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The P21-activated kinase PAK4 is implicated in fatty-acid potentiation of insulin
secretion downstream of free fatty acid receptor 1
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ABSTRACT
Free fatty acid receptor 1 (FFA1/GPR40) plays a key role in the potentiation of glucose-
stimulated insulin secretion by fatty acids in pancreatic b cells. We previously demonstrated
that GPR40 signaling leads to cortical actin remodeling and potentiates the second phase of
insulin secretion. In this study, we examined the role of p21 activated kinase 4 (PAK4), a known
regulator of cytoskeletal dynamics, in GPR40-dependent potentiation of insulin secretion. The
fatty acid oleate induced PAK4 phosphorylation in human islets, in isolated mouse islets and in
the insulin secreting cell line INS832/13. However, oleate-induced PAK4 phosphorylation was
not observed in GPR40-null mouse islets. siRNA-mediated knockdown of PAK4 in INS832/13
cells abrogated the potentiation of insulin secretion by oleate, whereas PAK7 knockdown had
no effect. Our results indicate that PAK4 plays an important role in the potentiation of insulin
secretion by fatty acids downstream of GPR40.
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Introduction

The maintenance of glucose homeostasis relies on the
precise regulation of insulin secretion from the pan-
creatic b cell, alterations of which cause type 2 diabe-
tes. Glucose is the main trigger for insulin secretion
and in healthy individuals an elevation of blood glu-
cose levels induces biphasic insulin secretion. Follow-
ing uptake by the b cell, glucose metabolism leads to
closure of ATP-dependent KC channels, membrane
depolarization, opening of voltage-sensitive Ca2C

channels, and insulin exocytosis.1 The fusion of
docked and primed insulin secretory granules domi-
nates the acute 1st phase, whereas the 2nd phase is
characterized by the priming of pre-docked granules
and mobilization of intracellular granule stores to
docking sites at the membrane prior to fusion, a pro-
cess that is facilitated by cortical actin remodeling.2 In
addition to glucose, a number of metabolic, hormonal,
and neural signals modulate insulin secretion. Among
those, medium to long-chain free fatty acids (FFA)
potentiate glucose-stimulated insulin secretion (GSIS)
in large part by binding to the G protein-coupled
receptor free fatty acid receptor 1 (FFA1/GPR40).3,4

Because FFA do not trigger insulin release at low glu-
cose levels but only augment insulin secretion when
glucose levels are elevated, therapeutic compounds
that activate GPR40 offer the potential benefit of
enhancing insulin secretion without the associated
risk of iatrogenic hypoglycemia. One such compound,
TAK-875, showed promising results in early clinical
trials5 providing an impetus for further research into
the mechanism of GPR40 signaling.

Activation of GPR40 by FFA potentiates the 2nd

phase of insulin secretion.6 GPR40 mainly couples to
the Gaq/11 G-protein subunit, which leads to phospho-
lipase C (PLC)-mediated membrane lipid hydrolysis,
generation of diacylglycerol (DAG), activation of pro-
tein kinase D1 (PKD1), and cortical actin remodel-
ing.6 However, the precise mechanisms by which
GPR40-dependent signaling controls 2nd phase insulin
secretion remain to be elucidated.

The serine/threonine p21-activated kinase (PAK)
family proteins are critical regulators of cell prolifera-
tion, cell survival and cytoskeletal reorganization and
are divided in 2 groups based on their domain archi-
tecture and regulation.7 Group I PAKs includes
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PAK1, PAK2 and PAK3 and group II PAKs includes
PAK4, PAK6 and PAK7 (also known as PAK5). The
activity of PAK proteins is regulated by phosphoryla-
tion. PAK4 phosphorylation on serine 99 (S99) regu-
lates its localization, protein complex formation and
activity in cytoskeletal remodeling.8 On the other
hand, S474 in the activation loop of the kinase domain
is considered as an auto-phosphorylation site. S474
phosphorylation is associated with translocation of
PAK4 from the cytoplasm to the Golgi and correlates
with kinase activity.9

