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Abstract
Human islet studies implicate an important signaling role for the Cdc42 effector protein p21-
activated kinase (PAK1) in the sustained/second-phase of insulin secretion. Because human islets
from type 2 diabetic donors lack ~80% of normal PAK1 protein levels, the mechanistic
requirement for PAK1 signaling in islet function was interrogated. Similar to MIN6 β cells,
human islets elicited glucose-stimulated PAK1 activation that was sensitive to the PAK1 inhibitor,
IPA3. Given that sustained insulin secretion has been correlated with glucose-induced filamentous
actin (F-actin) remodeling, we tested the hypothesis that a Cdc42-activated PAK1 signaling
cascade is required to elicit F-actin remodeling to mobilize granules to the cell surface. Live-cell
imaging captured the glucose-induced cortical F-actin remodeling in MIN6 β cells; IPA3-
mediated inhibition of PAK1 abolished this remodeling. IPA3 also ablated glucose-stimulated
insulin granule accumulation at the plasma membrane, consistent with its role in sustained/second-
phase insulin release. Both IPA3 and a selective inhibitor of the Cdc42 GTPase, ML-141, blunted
the glucose-stimulated activation of Raf-1, suggesting Raf-1 to be downstream of Cdc42→PAK1.
IPA3 also inhibited MEK1/2 activation, implicating the MEK1/2→ERK1/2 cascade to occur
downstream of PAK1. Importantly, PD0325901, a new selective inhibitor of MEK1/2→ERK1/2
activation, impaired F-actin remodeling and the sustained/amplification pathway of insulin
release. Taken together, these data suggest that glucose-mediated activation of Cdc42 leads to
activation of PAK1 and prompts activation of its downstream targets Raf-1, MEK1/2 and ERK1/2
to elicit F-actin remodeling and recruitment of insulin granules to the plasma membrane to support
the sustained phase of insulin release.
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1. Introduction
Insulin is secreted from pancreatic β cells in a biphasic manner in response to fuel
secretagogues. A first-phase peak in secretion occurs within 10 minutes after glucose
stimulation. Following first phase, a lower-rate sustained second-phase secretion occurs that
can persist for hours (1). Biphasic insulin secretion occurs when glucose enters the β cell
through GLUT2 glucose transporters and is metabolized leading to an increased ATP:ADP
ratio (1). This leads to the inhibition of ATP-sensitive K+ channels, causing membrane
depolarization and calcium influx through voltage-sensitive calcium channels which results
in fusion of insulin granules juxtaposed to the plasma membrane (2-5). Second phase
secretion is presumed to require granule mobilization from more distant storage pools of
insulin granules that may restricted from reaching the plasma membrane. A substantial body
of evidence suggests that stimulation of the β cell with glucose yields dynamic disruptions
in cortical filamentous actin (F-actin) that may facilitate insulin granule mobilization to the
cell surface (6-13); such diminished F-actin intensity or fragmentation of the cortical ring of
F-actin is defined as cortical F-actin remodeling (9). Glucose-induced cortical F-actin
remodeling becomes visible during the first phase of insulin release (7, 9, 12, 14). It has
been predicted that factors produced/activated in response to this glucose stimulation
transmit the signal(s) to amplify and sustain insulin secretion beyond the first phase (15).

Cdc42 has been suggested as an amplification signal given its key and proximal role leading
to second-phase glucose-stimulated insulin secretion; depletion or inactivation of Cdc42
from human or rodent islets selectively impairs the second-phase (16, 17). Multiple studies
have shown that upon entry of stimulatory levels of glucose into the β cell, Cdc42 is
activated within ~3 min (14, 17-19), during the time of the first-phase of insulin release.
Activated Cdc42 binds to its downstream effector, p21-activated kinase (PAK1), which in
turn induces PAK1 phosphorylation and activation. Like Cdc42, PAK1 is similarly required
for second-phase insulin release (16, 17). Activation of Rac1, a small GTPase implicated
both in F-actin changes and in insulin release, requires Cdc42 and PAK1 to become
activated (17). However, Rac1 activation occurs more than 10 min after the initiation of F-
actin remodeling or that of second-phase insulin release in β cells (17, 20, 21).

In considering alternative means by which the glucose signal is propagated to evoke F-actin
remodeling, PAK1 is known to utilize multiple substrates with the potential to elicit changes
in F-actin structure, including LIMK (22), Filamin A (23), p41-Arc (24), MLCK-MLC
pathways (25), and the MAPK pathway through Raf/MEK1/2 (26, 27). However, recent
studies of islets from PAK1 knockout mice suggest against a required role for LIMK in
cofilin phosphorylation, and instead point to a role in ERK activation (16). Whether PAK1
signaling or PAK1 scaffolding leads to ERK activation remains untested, as does the role of
either protein in glucose-stimulated cortical F-actin remodeling in β cells.

