells, with Rac1 KO mice
also showing defective GLUT4 translocation®’. Since PAK4 is also a
downstream effector of Rac1** and plays a role in vesicle trafficking/
fusion, the reasons behind this discrepancy are unclear. Notably, Paki
knockout mice exhibit increased obesity*’, whereas Pak4 KO mice
display a lean phenotype compared to their wild type counterparts®.
These contrasting roles of PAK1 and PAK4 in skeletal muscle glucose
disposal, along with their comparable expression levels in skeletal
muscle, highlight the need for the development of PAK4-selective
inhibitors as a therapeutic strategy for type 2 diabetes.

It should be noted that there are a few limitations in this study.
Firstly, we did not directly compare the glucose-lowering effect of
the PAK4 inhibitor ND201651 with any other anti-diabetic drug. As an
emerging therapy, the overall efficacy of a PAK4 inhibitor compared
to other glucose-lowering agents will also need to be determined.
Secondly, PAK4 deficiency or inhibition increased total GLUT4
expression in muscles, but the underlying mechanism of GLUT4
transcription was not completely revealed. Thirdly, this study only
focused on the effect of PAK4-AMPK axis on the glucose uptake in
muscle. Given the multiple beneficial effects of AMPK activation in
muscle, such as increased mitochondrial biogenesis, and our pre-
vious findings indicating that the PAK4 inhibitor enhances the
hepatic mitochondrial fatty acid B-oxidation®, it is likely that
PAK4 inhibition could boost fatty acid oxidation in skeletal muscle.
This would decrease intramyocyte lipid accumulation and improve
muscle insulin sensitivity. Exploring this question will be a rewarding
task in the development of a new anti-diabetic therapy. Lastly,
we do not yet know the exact mechanism by which PAK4 ablation
decreases insulin-induced phosphorylation of AMPKa-S485/491,
which sharply contrasts with the increase in p-Akt. These findings
imply that AMPK phosphorylation and regulation are complex and
context-dependent.

In conclusion, outcomes from both gain- and loss-of-function
studies affirm PAK4's role as an inhibitory kinase of AMPK, suggesting
inhibition of skeletal muscle PAK4 holds promise as a therapeutic
strategy for managing type 2 diabetes. Notably, we have recently
identified that a PAK4 inhibitor exhibits anti-steatotic and anti-obesity
effects™®. Thus, PAK4 inhibitor can truly improve systemic physiology
in terms of energy metabolism. Considering AMPK’s crucial role as a
cellular energy sensor and its significant interest as a therapeutic target
for various diseases, further investigations are essential to explore the
broader applications of PAK4 inhibitor.

Methods

Human tissue samples

Human skeletal muscle tissue was procured during total hip arthro-
plasty conducted at the Orthopedic Surgery department of Jeonbuk
National University Hospital (Jeonju, Korea), spanning from May 2022
to September 2023. They fasted overnight prior to undergoing sur-
gery. Among the 42 human muscle tissues collected, 21 were from
normoglycemic donors and 21 were from type 2 diabetes patients
(Supplementary Table 1). During the direct anterior approach for total
hip arthroplasty, the tensor fascia lata muscle was exposed and biopsy
was collected for western blotting analysis. All biopsies were promptly
frozen in liquid nitrogen and stored at —80 °C. All patients granted
written informed consent. The study was conducted according to the
Declaration of Helsinki and the protocol was approved by the Institu-
tional Review Board of Jeonbuk National University Hospital (Permit
No: JBUH 2022-05-052).

Animals

Pak4™ mice (#015828, B6.129S2-Pak4™*Amn/J) and Myll-Cre mice
(#024713, Myl1™est/]) were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA) and crossed to generate skeletal muscle-specific
Pak4 knockout mice (Pak4™/:Myll-Cre). For genotyping, tail tips
were incubated with STE buffer (0.2% SDS, 100 mM Tris, 5 mM EDTA,
and 200 mM NaCl, pH 7.4) and 0.5 mg/ml proteinase K for 12 h at 56 °C
after which they were subjected to a two-step PCR with specific for-
ward (5-GATGCAACGAGTGATGAG-3) and reverse (5-TCGGCTA-
TACGTAACAGG-3) primers. Amplification of a 496-bp band confirmed
the Pak4 genotype.

