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Introduction

Deficiencies in β-cell mass occur in both type 1 and type 2 dia-
betes (T1D and T2D, respectively). Accumulated evidence sug-
gests that ~50% of islets from patients with T2D are in a state 
of dysfunction or outright failure at the time of diagnosis.1-3 The 
homeostatic maintenance of adult β-cell mass largely relies on 
the replication of differentiated β-cells; therefore, understanding 
the physiological and molecular mechanisms that control β-cell 
replication is of critical importance. The pool of pre-existing 
β-cells has been shown to be one of the major sources of new 
β-cells in adult mice under normal physiological conditions or 
following a pancreatectomy.4-7

Survivin is a multifunctional protein that intersects cell death, 
cell division and cellular adaptation.8,9 Multiple studies highlight 
the importance of Survivin-dependent replication of pre-existing 
β-cells.10-12 The p21-activated kinase 1 (PAK1) is a ubiquitously 
expressed serine/threonine kinase implicated in the promotion of 
cell survival in neuronal and cardiac cells.13-15 PAK1 has also been 
reported to play a critical role in cell proliferation.16,17 Our previ-
ous work has indicated that PAK1 is a positive regulator of β-cell 
function, and a paucity of PAK1 protein in islets is correlated 
with human T2D.18-20 Most recently, we have demonstrated that 
PAK1 is essential for β-cell survival via limiting Bad expression.21 
However, the role of PAK1 in β-cell proliferation has never been 
assessed.

Here, using PAK1 knockout (KO) mouse islets and PAK1-
depleted MIN6 β-cells, we addressed the linkage between PAK1 
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and Survivin, as well as the potential role of PAK1 in β-cell 
proliferation. We observed that Survivin protein expression is 
decreased in PAK1 KO islets. In pancreatic MIN6 cells with 
siRNA-mediated depletion of PAK1, increased ubiquitinated-
Survivin was observed. Impaired proliferation of β-cells induced 
by the loss of PAK1 was restored by overexpressing Survivin. In 
addition, decreased Survivin expression in MIN6 β-cells induced 
by chronic exposure to hyperglycemic conditions was protected 
in the presence of exogenous PAK1. Our findings reveal a novel 
role for PAK1 in maintaining Survivin protein expression lev-
els in islet β-cells, suggesting that attenuated PAK1 abundance 
could hinder islet β-cell proliferation.

Results

PAK1 regulates β-cell proliferation. To determine the require-
ment for PAK1 in β-cell replication, DNA synthesis rates in 
pancreatic MIN6 β-cells with or without PAK1 depletion were 
determined by measuring the incorporation of [3H]methyl-
thymidine into genomic DNA. A decrease in [3H]thymidine 
incorporation was observed in MIN6 cells with PAK1 depletion 
relative to control MIN6 cells (Fig. 1). These data indicate that 
Pak1 regulates β-cell replication.

PAK1-depletion results in decreased Survivin protein 
expression in islet β-cells. Survivin is a multifunctional pro-
tein that intersects cell death and division.8,9 Survivin is critical 
for β-cell replication during the embryonic and neonatal peri-
ods or during conditions of stress in adult islets.10-12 PAK1 has 
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As ~20% of the cells in a rodent islet are non-β-cells, we 
confirmed that this decrease in Survivin occurred in β-cells by 
evaluating PAK1-depleted clonal MIN6 pancreatic β-cells. As we 
routinely observed,18,19 PAK1 siRNA oligonucleotides successfully 
depleted PAK1 protein by more than 50% after 48 h of transfec-
tion (Fig. 3). Depletion of PAK1 significantly decreased Survivin 
protein levels as well, whereas restoration of PAK1 protein level 
by co-transfection with exogenous PAK1 correspondingly nor-
malized the aberrant decrease in Survivin protein induced by 
PAK1-depletion (Fig. 3). These data suggest that the abundance 
of PAK1 specifically in the β-cells of the islet is important for 
maintaining Survivin expression levels.

Depleted of PAK1 does not alter Survivin transcription, but 
increases Survivin ubiquitination in the β-cells. To address how 
PAK1 regulates Survivin expression, we first examined the level 
of Survivin mRNA in islets from PAK1 KO mice. Quantitative 
real-time PCR revealed no significant change of Survivin mRNA 
in PAK1 KO islets compared with WT islets (Fig. 4A). Similar 
results were observed in MIN6 cells when PAK1 was depleted by 
siRNA (Fig. 4B). These results suggest that, in the islet, PAK1 
regulates Survivin protein expression via a post-transcriptional 
step.