PAK1 is implicated in type 2 diabetes, since islets from type 2 diabetic individuals contain
80% less PAK1 protein than non-diabetic individuals (16). Moreover, PAK1 is located in a
region of chromosome 11 that is linked to type 2 diabetes disease risk (28, 29), adding the
potential for PAK1 gene variants to contribute to disease. Therefore, determining how
PAK1 functions in regulating insulin secretory processes in islet β cells may provide insight
into why defects in PAK1 are linked to diabetes or diabetic susceptibility.
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In this study, using new inhibitors against Cdc42 activation, PAK1 activation, and a new
more selective inhibitor of MEK1/2, we derived the following pathway required for glucose-
induced F-actin remodeling using both human and rodent islet β cells:
Cdc42→PAK1→Raf-1-MEK1/2→ERK1/2. Moreover, we present evidence to suggest that
this signaling cascade induces glucose-induced F-actin remodeling to facilitate the
recruitment/accumulation of insulin granules to the plasma membrane to support the
sustained/second phase of insulin.

2. Materials and Methods
2.1 Materials

Rhodamine-Phalloidin was from Life Technologies (Grand Island, NY). Latrunculin B was
from Calbiochem (Billerica, MA). Rabbit anti-phospho-ERK1/2, mouse anti-ERK1/2, rabbit
anti-phospho-MEK1/2, rabbit anti-MEK1/2, and rabbit anti-PAK1 antibodies were from
Cell Signaling Technology (Danvers, MA). Diazoxide, IPA3, and rabbit anti-phospho-PAK1
(Thr423) antibody was purchased from Santa Cruz (Santa Cruz, CA). Mouse anti-SNAP-25,
anti-VAMP2 and rabbit anti-actin antibodies were purchased from BD Biosciences
(Mountain View, CA), Synaptic Systems (Germany), and Sigma (St. Louis, MO),
respectively. Goat anti-mouse horseradish peroxidase secondary antibody and PD0325901
were obtained from Thermo Fisher Scientific (Rockford, IL). Goat anti-rabbit horseradish
peroxidase secondary antibody and TransFectin™ lipid reagent were acquired from Bio-Rad
(Hercules, CA). ECL reagent and SuperSignal™ Femto were purchased from GE Healthcare
(Piscataway, NJ) and Pierce (Rockford, IL), respectively. The rat insulin radioimmunoassay
kits were obtained from Millipore (Billerica, MA). The Lifeact-GFP plasmid was kindly
provided by Dr. Louis Philipson (University of Chicago, (30)). The ML-141 inhibitor was
kindly provided by the KU Specialized Chemistry Center (University of Kansas, Lawrence,
KS). The F/G Actin ratio kit was obtained from Cytoskeleton (Denver, CO). All other
chemicals were obtained through Thermo Fisher Scientific or Sigma.

2.2 Cell culture, transient transfection, and secretion assays
MIN6 β cells (gift from Dr. John Hutton, University of Colorado Health Sciences Center,
Denver, CO) were cultured in Dulbecco's modified Eagle's medium (25 mM glucose),
supplemented with 15% fetal bovine serum, 100 units/ml penicillin, 100 μg/ml
streptomycin, 292 μg/ml L-glutamine, and 50 μM β-mercaptoethanol as described
previously (31). MIN6 cells were transfected with TransFectin™ (Bio-Rad) according to the
manufacturer's instructions and cultured 48 h before use in experiments. For experiments
where cells were starved and stimulated, MIN6 cells were washed twice with and incubated
for 2 h in freshly prepared modified Krebs-Ringer bicarbonate buffer (MKRBB: 5 mM KCl,
120 mM NaCl, 15 mM HEPES, pH 7.4, 24 mM NaHCO3, 1 mM MgCl2, 2 mM CaCl2, and
1 mg/ml radioimmunoassay-grade BSA). Cells were stimulated with 20 mM glucose as
indicated and insulin secreted into the buffer was quantified using a rat insulin
radioimmunoassay kit. Cells were lysed in 1% Nonidet P-40 (NP-40) lysis buffer (25 mM
HEPES, pH 7.4, 1% Nonidet P-40, 10% glycerol, 50 mM sodium fluoride, 10 mM sodium
pyrophosphate, 137 mM NaCl, 1 mM sodium vanadate, 1 mM phenylmethylsulfonyl
fluoride, 10 μg/ml aprotinin, 1 μg/ml pepstatin, 5 μg/ml leupeptin) and cleared of insoluble
material by centrifugation for 10 min at 4°C for subsequent use in co-immunoprecipitation
experiments.

