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Abstract
p21-activated kinase-2 (PAK2) is ubiquitously expressed in all mammalian cells and tissues tested so far. It is a 

unique member of PAK family kinases that can be activated by various stress conditions to induce apoptosis or cytostasis. 
Although many conditions have been reported to activate PAK2, serum starvation followed by insulin treatment has not 
been studied. In this study, pre-adipocyte (3T3-L1) sensitive to insulin signaling and important for energy homeostasis 
was used as the system to address this topic. It was found that serum starvation transiently activated PAK2 activity by 
about 3-fold within one hour, then returning to the basal level within three hours. Following the activation of PAK2 by 
serum starvation, insulin treatment resulted in a rapid deactivation of PAK2 through ubiquitination-proteasome mediated 
protein degradation. AKT1 and PAK2 activities were reversely related, suggesting that AKT1 activation could be a factor to 
initiate PAK2 degradation. This dynamic change of PAK2 by serum starvation and insulin was found to correlate with the 
fluctuation of protein synthesis, a major biological process that influences cell growth rate. Activation of PAK2 by serum 
starvation was correlated with about 50% inhibition of protein synthesis; subsequent treatment with insulin reversed this 
inhibition. Down-regulation of PAK2 by siRNA further proved that PAK2 was a causal factor leading to the inhibition of 
protein synthesis. In conclusion, this study identifies a new pattern of regulation of PAK2 by serum starvation and insulin, 
suggesting an important role of PAK2 in regulating adipocyte function in response to nutrient status and insulin signaling.

Activation of PAK2 by Serum Starvation Sensitizes its Response to Insulin 
Treatment in Adipocyte 3T3-L1 Cells
Jun Ling1*, Siska Corneillie2, Colby Cottell1 and Jolinda A Traugh2 
1Department of Basic Sciences, The Commonwealth Medical College, 525 Pine Street, Scranton, PA 18509, USA
2Department of Biochemistry, University of California, Riverside, CA 92521, USA

Keywords: P21-activated kinase-2 (PAK2); Signal transduction; 
Serum starvation; Insulin signaling; Protein synthesis

Introduction
p21-activated protein kinases (PAKs) are originally identified 

by binding to and activated by small GTPases Cdc42 and Rac1 [1,2]. 
A large amount of research has proved the important roles of PAKs 
in regulating cytoskeleton dynamics, cell motility, cell cycle, gene 
transcription and translation, and oncogenesis, etc. [3-5]. Among the 
six members of PAK family kinase, PAK1 is relatively well studied. 
It is a growth-promoting kinase that can be activated by insulin and 
serum [6,7]. PAK1 is also involved in carcinogenesis, especially as an 
important driver for breast cancer [8,9]. In contrast, PAK2 is a stress-
activated kinase whose activity is stimulated by a large array of stresses, 
such as DNA damaging drugs [10], hyperosmolarity [11], irradiation 
[12], apoptotic stimuli (e.g. TNFα) [13]. The cytostatic activity of 
PAK2 has been proved by our previous study that the microinjection 
of active PAK2 into early frog embryos arrests cell cleavage [14]. Over-
expression of PAK2 in HEK 293T, Cos7, and BALB 3T3 cells also 
induces cytostasis [15,16]. Under strong stress conditions, PAK2 is 
the only member of PAK family kinases that can be cleaved by caspase 
3 to generate the C-terminal kinase domain (also called p34), thus 
becoming constitutively active to promote apoptosis [17,18]. On the 
other hand, PAK2 has been reported to have pro-survival function 
under certain activated status [19]. PAK2 can also be activated by 
transforming growth factor-beta (TGF-β) in a cell type-specific 
manner to mediate its effects on cell proliferation, differentiation, and 
migration [20,21]. With these diverse functions, we hypothesize PAK2 
as a switch to regulate cell survival and death in response to various 
stress conditions. The importance of PAK2 is also reflected by a wide 
range of its substrates, including c-Myc [22], eIF4G [23], and the 
MAPK-interacting kinase1 (Mnk1) [24] etc.

Serum starvation is commonly used to inactivate kinases in 
cells prior to mitogenic treatments; it becomes a general practice in 
biochemical and cell biological research. Serum starvation also mimics 
a nutrient deprivation state in many tissues under various conditions, 

such as adipose tissue and the inner mass of tumor where the blood 
flow is limited [25]. Insulin as a multi-functional hormone plays 
critical roles in regulating energy homeostasis, cell growth, and cancer 
development [26,27]. The effects of serum and insulin converge on 
MAPK and PI-3 kinase/Akt/mTOR cell signaling pathways, leading 
to the regulation of protein synthesis as a major mechanism for their 
physiological functions [28]. Our previous study has identified that 
PAK2 down-regulates mRNA translation through phosphorylation of 
eIF4G1 and Mnk1 [23,24]. Thus, to expand our understanding on the 
function of PAK2 in these critical cell signaling pathways, we carried 
out this research to address the regulation of PAK2 by serum and 
insulin.