Survivin can be degraded via the ubiquitin-proteasome path-
way and turns over rapidly with a t1/2 of about 30 min.24 To 
determine the role of PAK1 in protease-mediated Survivin degra-
dation, PAK1-depleted clonal MIN6 β-cells were treated with the 
proteasome inhibitor MG132 for 6 h before harvesting. As shown 
in Figure 5, the degradation of Survivin was blocked by pretreat-
ment with the proteasomal inhibitor MG132, and increased 
levels of ubiquitinated-Survivin were observed via immunoblot-
ting (Fig. 5A) and immunoprecipitation (Fig. 5B). These results 
indicate that PAK1 is involved in proteasome-mediated Survivin 
degradation in pancreatic β-cells.

PAK1 restores hyperglycemia/glucotoxic stress-induced 
decreases of Survivin protein expression in mouse pancreatic 
islets. Elevated fasting blood glucose is a hallmark character-
istic of individuals with frank T2D.3,25,26 Short-term low levels 
of glucose induce Survivin expression after serum starvation.27 
Yet, whereas hyperglycemia is presumed to ultimately provoke 
β-cell apoptosis and impair proliferation,28 how hyperglycemia/
glucotoxic stress alters Survivin protein expression has never been 
addressed. In MIN6 cells, we observed that glucotoxicity was 
able to substantially decrease Survivin protein levels; however, 
the decrease of Survivin induced by high-glucose was completely 
rescued by exogenous expression of PAK1 (Fig. 6).

Overexpressing Survivin restored proliferation of β-cells that 
was impaired by loss of PAK1. Having established the notion 
that PAK1 regulates pancreatic MIN6 β-cell replication and that 
Survivin is regulated by PAK1, we then asked if the impaired 
cell replication due to PAK1 depletion in MIN6 clonal cell lines 
can be recapitulated in islets, and if overexpressing Survivin is 
able to restore this defect. To address the first question, we exam-
ined the proliferation rate of islets from our PAK+/- heterozygous 
mouse because these mice most closely simulate the ~50–80% 
loss of PAK1 protein that occurs in T2D human islets.19 Indeed, 
a significantly lower [3H]thymidine incorporation was observed 

been shown to be able to promote survival by modulating the 
expression of Survivin in osteoclasts.22 To determine if a similar 
phenomenon exists in β-cells (i.e., does PAK1 control Survivin 
expression?), we evaluated Survivin levels in PAK1 KO mouse 
islets by Western analysis. Survivin expression has been previ-
ously reported to be restricted to β-cells three weeks after birth in 
mouse islet examined by immunofluorescent staining of pancre-
atic tissue,23 and its expression significantly declined after birth.10 
To overcome the obstacle of detection sensitivity, we performed 
Western analysis on pooled islets (~200) directly lysed in sam-
ple loading buffer. As reported in Figure 2, PAK1 KO mouse 
islets contained ~50% less Survivin protein when compared with 
PAK1 wild-type (WT) islets.

Figure 1. Decreased [3H]thymidine incorporation in PAK1-depleted 
MIN6 cells. Thirty-six hours after PAK1 depletion with siRNA, [3H]Methyl 
thymidine was added as described in Methods. The amount of [3H]
thymidine incorporated into DNA was measured by liquid scintillation 
counting and normalized to total cellular protein. Data represent the 
average ± SE for three independent experiments. *p < 0.05, vs. siCon.

Figure 2. Survivin expression is decreased in PAK1-/- KO islets. Islets 
were isolated from PAK1-/- KO and wild-type (WT) littermate mice and 
homogenized. Proteins were resolved by 12% SDS-PAGE for immunob-
lotting with antibodies as indicated. Data represent the average ± SE for 
three pairs of mice; *p < 0.05, vs. WT.
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Our recent work indicates that, in pancreatic β-cells, PAK1 
limits Bad expression by transcriptional and post-transcrip-
tional regulation.21 The data shown here suggest that Survivin 

in islets from PAK1+/- mice compared with islets from PAK1+/+ 
mice (Fig. 7A). To elucidate whether Survivin indeed functions 
downstream of PAK1 in β-cell proliferation, exogenous Survivin 
was “added-back” to PAK1-depleted MIN6 β-cell to compensate 
for the lack of endogenous Survivin. As shown in Figure 7B, 
significantly reduced cell-proliferation in PAK1-depleted MIN6 
cells (co-transfected with the vector) was largely rescued by co-
transfection with Survivin.