2.3 Subcellular fractionation
As described previously (18), all fractionation steps were performed at 4°C. Briefly, MIN6
cells at 70-80% confluence were harvested into 1 ml of homogenization buffer (20 mM Tris-
HCl, pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, 100
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μM phenylmethylsulfonyl fluoride, 4 μg/ml aprotinin, 2 μg/ml pepstatin, and 10 μg/ml
leupeptin). Cells were homogenized by 10 strokes through a 27-gauge needle, and then
centrifuged at 900 × g for 10 min. Post-nuclear supernatants were centrifuged for 5500 × g
for 15 min. The resulting supernatant was centrifuged at 25,000 × g for 20 min to obtain the
secretory granule fraction in the pellet. The plasma membrane (PM) fraction was prepared
by mixing the post-nuclear pellet with 1 volume of Buffer A (0.25 M sucrose, 1 mM MgCl2,
and 10 mM Tris-HCl, pH 7.4) and 2 volumes of Buffer B (2 M sucrose, 1 mM MgCl2, 10
mM Tris-HCl, pH 7.4). This mixture was overlaid with Buffer A and centrifuged at 113,000
× g for 1 h to obtain an interface containing the PM. The interface was collected, diluted to
1.5 ml with homogenization buffer, and centrifuged at 6000 × g for 10 min. The resulting
pellet contained the PM fraction. All collected pellets were resuspended in 1% NP-40 lysis
buffer.

2.4 Co-immunoprecipitation and immunoblotting
For immunoprecipitation, 2-3 mg of cleared detergent lysate protein was combined with 1
μg of antibody per mg protein and the reaction rotated for 2 h at 4°C. Protein G Plus agarose
beads (Santa Cruz) were added and reactions rotated at 4°C for an additional 2 h. Beads
were pelleted and washed three times with lysis buffer and resulting immunoprecipitates
were resolved on 10-12% SDS-PAGE and transfer to PVDF membranes for
immunoblotting. Immunoreactive bands were visualized with ECL, ECL Prime (GE
Healthcare, Piscataway, NJ), or Supersignal Femto (Pierce) reagents and imaged using a
Chemi-Doc gel documentation system (Bio-Rad, Hercules, CA). Phosphorylated and total
ERK1/2 blots were visualized using goat anti-mouse 680 and goat anti-rabbit 800
simultaneously and imaged on a Licor imaging system.

2.5 Confocal microscopy
MIN6 cells plated onto glass coverslips at 30% confluence were transiently transfected with
4 μg of Life-Act-GFP plasmid DNA/35 mm well. After 48 h incubation, cells were placed
in MKRBB for 2 h, followed by stimulation with 20 mM glucose for 5 min and then
immediately fixed and permeabilized in fixation/permeabilization buffer (4%
paraformaldehyde, 0.1% Triton X-100 at 4°C) for 10 min in the dark. Fixed and
permeabilized cells were blocked (1% BSA plus 5% donkey serum in PBS) for 1 h at room
temperature, followed by incubation with 0.17 μM Rhodamine-Phalloidin for 1 h. Cells
were washed three times with PBS and during the final wash, DAPI was added to stain
nuclei. All cells were washed again with PBS, and mounted (using Vectashield) for confocal
microscopy. Fluorescent cells were imaged using single-channel scanning with a 60X
objective (2X zoom) using an Olympus FV1000-MPE confocal microscope (Olympus,
Center Valley, PA). To score F-actin remodeling, only cells on the outside of clusters were
counted. Cells with discontinuous cortical F-actin after 5 min of glucose stimulation were
scored as exhibiting F-actin remodeling. At least 100 cells were counted for each condition
in the experiments for Figure 5.

2.6 Live-cell imaging
MIN6 cells were plated on 35 mm glass-bottom MatTek culture dishes (MatTek), grown to
30-50% confluency and transfected with Lifeact-GFP. Forty-eight h later cells were
incubated in MKRBB containing either 1 μl DMSO (vehicle) or inhibitors as stated in figure
legends. For confocal live-cell imaging, cells were constantly perfused with MKRBB
containing DMSO or IPA3 and imaged on an Olympus FV1000-MPE. For each condition,
11 cells were analyzed for F-actin remodeling across three independent experiments. For
Apotome™ live-cell imaging data was collected using a Zeiss Axio Observer™ with a Plan-
Apochromat 63X objective equipped with a Hamamastu Orca-ER digital camera and an
Apotome™ and analyzed using ImageJ software (NIH).
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2.7 Human islet culture
Pancreatic human islets were obtained through the Integrated Islet Distribution Program,
IIDP. Criteria for human donor islet acceptance: receipt within 36 h of isolation, and of at
least 70% purity and 75% viability. Upon receipt, human islets were first allowed to recover
in CMRL medium for 2 h, and then were handpicked using a green gelatin filter to eliminate
residual non-islet material. Human islets were cultured overnight in CMRL containing either
DMSO or IPA3 (7.5 μM) prior to glucose time course experiments: 100-200 islets were
preincubated for 1 h in KRBH buffer plus DMSO or IPA3 (10 mM HEPES pH 7.4, 134 mM
NaCl, 5 mM NaHCO3, 4.8 mM KCl, 1 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4
containing 0.5 mg/ml BSA) supplemented with 2.8 mM glucose. Islets were then stimulated
for the times stated in figure legends with 16.7 mM glucose, washed in cold PBS, and lysed
and boiled in Laemmli sample buffer for SDS-PAGE protein resolution and immunoblot
analysis.