Fight-week-old male Pak4 KO mice and WT littermates (Pak4™/~)
were given either an NCD (SAM #31, Samtako, Osan, Korea) or a 60%
HFD (#D12492, Research Diets, New Brunswick, NJ, USA) ad libitum for
a duration of 12 weeks. Food intake and body weight were monitored
every week throughout the experiments with free access to water.

Intraperitoneal glucose tolerance tests (1g/kg of body weight)
and intraperitoneal insulin tolerance tests (0.75 U/kg of body weight)
were conducted on mice after an overnight fast or a 6-hour fast,
respectively. Tail vein blood glucose levels were measured using a
handheld glucometer (Roche Diagnostic, Indianapolis, IN, USA)
at baseline and at 15, 30, 60, 90, and 120 min after the glucose or
insulin challenge. The data were subsequently graphed as baseline-
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corrected area-of-the-curve (AOC) as previously suggested®. For
the in vivo measurement of Akt phosphorylation, mice were
intravenously injected with insulin (0.75 units/kg body weight) and
tissue samples were collected after 5 min (liver) or 10 min (EAT and
skeletal muscle).

To suppress PAK4 in vivo, male C57BL/6 mice were treated
with the PAK4 inhibitor ND201651 after 4 weeks of HFD feeding

until the culmination of the study. Meanwhile, seven-week-old male
db/db mice received ND201651 through oral gavage for 8 weeks
with NCD.

Mice were housed in a controlled barrier facility with a 12-hour
light/dark cycle, 23+1°C temperature, and 60-70% humidity. All
experimental procedures were approved by the Institutional Animal
Care and Use Committees of Jeonbuk National University (Permit
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Fig. 5 | Development of systemic insulin resistance by skeletal muscle-specific
overexpression of AMPKa25*°', a Schematic diagram of the experimental pro-
tocols. Male Pak4 KO mice fed HFD for 8 weeks were injected intravenously with
adeno-associated virus 9 (AAV9) carrying eGFP (eGFP), wild type AMPKoa2
(AMPKa2"™) or phospho-mimetic mutant of AMPKa2 (Ser491 to Asp, AMPKa2*")
and fed HFD for another 6 weeks. b-e Fasting levels of plasma insulin (b, n=7),
HOMA-IR (¢, n=7), leptin (d, n=7), and adiponectin (e, n = 7) were compared in
these mice. f, g Glucose tolerance (f) and insulin tolerance (g, n =4 for eGFP and

n=5for AMPKa2"" and AMPKa2®P) and areas of the curve (AOC) were compared in
mice. p < 0.05 and “p < 0.01 versus AMPKa2"". h Insulin-stimulated p-Akt level was
analyzed in quadriceps femoris (QF) and gastrocnemius (GAS) muscles by western
blotting (n =3 for Veh and n = 4 for insulin treatment). i AMPK signaling pathways in
whole cell lysates of gastrocnemius muscle were assessed by western blotting. Data
are presented as the mean + SD. Unpaired two-tailed ¢ test (b-e) and one-way
ANOVA followed by Tukey’s multiple comparisons test (f, g, and h) were conducted
for statistical analysis. Source data are provided as a Source Data file.

number:JBNU 2022-041) and Yeungnam University (Permit No: YUMC-
AEC2022-019).

Hyperinsulinemic-euglycemic clamp

Mouse was anesthetized with an isoflurane (4% for induction and 1- 2%
for maintenance) and a catheter (Helix Medical, San Mateo, CA, USA)
was inserted into the jugular vein. A Y-shaped connector was affixed to
the jugular vein catheter to infuse glucose or insulin during the
hyperinsulinemic-euglycemic clamp. Four days after cannulation, the
mouse was fasted overnight and then infused with a priming dose
(900 pmol/kg body weight) of human insulin (#HI10210, Eli Lilly,
Indianapolis, IN, USA) to raise plasma insulin levels followed by con-
stant infusion of insulin at 24 pmol/kg/min. Somatostatin was infused
at 5.5 pumol/kg/min to suppress endogenous insulin secretion. Blood
was taken from the tail vein using capillary tubes at 20-minute intervals
for instant detection of plasma glucose levels, and 20% glucose was
infused at varied rates to keep glucose levels constant. The final 30 min
of glucose infusion rate during the clamp was determined as glucose
infusion rate.