Recent studies suggest PAKs are important regula-
tors of insulin secretion. PAK1 is necessary for GSIS
in mouse and human islets, regulating glucose-depen-
dent actin dynamics via ERK1/2 and the LIM kinase-
ADF/COFILIN pathways.10-13 In vivo, PAK1 defi-
ciency in mice compromises insulin secretion and glu-
cose tolerance under basal and metabolic stress
conditions.11,14 Interestingly, PAK1 expression is
decreased in islets from diabetic patients.11 In addi-
tion, knockdown of PAK7 in insulin-secreting cells
impairs GSIS and genome-wide expression analysis
identified an inverse correlation between PAK7
expression in islets and HbA1c levels.15 These studies
suggest that deregulation of PAK1 or PAK7 may con-
tribute to diabetes. However, despite the compelling
data implicating PAKs in GSIS, to our knowledge, a
potential role of PAKs as effectors of FFA potentiation
of insulin secretion has not been investigated. Given
the implication of PAKs in cortical actin remodel-
ing,10-13 we investigated the role of the group II PAK4
in the potentiation of insulin secretion by FFA.

Results and discussion

Oleate induces PAK4 phosphorylation in human
islets

We first investigated whether FFA induce PAK4
phosphorylation on S99 by Western blotting of
human extracts exposed to the long chain mono-
unsaturated FFA oleate, a potent GPR40 agonist.6

As antibodies against total PAK4 protein were unre-
liable, phospho-PAK4 (S99) levels were normalized
to tubulin. Following a 5 min exposure to 0.5 mM
oleate, PAK4 phosphorylation was significantly
increased compared to 5 mM glucose alone
(Fig. 1A and B). These data suggest that PAK4
phosphorylation on S99 is stimulated by FFA in
human islets.

Oleate and glucose induce PAK4 phosphorylation in
INS832/13 cells

We then studied the role of PAK4 in insulin secre-
tion in INS832/13 cells since they are amenable to
siRNA-mediated knockdown and the potentiating
effects of FFA on insulin secretion is GPR40-depen-
dent in these cells.16 We first confirmed that PAK4
was phosphorylated in INS832/13 cells in response
to oleate. We were unable to detect phospho-PAK4
(S99) by Western blotting (data not shown),
although the antibody was expected to react with
both rat and human proteins. As an alternative, we
used an antibody against phospho-group II PAKs.
To confirm phospho-PAK4 (S474) could be detected
in Western blots with this phospho-group II PAK
antibody, we knocked-down PAK4, PAK6 or PAK7
using siRNAs. Reverse transcriptase-quantitative
PCR (RT-qPCR) analyses of INS832/13 cells trans-
fected with siRNA to PAK4, PAK6 or PAK7 revealed
a significant and specific knockdown of each PAK
(PAK4, 91%; PAK6, 72%; PAK7, 85% reduction
compared to control siRNA) (Fig. 2A–C). In West-
ern blots, only PAK4 knockdown lead to the disap-
pearance of an approximately 70 kDa band (the
expected molecular weight of PAK4), which there-
fore corresponds to phospho-PAK4 (S474) (Fig. 2D
and E). Treatment of INS832/13 cells with 0.5 mM
oleate led to a significant increase in PAK4 phos-
phorylation on S474 compared to cells exposed to
2 mM glucose alone (Fig. 2F and G). Interestingly,
treatment with 10 mM glucose alone also led to a
significant increase in PAK4 S474 phosphorylation
compare to 2 mM glucose (Fig. 2F and G). Hence,

Figure 1. Oleate induces PAK4 phosphorylation in human islets.
(A) Protein extracts from human islets stimulated for 5 min with
5 mM glucose with or without 0.5 mM oleate were analyzed by
Western blot for phospho-PAK4 (S99) and tubulin. (B) Quantifica-
tion of phospho-PAK4 (S99) normalized to tubulin. Data are
mean § SEM for 4 independent experiments; �, p < 0 .05 com-
pared to 5 mM glucose.
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Figure 2. Glucose and oleate induces PAK4 phosphorylation in INS832/13 cells. (A-C) INS832/13 cells were electroporated with negative
control siRNA (NC) or siRNA targeting PAK4 (A), PAK6 (B) or PAK7 (C). 48 h later RNA was extracted and analyzed by RT-qPCR. Quantifica-
tion of knockdown efficiency is presented as Ct values normalized to cyclophilin for each PAK compared to the normalized Ct value of
the negative control and are mean § SEM of 5 independent experiments; �, p < 0.05; ��, p < 0.01 compared to the negative control.
(D) INS832/13 cells electroporated with NC or siRNA targeting PAK4, PAK6 or PAK7 were stimulated for 15 min with 10 mM glucose and
0.5 mM oleate and analyzed by Western blot for phospho-group II PAKs and tubulin. (E) Quantification of phospho-PAK4 (S474) normal-
ized to tubulin. Data are mean § SEM of 5 individual experiments; ��, p < 0.01 compared to the negative control. (F) INS832/13 stimu-
lated for 2 min with 2 mM glucose alone, 2 mM glucose C 0.5 mM oleate or 10 mM glucose alone, were analyzed by Western blot for
phospho-group II PAKs and tubulin (G) Quantification of phospho-PAK4 (S474) normalized to tubulin. Data are mean § SEM for 6 inde-
pendent experiments; �, p < 0.05; ���, p < 0.001 compared to 2 mM glucose alone.
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PAK4 is phosphorylated on S474 in response to glu-
cose or oleate in INS832/13 cells.