2.8 Statistical analysis
All data were evaluated for statistical significance using Student's t test. Data are expressed
as the average ± SE. One-way ANOVA was performed using GraphPad Prism™ software
(La Jolla, CA).

3. Results
3.1 PAK1 activation in human islets is prevented by IPA3

While it has been shown that PAK1 activation occurs in human islets and is dependent on
upstream glucose-stimulated Cdc42 activation (16), whether the time course of activation in
human islets mimics that observed in mouse clonal β cells was unknown. Toward this, three
independent batches of human cadaveric islets from non-diabetic donors were obtained and
left either unstimulated or were stimulated with 16.7 mM glucose for 5 or 10 minutes and
assessed for relative levels of phosphorylated PAK1Thr423/total PAK1 content by
immunoblot analysis. Similar to the clonal MIN6 β cells, PAK1 phosphorylation was
increased by 1.9-fold within 5 min of glucose stimulation (Figure 1A) (pPAK/PAK for 5
min glucose=1.9 ± 0.6 and for 10 min glucose=1.4 ± 0.1 fold over basal, P<0.05). ERK1/2
phosphorylation served as an indicator of islet responsiveness to glucose, showing a ~3-fold
increase (Figure 1A) (pERK/ERK for 5 min glucose=3.1 ± 0.8 and for 10 min glucose=2.7 ±
0.6 fold over basal, P<0.05). Furthermore, human islets treated with the PAK1 inhibitor
IPA3, as described previously (16), exhibited reduced PAK1 activation (PAK1Thr423/total
PAK1 content) in response to glucose stimulation (Figure 1B) (pPAK/PAK for IPA3=0.8 ±
0.1, compared to DMSO set equal to1.0). IPA3 inhibits the activation of PAK1 selectively in
response to the small GTPase Cdc42 (32, 33). These data validated the use of IPA3 as a tool
to study the role of the Cdc42-PAK1 activation pathway in β cells, as well as the suitability
of the MIN6 β cells as an appropriate model system for mechanistic studies pertaining to
PAK1 function.

3.2 PAK1 activity is necessary for glucose-induced cortical F-actin remodeling
Cdc42 cycling has been implicated as an upstream signal to trigger F-actin remodeling in β
cells (34). To determine whether the activation of PAK1, the effector of Cdc42 in β cells, is
required for glucose-induced cortical F-actin remodeling, MIN6 cells were acutely treated
with or without IPA3 and F-actin remodeling assessed by live-cell confocal microscopy.
Changes in cortical F-actin were captured using the Lifeact-GFP biosensor (35). Lifeact is a
17 residue peptide from the actin binding protein Abp140, and when linked to the N-
terminus of GFP to form Lifeact-GFP, has been shown to bind specifically to F-actin in live
β cells without adversely affecting F-actin dynamics (30, 36). Live-cell imaging of vehicle-
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treated (DMSO) cells expressing Lifeact-GFP captured the first visible changes in the
cortical F-actin to occur at 5 min after glucose stimulation (Figure 2A, left panels) (80% of
cells exhibited remodeling), consistent with prior reports using cells fixed after 5 min of
glucose stimulation and F-actin visualized using the selective F-actin binding agent
phalloidin (9, 12, 13). In contrast, acute preincubation of MIN6 cells (10 min) with the
PAK1 inhibitor IPA3 prior to glucose stimulation fully abolished the effect of glucose upon
F-actin remodeling (Figure 2A, right panels) (0% of cells exhibited remodeling). Treatment
with IPA3 had no impact on the cellular F:G-actin ratio under either basal (Figure 2B) or
glucose-stimulated conditions (F:G-actin ratio: DMSO, 10:90 ± 3% versus IPA3-treated,
10:90 ± 2%, n=3; p>0.05), indicating that the blunting effect of IPA3 upon glucose-induced
F-actin remodeling was not due to increased levels of cellular F-actin.

3.3 Cdc42-PAK1 signals to Raf-1 and MEK1/2 in response to glucose
We previously showed that knockdown or knockout of PAK1 resulted in selectively
decreased ERK1/2 activation (16), although it remained possible that these more chronic
approaches could be coupled to a need for PAK1's functions in protein scaffolding. Having
established IPA3 as an acute approach to inactivate but not deplete PAK1, we next
determined whether PAK1 signaled through the Raf-1 and/or MEK1/2 en route to ERK1/2,
proteins previously implicated in insulin secretion (37, 38). Indeed, glucose induced a
significant 1.6-fold increase in Raf-1S338 phosphorylation in vehicle-treated (DMSO) MIN6
cells, whereas preincubation with IPA3 for 10 min fully ablated this increase (Figure 3A).
The role of Cdc42 as an upstream activator of PAK1 signaling in this pathway was
supported by studies showing that pretreatment with the Cdc42 inhibitor ML-141 (39)
similarly abolished the glucose-induced increase in pRaf-1S338 (Figure 3B). MEK1/2, a
canonical target of Raf kinase, is known to be downstream of PAK1 in other systems (27).
In MIN6 cells, MEK1/2 was found to undergo glucose-stimulated phosphorylation on Ser
217/221 at 5 min (Figure 3C): (pMEK/MEK for 5 min glucose=3.1 ± 1.7 fold over basal). In
contrast, acute pretreatment with IPA3 significantly reduced glucose-stimulated MEK1/2
phosphorylation, suggesting PAK1 signaling to be important for MEK1/2 activation in β
cells (Figure 3D) (pMEK/MEK for IPA3=0.6 ± 0.1 compared to DMSO set equal to 1.0,
P<0.05). IPA3 treatment similarly attenuated glucose-stimulated MEK1/2 phosphorylation
in two independent batches of human islets (data not shown). These data demonstrate that
PAK1 is necessary for MEK1/2 activation in both human islets and MIN6 cells.