Whole body glucose turnover rate was assessed by a continuous
infusion (0.1 Ci/min) of [3-*H] glucose (#NEC-331C-3, PerkinElmer Life
and Analytical Sciences, Shelton, CT, USA) during the clamps. Glucose
uptake in skeletal muscle was determined by a bolus injection of 10 pCi
2-deoxy-D-[1-*C] glucose (2-[**C] DG) at 75 min after starting the clamp.
After finishing the clamp, mouse was anesthetized with avertin and
tissue samples were taken and kept at —80 °C for subsequent analysis.
Plasma insulin levels were assessed using an enzyme-linked immuno-
sorbent assay (#EZRMI-13K, MERCK, Rahway, NJ, USA), and plasma
levels of [3-*H] glucose, 2-[*C]DG, and *H,0 were determined after
plasma samples were deproteinized (Tri-Carb 4910 TR, PerkinElmer
Life and Analytical Sciences). Skeletal muscle samples were homo-
genized to assess the 2-[**C]DG-6-phosphate levels and 2-DG-6-P was
separated from 2-DG in supernatants using an ion-exchange column
(#731-6211, Bio-Rad, Hercules, CA, USA). The whole body glucose
turnover rate was calculated by the ratio of [*H] glucose infusion rate
[disintegrations per minute (dpm)] to the specific activity of plasma
glucose (dpm/mol) during the final 30 min of the clamps. Glucose
uptake in skeletal muscle was calculated from the plasma 2-[“C]DG
profile using MLAB (Civilized Software, Bethesda, MD) and skeletal
muscle content of 2-[*C]DG-6-P.

Preparation of recombinant adeno-associated viruses (AAVSs)
The AAV9-AMPKY" (pAAV[Exp]-CMV >EGFP(ns):WPRE) and AAV9-
AMPKo2%*?'? generated using Cre-On system were used to drive the
expression of WT or mutant AMPK in the Pak4 KO skeletal muscle
cells®. An AAV9-eGFP was used as a control. For skeletal muscle cell-
specific delivery of AMPK, Pak4 KO mice fed HFD for 8 weeks were
randomly subjected to an intravenous injection of either AAV9-eGFP,
AAV9-AMPKo2"T, or AAV9-AMPK a25*'° (1.2 x 10" viral particles per
mouse). Six weeks after injection, the expression level of eGFP in var-
ious tissues was confirmed by qPCR to determine the efficacy of AAV9
delivery.

In vivo delivery of plasmid to skeletal muscle of mice
For in vivo overexpression of AMPKa2%* in skeletal muscle,
eight-week-old male C57BL/6 mice received five injections per

gastrocnemius muscle (one in the proximal area, three in the mid
area and one in the distal area, avoiding veins). Each injection con-
tained 10 pg of mock, AMPKa2"" or AMPKa2%*™ in 22 ul in vivo-
jetPEl reagent (#201-05, Polyplus Transfection, New York, NY, USA).
GTT and ITT were conducted four weeks post-injection, followed by
tissue analysis.

Histology

Gastrocnemius muscle tissues were placed in a 30% sucrose solution in
PBS and then frozen using liquid nitrogen-cooled isopentane for
embedding. Subsequently, 10 pm-thick frozen sections were prepared,
blocked with 5% goat serum at room temperature for 40 min, and
stained with the primary antibody of GLUT4 (#sc-53566, Santa Cruz
Biochemicals, Dallas, TX, USA) overnight at 4 °C. After washing with
PBS, secondary antibodies (#11001, Alexa Fluor 488-conjugated goat
anti-mouse IgGl, Thermo Fisher Scientific, Waltham, MA, USA) were
incubated for 40 min at room temperature. Sections were then coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI). The resulting
images were visualized using an LSM510 confocal laser scanning
microscope (Carl Zeiss, Oberkochen, Germany).