Discussion

In this study, we demonstrated that PAK1 is required for pancre-
atic β-cell replication, and that overexpressing Survivin restores 
impaired proliferation of β-cells due to loss of PAK1. We also 
showed that either hyperglycemic conditions or a loss of PAK1 
is sufficient to trigger the downregulation of Survivin protein in 
islet β-cells, whereas downregulation of Survivin protein level 
induced by glucotoxic stress is prevented in the presence of exoge-
nous PAK1. These observations suggest that PAK1 plays a role in 
regulating Survivin protein abundance in islet β-cells and could 
confer a replication advantage under high-glucose stress. Toward 
this end, our data here suggest that PAK1 is an important regula-
tor for β-cell replication.

Although initially recognized as a cancer gene and implicated 
in the control of cell division and the regulation of apoptosis in 
cancer cells, Survivin is also required for the replication of most 
normal cells including hepatocytes, bone marrow stem cells, 
neural progenitor cells and highly proliferative adult tissues.29-32 
Survivin has been promoted as an attractive candidate for reg-
ulating β-cell replication and survival.23,27 In pancreata from 
patients with longstanding T1D, Survivin is only detected in the 
islets with insulin-positive cells, but not in insulin-deficient islets, 
suggesting that Survivin is critical for maintenance of β-cell 
population.33 Because PAK1 is required to prevent Survivin from 
ubiquitin-mediated Survivin degradation in the β-cell, PAK1 
may be important for regulating β-cell expansion by stabilizing 
Survivin protein.

We have made the unique observation that PAK1 inhibits 
ubiquitin-mediated Survivin degradation in pancreatic β-cells. 
We also have reported that glucose rapidly decreases Survivin 
protein expression; given that Survivin has a very short half-life of 
about 30 min,24 this result is not unexpected. However, it remains 
puzzling why exogenous PAK1 increases Survivin level that was 
downregulated by glucose exposure when no change in PAK1 
levels were observed in glucotoxic conditions. Glucose has been 
shown to be associated with degradation of multiple proteins 
by ubiquitin-dependent mechanisms;34-36 whether a ubiquitina-
tion-dependent mechanism is involved in high-glucose-induced 
downregulation of Survivin awaits further investigation. Bearing 
these in mind, a possible explanation is that increasing PAK1 may 
override glucose-induced Survivin ubiquitination. Interestingly, 
regardless of Survivin expression, short-time glucose-stimulated 
insulin secretion is not affected (data not shown). This indicates 
that Survivin is distal to insulin secretion, and the downregula-
tion of Survivin by high-glucose may have long-term effects (such 
as replication) on β-cells.

Figure 3. Depletion of PAK1 decreased Survivin expression in pancre-
atic MIN6 cells. MIN6 cells were transfected with PAK1 siRNA (siPAK1) 
or control (siCon) oligonucleotides with pCMV6 vector or pCMV6-myc-
PAK1 plasmid. After 48 h incubation, cells were washed twice and in-
cubated with glucose-free MKRBB for 2 h before harvesting. Whole cell 
detergent lysates were prepared and subjected to 12% SDS-PAGE for 
immunoblotting with antibodies indicated. Data represent the average 
± SE for three independent experiments; *p < 0.05, vs. siCon.

Figure 4. Survivin mRNA expression in islets from PAK1-/- KO mice and 
PAK1-depleted MIN6 cells. (A) Islets were isolated from PAK1-/- KO and 
littermate PAK1+/+ WT mice for use in Q-PCR analysis as described in 
methods. Data were quantified relative to GAPDH from three batches of 
islets, *p < 0.05 vs. WT. (B) MIN6 cells were transfected with PAK1 siRNA 
(siPAK1) or control (siCon) oligonucleotides. After 48 h incubation, cells 
were harvested for Q-PCR analysis as described in methods. Data were 
quantified relative to GAPDH from three independent experiments,  
*p < 0.05 vs. siCon.
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is regulated by PAK1 via a post-transcriptional step involving 
ubiquitination, not a transcriptional step. Yet how PAK1 signals 
to the protein ubiquitination machinery remains unclear. It has 
been shown that ERK signaling is required for Survivin ubiqui-
tination in pancreatic β-cells,27 and we have demonstrated that 
PAK1 is upstream of ERK activation in β-cells.19,20 Whether the 
axis of PAK1-ERK-Survivin (ubiquitination) signaling path-
way is present in β-cells and how ERK is involved in PAK1-
regulated Survivin-ubiquitination in β-cells are currently under 
investigation.

We previously demonstrated that PAK1 KO mice exhibit nor-
mal β-cell mass and insulin content in islets,19 which has been 
recently confirmed by another group.37 The lack of changes in 
β-cell mass with PAK1 deficiency may be due to the fact that 
the original β-cell mass determinations were made in younger 
mice (~10 weeks of age) without any metabolic challenges or 
appreciable declines in β-cell mass. Thus, compensatory replica-
tion was not necessary or was yet to be initiated. To demonstrate 
a compensatory role for PAK1 in regulating functional β-cell 
mass, studies of β-cell mass and replication of the PAK1-/- and 

PAK+/- mouse models with inclusion of diet-induced stress are 
currently undergoing.