3.4 ERK1/2 signaling contributes to the amplifying/sustained phase of insulin secretion
and cortical F-actin remodeling

We next questioned whether PAK1 signaling through MEK1/2 is required for ERK1/2
signaling, and if this underlies the requirement for PAK1 in glucose-stimulated insulin
secretion. To test this, we quantified insulin secretion from MIN6 cells treated with the
MEK1/2 inhibitor, PD0325901 (hereafter referred to as ‘PD03’). PD03 has a much lower
IC50 than its predecessor MEK1/2 inhibitors PD98059 or U0126, and has very little activity
against kinases other than MEK1/2, allowing its use at lower concentrations that reduce the
risk of off-target effects (40). Low dosage PD03 treatment was found to block ERK1/2
phosphorylation/activation (Figure 4A), confirming that ERK1/2 activation lies downstream
of MEK1/2 in the MIN6 β cells. This correlated with a 30% reduction in glucose-stimulated
insulin secretion after 30 min of stimulation (Figure 4B). Since 30 min of glucose
stimulation will encompass insulin release during both phases of secretion, we also
employed the diazoxide paradigm in effort to selectively examine the requirement for
ERK1/2 in the amplifying/sustained phase of insulin secretion. In addition, the use of MIN6
β cells for these studies eliminates the possible effects of MEK inhibition on non-β cell
types of the islet. The diazoxide paradigm is based upon the premise that the triggering/first-
phase release is due to an ATP-sensitive potassium channel (KATP)-dependent pathway,
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while the sustained/second-phase/amplifying pathway of insulin secretion is largely
regulated by KATP channel-independent effects (41-44). When β cells are depolarized with
KCl in the presence of the KATP channel opener diazoxide, the triggering phase is
stimulated, while the further addition of glucose simulates the amplifying phase. MIN6 cells
were pretreated with either vehicle (DMSO) or PD03 for 1 h, followed by addition of
diazoxide for 10 min before stimulation with 30 mM KCl or 30 mM KCl plus 20 mM
glucose. While vehicle-treated cells showed a robust 4-fold amplification response to the
addition of glucose during the 30 min stimulation period, PD03-treated cells showed
significantly reduced glucose-amplified insulin secretion (Figure 4C). PD03-treated cells
showed no significant decrease in the triggering response (Dz+KCl only). These data
suggest that glucose-induced ERK activation is required for the amplifying/second-phase of
insulin release. This finding reiterated the selective effect of IPA3 upon second-phase
insulin release (16).

Given the requirement for PAK1 signaling in glucose-stimulated F-actin remodeling, and
the known relationship between sustained insulin release and F-actin remodeling, we next
investigated the potential coupling through MEK1/2-ERK1/2 signaling in this process.
MIN6 cells were pretreated with vehicle (DMSO) or PD03 followed by 5 min of stimulation
with glucose, and fixed and stained with phalloidin for quantification of F-actin remodeling
by confocal microscopy. IPA3-treated cells served as a control for detection of blunted
glucose-induced cortical F-actin remodeling. While ~40% of vehicle-treated cells exhibited
remodeling of F-actin after 5 min of glucose stimulation, the occurrence of F-actin
remodeling in PD03-treated cells was significantly reduced (Figure 5). These data point to a
need for glucose-stimulated PAK1 signaling through MEK1/2 and ERK1/2 to evoke F-actin
remodeling, correlated with insulin release.

3.5 PAK1 activity is required for glucose-induced insulin granule accumulation at the
plasma membrane

Glucose-induced PAK1 activation and its role in inducing F-actin remodeling may be
required for granule recruitment/mobilization to promote the accumulation of insulin
granules at the PM. To test this, MIN6 cells treated acutely with IPA3 versus vehicle were
subjected to subcellular fractionation to separate PM-localized granules from intracellular
storage granule (SG)-pools, and the abundance of PM-localized granules quantified under
basal and glucose-stimulated conditions. VAMP2 is the v-SNARE protein present on the
insulin granule and known to be required for SNARE-mediated insulin exocytosis (45), and
therefore serves as a marker of insulin granule locale within the β cell. This method
recapitulates granule localization linked to cytoskeletal changes as determined by electron
microscopy, and thus was employed here. Compared to unstimulated cells, the ratio of
VAMP2 present in the PM and SG fractions was significantly increased by ~40% after 20
min of glucose-stimulation (Figure 6), as described (34). However, IPA3-treated cells
stimulated with glucose exhibited no increase in VAMP2 at the PM (Figure 6). These data
suggested that PAK1 activity may be required for glucose-induced insulin granule
recruitment to and/or retention/capture at the PM.