Biochemical analysis

Plasma levels of various analytes were determined using specific kits
as per the manufacturer’s instructions. The following parameters
were measured: insulin (#80-INSMS-EO1, ALPCO, Salem, NH, USA),
leptin (#22-LEPMS-EO1, ALPCO), and adiponectin (#47-ADPHUT-EO1,
ALPCO). A homeostasis model for insulin resistance (HOMA-IR) index
was calculated from fasting plasma insulin and glucose concentra-
tions as follows: HOMA-IR = fasting insulin (ng/ml) xfasting glucose
(mg/dl)/405.

Cell culture and transient transfection

The human embryonic kidney (HEK) 293T fibroblasts (#CRL-3216) and
L6 cells (#CRL-1458) were obtained from the American Type Culture
Collection (Manassas, VA, USA). Culture media were supplemented
with penicillin (100 units/ml) and streptomycin (100 pg/ml). Both cell
lines were cultured in DMEM containing 10% FBS at 37 °C in a humi-
dified environment with 5% CO,.

Differentiation of L6 cells was induced by switching to DMEM with
2% horse serum when the cells had grown to 90% confluence. Subse-
quently, the cells were employed for experiments after a period of
4-6 days.

For knockdown experiment, 60 pmol of siRNA targeting specific
genes (siPAK4, #70584-1; siAMPKal, #108079-1; and siAMPKa2,
#108079-2, all from Bioneer, Daejeon, Korea) was introduced into L6
myocytes using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA,
USA). For overexpression of PAK4, AMPKa and GLUT4, HEK293T
fibroblasts or L6 myocytes were transfected with 1pg for HEK293T
fibroblasts and 2 pg for L6 myocytes of each plasmid using Lipofecta-
mine 3000 (Invitrogen) when the cells had grown to 90% confluence.
In L6 myocytes, the media was changed to differentiation media after
overnight incubation with transfection reagents and replaced every
other day for 4-5 days to induce myotube formation and subjected to
the subsequent experiments.

For confocal microscopy observation, L6 cells were grown in
4-well culture chamber glass bottom slides and transfected with pB-
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Fig. 6 | Effects of PAK4 inhibition on glucose uptake. a-c L6 myocytes were
transfected with siRNA against PAK4 (siPAK4) or scrambled RNA (siCtrl), and then
subjected to differentiation. Myotubes at day 5 were treated with 10 nM insulin for
10 min (@). In vitro glucose uptake (b) and glucose uptake-related signaling path-
ways (c) were determined in these cells (n=3). d L6 myotubes were treated with
various concentrations of PAK4 inhibitor (ND201651) alone or in the combination
with 10 nM insulin for 10 min, and then glucose uptake was measured (n=3).e, fL6
myotubes were treated with 100 nM ND201651 with or without 10 pM compound C
(CC) or 10 uM SB203580 (SB). Representative confocal microscopy images of

HSP90 [0 e iew @9 [we e»iew @» |- 20

GLUT4 localization and their quantification results (e, n=6) and in vitro glucose
uptake (f, n =3). g, h L6 myocytes were transfected with siRNA against AMPKa1 or 2
(siAMPKad or 2) or scrambled RNA (siCtrl). Myotubes at day 5 were treated with
vehicle (Veh) or 100 nM ND201651 for 1 h. In vitro glucose uptake (g, n=3) and
western blot analysis of the glucose uptake-related signaling pathways (h) were
performed. Data are presented as the mean + SD. One-way ANOVA followed by
Tukey’s multiple comparisons test was conducted for statistical analyzes (b, d-g).
Source data are provided as a Source Data file.

GLUT4-7myc-GFP construct (#52872, Addgene, Watertown, MA, USA).
Cells were cultured for 5 days to induce myotube formation and serum
deprived for 2 h before the experiment. Myc-tag antibody (#2272, Cell

Signaling Technology, Danvers, MA, USA) was used to assess GLUT4
translocation.