Oleate-induced PAK4 phosphorylation is GPR40-
dependent

To verify whether PAK4 phosphorylation was simi-
larly regulated in primary b cells, we first exposed iso-
lated mouse islets to 2.8 vs 16.7 mM glucose for 5 min
(Fig. 3A and B). In contrast to INS832/13 cells, glucose

stimulation of islets did not lead to an increase in
PAK4 S474 phosphorylation. We then analyzed phos-
pho-PAK4 (S474) levels following oleate stimulation
of wild-type (WT) and GPR40-null (GPR40KO)
mouse islets. Stimulation of WT islets for 5 min with
0.5 mM oleate in the presence of either 2.8 (Fig. 3C
and D) or 16.7 (Fig. 3E and F) mM glucose led to a
significant increase in phospho-PAK4 (S474). This
increase was not observed in GPR40KO islets
(Fig. 3C–F) suggesting that PAK4 S474

Figure 3. PAK4 phosphorylation in response to oleate is GPR40-dependent. (A) Islets from wild-type (WT) mice stimulated for 5 min with
2.8 mM glucose or 16.7 mM glucose were analyzed by Western blot for phospho-group II PAKs and tubulin. (B) Quantification of
phospho-PAK4 (S474) normalized to tubulin. Data are mean § SEM of 4 independent experiments. (C and E) Islets from wild-type (WT)
and GPR40-null (KO) mice stimulated for 5 min with 2.8 mM glucose (C) or 16.7 mM glucose (E) with or without 0.5 mM oleate were
analyzed by Western blot for phospho-group II PAKs and tubulin. (D and F) Quantification of phospho-PAK4 (S474) normalized to
tubulin. Data are mean § SEM of 4–6 independent experiments; �, p < 0.05; compared to 2.8 mM (D) or 16.7 mM (F) glucose.
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phosphorylation in response to oleate is GPR40-
dependent in mouse islets.

PAK4 is necessary for the potentiation of insulin
secretion by oleate

To examine the functional impact of PAK4 phosphor-
ylation in response to oleate we investigated its role in
insulin secretion in INS832/13 cells. Despite the
increased PAK4 phosphorylation in response to glu-
cose in INS832/13 cells (Fig. 2F), siRNA-mediated
PAK4 knockdown had no impact on insulin secretion
induced by 10 mM glucose alone. In contrast, PAK4
knockdown completely blocked the potentiation of
insulin secretion in response to 0.5 mM oleate (Fig. 4).
Conversely, PAK7 knockdown reduced insulin secre-
tion in response to glucose alone as previously
reported,15 but did not alter the potentiating effect of
oleate (Fig. 4). These results indicate PAK4 is neces-
sary for the potentiation of insulin secretion by FFA.

Several candidate signaling molecules could be
implicated in PAK4 phosphorylation/activation
downstream of GPR40. CDC42 participates in PAK4
activation and translocation to actin in fibroblasts and
endothelial cells17 and RAC1 activation of ADF/
COFILIN is group II PAK-dependent in platelets.18

However, unlike group I PAK members, binding of

CDC42/RAC1 to PAK4 is not sufficient for activa-
tion19 and whereas CDC42 participates in GSIS via
activation of PAK1,10 evidence supporting a role of
these GTPases in GPR40 signaling is lacking. In
murine mammary gland NMuMG and HeLa cells the
activity and subcellular localization of PAK4 is regu-
lated by protein kinase D1 (PKD1) via phosphoryla-
tion on S99 and the activation loop S474.8,20,21

Furthermore, activated PKD1 co-localizes with PAK4
on actin filaments in HuMEC cells.20 We previously
showed that PKD1 is activated downstream of GPR40
and is necessary for potentiation of insulin secretion
by FFA.6 Whether CDC42/RAC1 and/or PKD1 are
involved in PAK4 activation downstream of GPR40 in
b cells will require further investigation.