4. Discussion
In the current study, we demonstrate for the first time that Cdc42→PAK1 signaling is
essential to F-actin cytoskeletal remodeling to facilitate glucose-stimulated insulin secretion.
Furthermore, we mapped the first signaling itinerary downstream of the proximal
Cdc42→PAK1 activation step in the islet β cell required for evoking this F-actin
remodeling: PAK1→Raf-1-MEK1/2→ERK1/2. Moreover, the distal step was shown to be
important for the sustained/amplification phase of glucose-stimulated insulin release,
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corroborating previous reports of Cdc42-PAK1 importance in this phase (16, 17).
Coordinate with showing PAK1→MEK1/2→ERK1/2 signaling to be critical for normal
glucose-induced F-actin remodeling, PAK1 signaling was also required for insulin granule
accumulation at the PM. Taken together, these data prompt a new mechanistic model to
describe how Cdc42-PAK1 signaling is linked to second-phase insulin release: 1) glucose
activates a Cdc42-PAK1 signaling pathway to subsequently activate Raf-1, MEK1/2 and
ERK1/2, to 2) induce F-actin remodeling, which 3) yields a net increase of insulin granules
at the PM necessary to sustain exocytosis during the second/amplification phase of insulin
release (Figure 7).

Data herein are the first to point to PAK1→MEK1/2 signaling as a major pathway
accounting for glucose-induced cortical F-actin remodeling in the β cell. Consistent with our
findings, ERK1/2 activation is reportedly blunted in a β cell line known to be refractory to
glucose-induced actin remodeling (11). Interestingly, in normal glucose-responsive β cells,
activated ERK1/2 was shown to be localized to the tips of actin filaments (11), placing it in
the proper locale to act upon proteins involved in F-actin remodeling and insulin granule
trafficking/exocytosis. However, since our PD03-treated cells retained some remodeling,
more so than did the IPA3-treated cells, we must also consider alternate PAK1 targets.
Although we have already shown PAK1 to be dispensable for β cell cofilin phosphorylation
(16), known to occur via PAK1-LIM kinase activation (22), PAK1 signaling to Filamin A or
MLCK-myosin regulatory light chain 2 (MLC2) must also be considered. For example,
PAK1 phosphorylates Filamin ASer2152, and the phosphorylated form of Filamin A has been
linked to its action in F-actin dynamics in other cell types (23, 46). PAK1 also targets
MLCK, which then phosphorylates MLC2 to promote actin remodeling processes in other
cell systems (47). Phosphorylated MLC has been reported in MIN6 β cells (48) with MLC2
phosphorylation at Ser19 induced in response to glucose stimulation (49, 50). Alternatively,
ERK1/2 has been shown to signal to MLCK in other cell types (51), and thus it remains
possible that PAK1 could signal through MLCK/MLC2 via ERK1/2. Experiments are
underway to determine the relative importance of PAK1 signaling to MLCK-MLC2 for
glucose-induced actin remodeling.

Having placed ERK1/2 at the distal end of the signaling pathway leading to F-actin
remodeling concomitant with a role in the amplification/sustained phase of insulin release,
our results are supportive of a growing body of evidence. For example, a number of studies
favoring a role for ERK1/2 in sustained-phase insulin release stem from experimentation
using siRNA-mediated knockdown of ERK1/2 and Raf/MEK1/2 inhibitor treatments in β
cells (37, 52, 53). However, contradictory data do exist, such as an earlier report arguing that
ERK1/2 plays only a mitogenic role in β cells (54). At the time of that report the MEK1/2
inhibitor available was PD98059, now recognized as being less efficient and less selective
than PD03, and thus may have contributed to the controversy. Using PD03 acutely in the
present study, we found no evidence of alterations in insulin content in islet β cells (data not
shown), suggesting that expression of insulin at the protein level was not impacted by the
short-term block in ERK1/2 activation. In addition, studies using PD98059 post conflicting
data regarding its role in early versus later phase secretion, although both did not assess
using islet perifusion (11, 52). As with the study using PD98059 in perifused islets (52), our
data using PD03 in the diazoxide paradigm indicate the primary role of ERK1/2 to be in the
later phase.