T2D occurs as a result of pancreatic β-cell failure in com-
bination with insulin resistance in peripheral tissues. Around 
~50% reduction in β-cell mass has been observed at the onset 
of clinical diagnosis.2,3 The fact that new β-cells continue to 
form in the adult animal4-7,38 indicates that understanding the 
details of how β-cells replicate themselves will be essential for 
the development of therapies that preserve β-cell mass and avoid 
the otherwise inevitable progression toward β-cell failure and 
T2D onset. Initially, we have shown that PAK1 is essential to 
whole-body glucose homeostasis given its unique role in both 
pancreatic β-cells and skeletal muscle.19 Recent work by others 
also highlighted the importance of PAK1 in insulin secretion39 
and insulin signaling.40 Consistent with a special requirement for 
PAK1 in insulin signaling, mRNA levels of PAK1 are signifi-
cantly reduced in soleus and gastrocnemius skeletal muscle from 
obese diabetes-susceptible mice.41 Our work indicated that PAK1 
is also involved in pancreatic β-cell survival21 and replication. 
These accumulated evidences indicate that PAK1 is a new hub 
of susceptibility for β-cell apoptosis, proliferation and function, 
and may play critical roles in the development of T2D. We specu-
late that PAK1 could be a potential therapeutic target for the 
treatment of diabetes, and efforts to minimize the loss of PAK1 
protein/activation could help restore β-cell mass and function.

Materials and Methods

Materials. The rabbit anti-PAK1 antibody was purchased from 
Cell Signaling. The rabbit anti-Survivin antibody was pur-
chased from R&D Systems. Rabbit anti-actin was obtained 
from Santa Cruz Biotechnology. Rabbit anti-Ubiquitin antibody 
was purchased from Cell Signaling. Goat anti-rabbit horserad-
ish peroxidase and anti-mouse horseradish peroxidase secondary 
antibodies were acquired from Bio-Rad. Mouse PAK1 siRNA oli-
gonucleotide duplexes and siRNA non-targeting control oligonu-
cleotides were purchased from Ambion as described previously.18 
Proteasome inhibitor MG132 was purchased from Millipore. 
Lipofectamine 2000, the SuperScript First Strand cDNA 
Synthesis Kit and Platinum SYBR Green qPCR SuperMix-UDG 
kit were purchased from Invitrogen. Enhanced chemilumines-
cence (ECL) reagent was obtained from Amersham Biosciences. 
d-glucose was obtained from Sigma. The pCMV-myc-Pak1 and 
pCMV vector plasmids were a gift from Dr. Lawrence Quilliam 
(Indiana University School of Medicine).

Methods. Mouse islets isolation. The PAK1 KO mouse is a 
classic whole-body gene-ablation model on the C57Bl6J strain 
background, generated as previously described.42 All islets were 
obtained using paired littermate mice as controls. Mouse pan-
creatic islets were isolated as previously described.18 Briefly, pan-
creata from 10–16 week old male mice were batch-digested with 
collagenase, purified using a Ficoll density gradient, and incu-
bated in CRML at 37°C, 5% CO

2
 for further experiments. For 

western analysis of islets, 200 islets were lysated in 50 ul 2x SDS 
sample buffer (115 mM TRIS-HCl (pH 6.8), 4% SDS, 10% glyc-
erol, 0.0025% Bromophenol blue, and 3% β-mercaptoethanol), 

Figure 5. Depletion of PAK1 enhanced Survivin-ubiquitination in pan-
creatic β-cells. (A) MIN6 cells were transiently transfected with siPAK1 
or siCon Oligos. Thirty-six hours after transfection, cells were cultured 
with proteasome inhibitor MG132 (10 μM) for 6 h. Whole cell detergent 
lysates were prepared and subjected to 12% SDS-PAGE for immunob-
lotting with antibodies indicated. Data represent the one of the two 
independent experiments yielding similar results. (B) MIN6 cells were 
treated as in (A). One mg cleared detergent lysates were combined with 
1 μg of rabbit anti-Ubiquitin antibody as described in methods. The im-
munoprecipitates were subjected to immunoblotting with anti-survivin 
antibody. Data represent the one of the three independent experi-
ments yielding similar results.
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followed by 12% SDS-PAGE separation. All studies involv-
ing mice followed the guidelines for the care and use of labo-
ratory animals and the protocols were approved by the Indiana 
University School of Medicine Institutional Animal Care and 
Use Committee.