Previously we showed that cytoskeletal remodeling
is coupled with GPR40-dependent potentiation of
insulin secretion.6 Actin remodeling is also a prerequi-
site for efficient 2nd phase insulin secretion in response
to glucose22 and many proteins implicated in GSIS
regulate actin dynamics. In light of the known role of
PAK4 in cytoskeletal reorganization,9,17,23-25 we specu-
late that actin remodeling events involved in the
potentiation of insulin secretion by FFA are mediated
at least in part by PAK4. PAK4 may also be implicated
in insulin granule exocytosis via activation of GEF-
H124 that interacts with the exocyst complex subunit
Sec5,26 an important regulator of docking and fusion
of newly recruited insulin granule.27 However, as
numerous proteins are involved directly and indirectly
in actin remodeling and granule fusion, further inves-
tigation will be needed to determine which of these
proteins are targeted by PAK4 during the potentiation
of insulin secretion by FFA.

In summary, we show here for the first time that
the group II PAK family member PAK4 is regulated
by FFA signaling via GPR40 and is necessary for the
potentiation of GSIS. This study provides valuable
mechanistic insight into the mechanism of action of
GPR40, a receptor considered as a potential therapeu-
tic target for the treatment of type 2 diabetes.

Experimental procedures

Mice, cell lines, antibodies and reagents

WT and GPR40KO mice were generated as previously
described.28 Animals were housed on a 12-h light/
dark cycle with free access to water and standard labo-
ratory chow. All procedures were approved by the

Figure 4. PAK4 is necessary for oleate potentiation of insulin
secretion. INS832/13 cells were electroporated with negative con-
trol siRNA (NC) or siRNA targeting PAK4 or PAK7. 48 h later, cells
were treated for 1 h with 1 mM glucose, 10 mM glucose or
10 mM glucose and 0.5 mM oleate and analyzed for insulin secre-
tion. Insulin secretion is presented as a percentage of insulin con-
tent and is the mean § SEM for 5 independent experiments run
in triplicates; &&&, p < 0.001 compared to the 10 mM glucose
condition for the negative control, ��, p < 0.01 compared to the
corresponding 10 mM glucose condition.
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institutional committee for the protection of animals
at the Center Hospitalier de l’Universit�e de Montr�eal.
The rat insulin-secreting INS832/13 cell line (passages
50–56; provided by Dr. Christopher Newgard, Duke
University School of Medicine, Durham, NC) was cul-
tured in RPMI 1640 medium (Gibco Life Technolo-
gies, 11879-020) supplemented with 11 mM glucose,
10% (wt/vol) FBS (Gibco Life Technologies, 12483-
020), 10 mM HEPES (pH 7.4), 2.05 mM L-glutamine,
1 mM sodium pyruvate and 50 mmol/l b-mercaptoe-
thanol. Antibodies against phospho-group II PAKs
(Cell Signaling, 3241S), phospho-PAK4 (S99) (Bioss,
bs-2270R), total PAK4 (Cell Signaling, 3242S) and
total PAK4 and tubulin (Abcam, ab19007 and
ab4074) were used in Western blotting. Oleate (Sigma,
07501) was pre-complexed for 1 hour at 37�C with
fatty-acid-free BSA (Equitech-Bio, BAH66) to a final
molar ratio of 1:5 as described.29 Control conditions
contained the same amount of BSA and vehicle (50%
(vol/vol) ethanol).