In addition to functioning in glucose-induced F-actin remodeling and second-phase insulin
release, PAK1 has recently been shown to be a substrate of the SAD-A kinase (55), although
it remains to be determined if this is also dependent upon Cdc42. SAD-A kinase is activated
downstream of cAMP (55). cAMP levels are elevated in the β cell via GLP-1 binding to the
GLP-1 receptor. Upon activation of the GLP-1 receptor, adenylyl cyclase is activated and
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produces cAMP, and this in turn activates both PKA and Epac2 (56). PKA inhibitors have
been shown to prevent glucose stimulated ERK1/2 activation (52, 57), and multiple stimuli
(GLP-1, forskolin) that increase cAMP levels in β cells also potentiate ERK1/2 activation
(57, 58). Now knowing the importance of PAK1 in cortical F-actin remodeling in the β cell,
future studies will be required to determine the linkage between Cdc42-PAK1, cAMP-PKA,
and ERK1/2 signaling in evoking F-actin remodeling to support glucose-stimulated and
GLP-1-augmented second-phase insulin secretion. Since signaling through both PAK1 and
cAMP-PKA can act in second-phase insulin secretion, it is tempting to speculate that PAK1
may play a role in mediating GLP-1 action.

In summary, we showed that PAK1 signals to the Raf-1-MEK1/2-ERK1/2 in β cells and that
MEK1/2-ERK1/2 signaling is necessary for normal glucose-induced insulin secretion and F-
actin remodeling. We also determined that PAK1 is required for glucose-stimulated F-actin
remodeling and insulin granule accumulation in plasma membrane fractions, implicating the
Cdc42-PAK1 signaling pathway in granule mobilization to support the sustained release of
insulin. In addition, these results have implications in other secretory cell systems relevant to
type 2 diabetes where PAK1 may play a vital role, such as GLP-1 secretion from
enteroendocrine L cells of the gut (59), and insulin-stimulated glucose uptake into skeletal
muscle cells (16, 17). As such, it is clear that specifically enhancing PAK1 signaling in
certain tissues has potential as a strategy for therapeutic intervention for type 2 diabetes.
However, we must be mindful that PAK1 protein levels are significantly decreased in type 2
diabetic human islets, such that treatments that act through the Cdc42-PAK1 pathway may
not be effective unless PAK1 levels are first restored.
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Figure 1. In human islets, glucose-stimulated PAK1 activation and downstream signaling is
prevented by IPA3
A) Human islets were incubated in KRBH with 2.8 mM glucose for 2 h and then stimulated
with 16.7 mM glucose for 0, 5 or 10 min. Islets were lysed for SDS-PAGE and
immunoblotting (IB) for phosphorylated (pPAK1) and total PAK1 and ERK1/2 protein
abundances. Optical density scanning was used to quantify three different batches of human
donor islets, with averages of the proportion of pPAK1/total PAK1; phosphorylated ERK1/2
(pERK1/2)/total ERK1/2 is shown below each lane; P<0.05, versus unstimulated cells. Data
are representative of three sets of human donor islets. B) Human islets were incubated
overnight in CMRL with containing either vehicle (DMSO) or low-dosage IPA3 (7.5 μM)
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as described previously (16). Islets were then incubated in KRBH with 2.8 mM glucose for 2
h, still in the presence of vehicle or IPA3, and then stimulated with 16.7 mM glucose for 5
min before harvest for SDS-PAGE and immunoblotting for phosphorylated (pPAK1) and
total PAK1. Data are representative of two sets of human donor islets. Vertical lines denote
splicing of lanes from within the same gel exposure.
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Figure 2. PAK1 activity is required for glucose-stimulated cortical F-actin remodeling, as
determined using live-cell imaging of Lifeact-GFP expressing MIN6 β cells
A) MIN6 cells were transfected with Lifeact-GFP plasmid DNA and incubated 48 h to allow
protein expression. Lifeact-GFP expressing cells were then preincubated for 2 h in MKRBB,
and either vehicle (DMSO) or 30 μM IPA3 was added to the buffer 10 min before live-cell
confocal imaging. Images were collected every minute for 5 min. Representative images of
11 cells from 3 independent experiments assessing basal (0:00) and glucose (20 mM)-
stimulated (5:00) Lifeact-GFP are shown. Scale bar, 10 μm. B) MIN6 cells were
preincubated in MKRBB for 2 h followed by a 10 min pretreatment with either DMSO or 30
μM IPA3. Cells were then harvested for F:G-Actin ratio analysis. Supernatant (S) and pellet
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(P) fractions containing G-actin and F-actin, respectively, prepared from unstimulated cells
were subjected to SDS-PAGE for immunoblotting (IB). Glucose-stimulated (5 min) ratios
were similar to the unstimulated ratios (data not shown). Data shown are representative of
three independent experiments.
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Figure 3. Cdc42 and PAK1 signaling event requirements for activation of Raf-1 and MEK1/2 in
MIN6 β cells
A) MIN6 cells were preincubated for 2 h in MKRBB, and either vehicle (DMSO) or 30 μM
IPA3 was added to the buffer 10 min before glucose stimulation and harvesting for SDS-