Proximity ligation assay (PLA)

Protein interactions were assessed using a Duolink PLA kit
(#DU092002, Sigma-Aldrich, St. Louis, MO, USA) as previously
described’. Briefly, HEK293T cells were fixed with 5% neutral
buffered formalin, permeabilized with PBS/0.1% Triton X-100, and
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incubated with anti-PAK4 (#sc-390507, Santa Cruz Biochemicals)
in conjunction with anti-AMPKa (#5831, 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 glucose uptake assay
Glucose uptake into L6 myotubes was measured using a glucose uptake
cell-based assay kit (#600470, Cayman, Ann Arbor, MI, USA) according
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Fig. 7 | Increases in systemic insulin sensitivity and GLUT4 activation by
ND201651 in HFD-fed mice. a Eight-week-old male C57BL/6 mice were orally
administered ND201651 (ND) once daily at a dose of 10 or 30 mg/kg for 8 weeks,
while being fed either a normal chow (NCD) or high-fat diet (HFD). Fasting blood
glucose (b, n=4) and insulin (c, n =4) levels were measured. Immunofluorescence
staining of GLUT4 (d, n=6) and the signaling pathway involved in GLUT4 expres-
sion and its translocation to the plasma membrane (e) in gastrocnemius muscle.
f qPCR analysis of Slc2a4 mRNA levels (n = 8). g, h Eight-week-old male Pak4 KO

mice and their WT littermates were orally administered ND201651 once daily at a

dose of 30 mg/kg for 4 weeks while on a HFD. Glucose tolerance (g, n=35), insulin
tolerance (h, n=5), and the areas of the curve (AOC) were compared in these mice.
‘p<0.05 and “p < 0.01 versus HFD WT+Veh Data are presented as the mean + SD.

One-way ANOVA followed by Tukey’s multiple comparisons test was conducted for
statistical analyzes (b-d, f-h). Source data are provided as a Source Data file. ND10,
ND201651 10 mg/kg; ND30, ND201651 30 mg/kg.

to the manufacturer’s protocol. Briefly, cells were treated with the
indicated drugs after a 2-hour serum starvation period. After three
washes with KR buffer (HEPES 20 mM, KH,PO, 5 mM, MgSO, 1 mM,
CaCl, 1 mM, NaCl 136 mM, KCI 4.7 mM, pH 7.4), cells were treated with
insulin in KR buffer for 10 min, followed by incubation with NBD glu-
cose at a concentration of 500 pg/ml for 20 min at room temperature.
The reactions were terminated by washing the cells with ice-cold KR
buffer. Cells were then lysed with Mammalian Protein Extraction
Reagent (#78505, Thermo Fisher Scientific) and centrifuged at 15000 x
g for 10 sec. Cell-based assay buffer was added after careful removal of
the supernatant and 2-NBDG taken up by the cells was detected using a
microplate reader at excitation/emission =485/535 nm.

Cell-free in vitro phosphorylation assay

The recombinant AMPKa2/B32/y1 complex (0.6 pg, #SRP5003, Sigma-
Aldrich) was incubated with recombinant PAK4 (0.2 ug, #ab96405,
Abcam) in an assay buffer (50 mM Tris-HCI, 10 mM MgCl,, 2 mM DTT,
0.1mM EDTA, and 500 uM ATP, pH 7. 6) at 30 °C for 10 min. Following
incubation, the reaction mixtures were analyzed by SDS-PAGE.

Prediction of PAK4-AMPKa2 complex model

Computational simulation was conducted to predict the complex
model of PAK4 and AMPKa2. The protein 3D structure of human
PAK4 (PDB id: 4XBR)* was retrieved from the Protein Data Bank
(https://www.rcsb.org). By using the FlexPepDock protocol in
Rosetta’>?, the plausible conformations of the 15-mer peptide
(*?QRSGSSTPQRSCSAA**®) of AMPKa2 were modeled at the sub-
strate binding site of PAK4. During the simulation, the number of
high-resolution structures was set to 300. Among the top-scoring ten
models, the most appropriate model was manually inspected and
selected. The 3D structure of the human AMPKa2/B2/yl complex
(PDB id: 7MY]))*° was shown together in Fig. 4d. The molecular gra-
phic figure was generated by PyMOL v.2.5.4 (Schrédinger, New
York, NY, USA).