siRNA-mediated knockdown, RNA extraction
and RT-qPCR

Electroporation of INS832/13 cells was performed using
the Amaxa nucleofector and Ingenio electroporation kits
according to the manufacturer’s protocol (Lonza, 90
Boroline Road Allendale, NJ, USA). 60 0M of Silencer
Select Pre-designed siRNAs targeting PAK4 and PAK7
(Life Technologies, s146689 and s61202) were used to
transfect 1£106 cells. 48 h after electroporation, total
RNAwas extracted and knockdown efficiency was deter-
mined by RT-qPCR as described previously30 using pri-
mers 50-CTTGCATCACTTCCATCCAGC-30 and 50-
GTCAAGCAGCAGTGTGAGAGC-30 for PAK4; 50-
TGATGGACCTCAGAAAGCAGC-30 and 50-ATTGA
GGTGCTGGTAGTCACG-30 for PAK6; 50-CTCCTGA
GGTGATTTCCAGGC-30 and 50-GAGGTAAACTGTC
CCGGATCC-30 for PAK7; and 50-CTTGCTGCAGA
CATGGTCAAC-30 and 50-GCCATTATGGCGTGTG
AAGTC-30 for cyclophilin.

Islet isolation and culture, INS832/13 cell culture and
immunoblotting
Upon reception human islets were cultured overnight
in Prodo islet media (Prodo Laboratories, PIM-
S001GMP) supplemented with 100 U/ml penicillin/
streptomycin. The following day, islets were hand-
picked and pretreated for 5 h in RPMI 1640

supplemented with 10% (wt/vol) human albumin
solution (Grifols Therapeutics Inc., 61953-0002) and
5 mM glucose followed by 1 h in RPMI 1640 supple-
mented with 0.5% (wt/vol) BSA and 5 mM glucose.
Islets were isolated from 12-week old male WT and
GPR40KO mice by collagenase digestion as
described28 and allowed to recover overnight in RPMI
1640 supplemented with 10% (wt/vol) FBS, 100 U/ml
penicillin/streptomycin and 11 mM glucose. The fol-
lowing day islets were hand-picked and pretreated for
4 h in RPMI 1640 supplemented with 10 % (wt/vol)
FBS and 2 mM glucose and then for 1 h in RPMI 1640
supplemented with 0.5% (wt/vol) BSA and 2 mM glu-
cose. INS832/13 cells were pretreated overnight with
RPMI 1640 supplemented with 5.5 mM glucose and
10%(wt/vol) FBS, and the following day for 5 h in
RPMI 1640 medium supplemented with 2 mM glu-
cose, 0.5% (wt/vol) BSA. Human and mouse islets
were stimulated for 5 min and INS832/13 cells for
2 min with glucose and oleate in RPMI 1640 as indi-
cated in Figure legends. Protein extracts were sub-
jected to 10% SDS–PAGE, transferred to
nitrocellulose membranes and immunoblotted with
primary antibodies and horseradish peroxidase-conju-
gated anti-rabbit IgG secondary antibodies in 5% (wt/
vol) fat-free milk and visualized using Western Light-
ing Plus ECL (Perkin Elmer, NEL104001EA). Band
intensity was quantified using Image J software
(National Institutes of Health).

Insulin secretion assay

48 h following electroporation, INS832/13 cells were
incubated for 2 h in RPMI 1640 medium supple-
mented with 1 mM glucose, 10% (wt/vol) FBS. Media
was then replaced with a Krebs-Ringer Bicarbonate
with Hepes (KRBH) solution containing 0.1% (wt/vol)
BSA and 1 mM glucose for 1 h, followed by 1-h static
incubations in KRBH in the presence of glucose and
oleate as described in Figure legends. Each condition
was run in triplicate. Secreted insulin was measured in
the supernatant and intracellular insulin content was
measured after acid–alcohol extraction by radioimmu-
noassay using a rat insulin RIA kit (Millipore, RI-
13K).

Statistics

Data are expressed as mean § SEM. Significance was
tested using Student’s paired t-test, or one- or 2-way
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analysis of variance with Bonferroni post hoc adjustment
for multiple comparisons, as appropriate, using Graph-
Pad Software. p< 0.05 was considered significant.

Abbreviations
FFA free fatty acids
FFA1 free fatty acid receptor 1
GPR40 G protein-coupled receptor 40
GPR40KO GPR40-null
GSIS glucose-stimulated insulin secretion
PAK p21-activated kinase
PKD1 protein kinase D1
siRNA small interfering ribonucleic acid
RT-qPCR reverse transcriptase-quantitative poly-

merase chain reaction
WT wild-type
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