Cell culture and transient transfection. MIN6 mouse pan-
creatic β-cells were cultured in DMEM (25 mM glucose) 
supplemented with 15% fetal bovine serum, 100 units/ml peni-
cillin, 100 μg/ml streptomycin, 292 μg/ml L-glutamine, and  
50 μM β-mercaptoethanol as described previously.18 For 
PAK1 depletion, MIN6 β-cells were transiently transfected 
with PAK1 siRNA oligonucleotide duplexes along with 
pCMV6 vector plasmid or with pCMV6-myc-Pak1 plasmid 
as previously reported,18 or con-transfected along with MIEG3  
vector or wild-type mouse Survivin.43 Cells were harvested 
in 1% Nonidet P-40 lysis buffer and lysates cleared by  
centrifugation at 14,000 × g for 10 min at 4°C for further 
experiments.

Islet RNA isolation and quantitative PCR (Q-PCR). Total 
RNA from mouse islets or MIN6 β-cells was obtained using 
the RNeasy mini kit (Qiagen). RNA (0.5 mg) was reverse tran-
scribed with the SuperScript First Strand cDNA Synthesis Kit 
(Invitrogen), and 10% of the product was used for Q-PCR. The 
primers used were as follows: Survivin primers, forward 5'-gat 
ctg gca gct gta cct ca-3' and reverse 5'-aaa aca ctg ggc caa atc 
ag-3'; GAPDH primers, forward 5'- tgc ccc cat gtt tgt gat g-3' 
and reverse 5'-tgt ggt cat gag ccc ttc c-3'. The Q-PCR condi-
tions were as follows: 50°C for 2 min hold (UDG incubation), 
95°C for 2 min hold, 40 cycles of 95°C for 15 sec, and 60°C for 
30 sec.

Co-immunoprecipitation and immunoblotting. For immuno-
precipitation, 1 mg cleared detergent lysates were combined with 
1 μg of rabbit anti-Ubiquitin antibody and allowed to rotate 
overnight at 4°C. Protein G Plus agarose beads were added and 
reactions were rotated at 4°C for an additional 2 h. After three 
washes with lysis buffer, the resulting immunoprecipitates were 
subjected to 12% SDS-PAGE followed by transfer to PVDF 
membrane for immunoblotting. Membranes were incubated 
with primary anti-Survivin antibody at 4°C overnight, followed 
by incubation with secondary antibodies conjugated to horse-
radish peroxidase for 1 h at room temperature and visualized by 
enhanced chemiluminescence.

[3H]Thymidine incorporation. DNA synthesis rates were 
measured by measuring the incorporation of [3H]methyl-thy-
midine into genomic DNA as described.44,45 For MIN6 cells, 
36 h after PAK1 depletion with siRNA, [3H]methyl-thymidine 

Figure 6. Glucotoxic/hyperglycemic stress reduced Survivin protein 
levels in pancreatic β-cells. MIN6 cells were transfected with pCMV6 
vector or pCMV6-myc-PAK1 plasmid. After 48 h incubation, cells were 
washed twice with and incubated for 2 h in freshly prepared modified 
Krebs-Ringer bicarbonate buffer. Cells were stimulated with 20 mM 
d-glucose for 20 min. Cells were then washed twice before harvesting, 
and whole cell lysates were subjected to immunoblotting with antibod-
ies indicated. Data represent the average ± SE for three independent 
experiments; *p < 0.05 vs. basal.

Figure 7. (A) Decreased [3H]methyl-thymidine incorporation in islets 
from PAK1+/- Het mice. [3H]Methyl-thymidine was added to pools of 
about 200 islets for 18 h. The islets were washed three times with cold 
medium. The amount of [3H]thymidine incorporated into DNA was mea-
sured by liquid scintillation counting and normalized to total cellular 
protein. Data represent the average ± SE for three independent experi-
ments. *p < 0.05, vs. WT. (B) Overexpressing Survivin restored impaired-
proliferation of MIN6 cells induced by loss of PAK1 in pancreatic MIN6 
β-cells. MIN6 cells were transfected with PAK1 siRNA (siPAK1) or control 
(siCon) oligonucleotides with MIEG3 vector or Survivin plasmid as 
described in the Materials and Methods. Thirty-six hours after transfec-
tion, [3H]methyl-thymidine was added for 2 h, and the amount of [3H]
thymidine incorporated into DNA was measured as described in the 
Materials and Methods. Data are the average ± SE from three indepen-
dent experiments. *p < 0.05 vs. siCon; #p < 0.05 vs. siPAK1.
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