PAGE and immunoblot (IB) analysis. Bar graph quantitation of at least three independent
experiments is shown to the right of the blots; *P<0.05, versus vehicle basal; #P<0.05,
versus vehicle stimulated. B) MIN6 cells were preincubated for 1 h in MKRBB, and either
vehicle (DMSO) or 20 μM ML-141 was added to the buffer 1 h before glucose stimulation
and harvesting for SDS-PAGE and immunoblot (IB) analysis. Bar graph quantitation of at
least three independent experiments is shown to the right of the blots; *P<0.05, versus
vehicle basal; #P<0.05, versus vehicle stimulated. C) MIN6 cells were preincubated for 2 h
in MKRBB before stimulation with 20 mM glucose. Detergent whole cell lysates were
collected and subjected to SDS-PAGE analysis and immunoblotting with antibodies to
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phosphorylated and total MEK1/2. Optical density scanning was used to quantify three
independent sets of lysates, with averages of the proportion of phosphorylated MEK1/2
(pMEK1/2)/total MEK1/2 shown below each lane, with each set first normalized to fold
over basal (1.0). D) MIN6 cells were treated as in (C) except the MKRBB contained either
vehicle or 30 μM IPA3 for 10 min prior to the 5 min glucose before stimulation.
Percentages below the lanes denote the average ratio of pMEK1/2/total MEK1/2 in three
independent experiments; P<0.01). Vertical lines denote splicing of lanes from within the
same gel exposure.
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Figure 4. ERK1/2 signaling contributes to the amplification/sustained phase of insulin release
A) MIN6 cells were preincubated for 1 h in MKRBB, and either vehicle (DMSO) or 1 μM
PD03 was added to the buffer for 1 h prior to stimulation with 20 mM glucose for 30 min.
Lysates were subjected to SDS-PAGE and immunoblotting (IB) for phosphorylated and total
ERK1/2. Data are representative of three independent experiments. B) Insulin secreted into
the buffer in (A) was quantified by RIA and normalized for protein content corresponding to
each accompanying cell lysate; *P<0.05, versus glucose-stimulated vehicle. C) MIN6 cells
treated as described for (A) were exposed to 250 μM diazoxide (Dz) for 10 min before
stimulation with 35 mM KCl (Dz/KCl) or 35 mM KCl plus 20 mM glucose (Dz/KCl+Gluc)
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for 30 min. Supernatants were collected for insulin radioimmunoassay. Insulin secreted in
three independent experiments was quantified by RIA and normalized for protein content
corresponding to each accompanying cell lysate. Data are shown as the stimulation index
(SI=stimulated insulin release/unstimulated) for each independent experiment; *P<0.05,
versus glucose-stimulated vehicle cells.
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Figure 5. ERK1/2 activation is required for glucose-induced cortical F-actin remodeling in MIN6
β cells
MIN6 cells plated on glass cover slides were pre-incubated in MKRBB for 2 h and left
unstimulated (top images) or stimulated with 20 mM glucose for 5 min (bottom images).
Cells were fixed, permeabilized and cortical F-actin changes monitored by Rhodamine-
Phalloidin staining. Cells were imaged at the midplane by single channel scanning confocal
microscopy to determine F-actin remodeling. Arrows indicate cortical regions of MIN6
cells. Scale bar, 10 μm. Bar graph represents the average percentage of cells exhibiting F-
actin remodeling ± S.E. of three independent experiments, where each experiment contained
6 to 12 fields (number of cells examined per condition: DMSO basal=195, DMSO
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Glucose=173, PD03 basal=122, PD03 Glucose=183, IPA3 basal=116 cells, IPA3
Glucose=108); *P<0.05, versus unstimulated vehicle cells, #P<0.05, versus stimulated
vehicle cells. Statistical analysis was performed by one-way ANOVA using multiple
comparisons.
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Figure 6. PAK1 is required for glucose-stimulated insulin granule accumulation at the β cell
plasma membrane
MIN6 cells were preincubated for 2 h in MKRBB and either vehicle (DMSO) or 30 μM
IPA3 was added 10 min prior to stimulation with 20 mM glucose for 20 min. Cells were
harvested and subjected to subcellular fractionation. Isolated plasma membrane (PM) and
secretory granule (SG) fractions were analyzed by SDS-PAGE and immunoblotting (IB) for
the granule v-SNARE and marker protein VAMP2. Optical density quantitation of VAMP2
in the PM versus the SG for each of three independent sets of fractions yielded the VAMP2
PM/SG ratio, represented in the bar graph as the average ± S.E.; *P<0.05, versus
unstimulated vehicle fractions).
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Figure 7. Model of Cdc42-PAK1 signaling in the β cell
Glucose enters the β cell, activating Cdc42, then PAK1. Cdc42→PAK1 signaling activates
Raf-1 and MEK1/2, which induces ERK1/2 activation. This glucose-stimulated signaling
cascade culminating in ERK1/2 activation induces F-actin remodeling, insulin granule
accumulation/recruitment to the plasma membrane, events required for the amplification/
sustained phase of insulin secretion.
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