Mutagenesis of AMPKa

The human AMPKa plasmid vector mutants (#HG11488-ACG, Sino
Biological, Beijing, China) was generated by site-directed mutagenesis
(Cosmo Genetech, Seoul, Korea). Specifically, AMPKa2**"* and
AMPKo2%*?'® mutants were generated by introducing a point mutation
that changed the serine residue in AMPKa2 to alanine or aspartic acid
as follows: AMPKo***™ (TCT > GCA), AMPKo**™® (TCT > GAC).

Plasmid construction

The AMPK expression, driven by the CMV3 promoter, was encoded by
pCMV3/AMPK-GFP. The PRKAA2 gene was inserted into the Kpnl and
Xbal sites of pCMV3 vector, which is 6.164 kb in size (#HG11488-CF,
Sino Biological). The PAK4 expression, driven by the CMV3 promoter,
was encoded by pCMV3/PAK4-HIS. The PAK4 gene was inserted into
the Kpnl and Xbal sites of the pCMV3 vector, which is 6.848 kb in size
(#HG12175-CH, Sino Biological). The GLUT4 expression, driven by the
MMLV promoter, was encoded by pB/GLUT4-7myc-GFP. The Slc2a4
gene was inserted into the EcoRI and Notl sites of pB vector, which is
5.783 kb in size (#52872, Addgene).

Subcellular fractionation, western blotting, and co-
immunoprecipitation (Co-IP)
Plasma membrane fraction was obtained using the MEM-PER mem-
brane protein extraction kit (#89842, Thermo Fisher Scientific). L6
cells were cultured in a 100 mm culture dish or 6-well plate for isola-
tion of membrane protein or whole cell lysate, respectively. Nuclear
extracts were isolated using the NE-PER Nuclear and Cytoplasmic 590
Extraction Kit (#78835, Thermo Fisher Scientific). Tissue or cell lysates
(20 pg) were then separated by 10% SDS-PAGE and transferred onto
PVDF membranes. Following blocking with 5% skim milk, the blots
were probed with primary antibodies.

For co-immunoprecipitations, 200 pg protein was incubated with
2 pg of primary antibodies overnight at 4 °C followed by protein G
agarose (#15920-010, Invitrogen) for 2 h at 4 °C. Subsequently, the
blots were probed with secondary antibodies. Immunoreactive bands
were detected using a Las-4000 imager (GE Healthcare Life Science,
Pittsburgh, PA, USA). Further details on the antibodies are provided in
Supplementary Table 2.

RNA isolation and qPCR

Total RNA was extracted from frozen skeletal muscle or L6 myotubes
using an RNA Iso kit (TaKaRa, Tokyo, Japan). The RNA was then
precipitated with isopropanol, desiccated using 70% ethanol,
and reconstituted in diethylpyrocarbonate-treated distilled water.
First-strand cDNA was synthesized with the random hexamer
primer provided in the first-strand cDNA synthesis kit (Applied Bio-
systems, Foster City, CA, USA). Specific primers were designed
using PrimerBank (https://pga.mgh.harvard.edu/primerbank, Sup-
plementary Table 3). qPCR reactions were carried out in a final
volume of 10ul, comprising 10ng of reverse-transcribed total
RNA, 200nM of both forward and reverse primers, and PCR
master mixture. The qPCR analysis was conducted in 384-well plates
using the ABI Prism 7900HT Sequence Detection System (Applied
Biosystems).

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 (SD). No statistical methods were used to pre-
determine sample sizes, but our sample sizes are similar to those
reported in previous publications®**, 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 the two groups, a Student’s unpaired t-
test was employed. Comparisons among multiple groups were per-
formed using one-way ANOVA with Tukey’s post hoc analysis for
continuous variables. The exact p-value is indicated on the graph, and a
p-value less than 0.05 was considered significant. IBM SPSS 27.0 and
GraphPad 9.5 software were utilized for statistical analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The raw data for all bars and line graphs as well as the original
uncropped western blots can be found in the accompanying
files. Source data are provided with this paper.
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