By using 3T3-L1 pre-adipocyte as a cellular system sensitive to 
serum starvation and insulin signaling, we analyzed the effects of 
serum starvation and insulin treatment on PAK2 activity. Our results 
showed that PAK2 was transiently activated by serum starvation; such 
activated PAK2 became more sensitive to the degradation by insulin 
treatment, which was mediated by ubiquitination-proteasome pathway. 
However, the serum-fed PAK2 was not affected by insulin treatment. 
This dynamic change of PAK2 activity was found to correlate with the 
rate of protein synthesis. Overall, the results from this study expand 
our understanding about the role of PAK2 in nutrient and mitogen 
fluctuating conditions. 
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Materials and Methods 
Materials

 DMEM media and methionine-free DMEM media were purchased 
from ThermoFisher Scientific/Gibco. Insulin was from Eli Lily, 
and the proteasome inhibitor LLnL (N-Acetyl-Leu-Leu-Nle-CHO) 
was from Biomol Laboratories. [γ-32P]-ATP was from Amersham 
Corporation, and (35S)-methionine from Perkin Elmer Life Sciences. 
Histone (H4) and myelin basic protein (MBP) were from Sigma. 
FuGENE 6 transfection reagent was from Roche Applied Science. The 
pSilencer1.0-U6 vector was from Ambion. Protein A/G-agarose beads, 
PAK2 antibodies, and HRP-conjugated secondary antibodies were 
from Santa Cruz Biotechnology. Anti-ubiquitin antibody was from 
Zymed. Total AKT1 and Phospho-AKT1 (Ser473) antibodies were 
from Cell Signaling Technology. The ECL detection kit was from Pierce 
Protein Biology. 

Cell culture and treatment

3T3-L1 mouse pre-adipocytes were purchased from ATCC and 
cultured in DMEM media supplemented with 10% fetal calf serum. 
Serum starvation was performed by washing the cells twice with serum-
free medium, followed by the incubation in serum-free medium for the 
time periods indicated. Insulin (10-8 M) was used to treat the cells after 
serum-starvation. 

Preparation of cell lysate 

Cells after treatments were collected by washing twice with cold 
PBS, followed by cell lysis using RIPA buffer (50 mM Tris-HCl, pH 
8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS) 
supplemented with fresh protease (Set III, EMD) and phosphatase 
(Set III, EMD) inhibitor cocktails. After incubation for 15 min on ice, 
the cell extract was centrifuged at 16,000 g for 10 min at 4°C, and the 
supernatant was taken as the total cell lysate. Protein concentration was 
measured using Bradford reagent.

Immunoprecipitation (IP)

Protein A/G-agarose beads (30 µl slurry) were pre-incubated with 
1 µg of PAK2 antibody (N19) for 1 hr at 4°C, washed twice with RIPA 
buffer, and then incubated with 100 µg of cell lysate for 2 hrs at 4°C. 
The immunoprecipitated complex was collected by centrifugation and 
washed three times with RIPA buffer for Western blot analysis, or 
washed twice with kinase reaction buffer for PAK2 activity assay.

Pak2 activity assay

Immunoprecipitated PAK2 was used for activity assay. The 
reaction was carried out for 30 min at 30°C in a final volume of 20 
µl buffer containing 50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 30 mM 
β-mercaptoethanol, 0.2 mM [γ-32P]ATP (specific activity 2000 cpm/
pmol), and 2 µg of H4 or MBP as the substrate [29]. The reaction was 
terminated by SDS-loading buffer and analyzed by SDS-PAGE. The 
gel was stained by Coomassie blue and dried for autoradiography. The 
radioactive bands corresponding to H4 or MBP were excised for the 
quantitation by scintillation counter. 

Measurement of protein synthesis rate

Exponentially growing 3T3-L1 cells treated by various conditions 
were labelled with (35S)-methionine (10 µCi/ml) in methionine-free 
DMEM media to measure protein synthesis rate in vivo. The cells were 
washed twice with cold PBS and lysed with RIPA buffer in the presence 
of protease and phosphatase inhibitors as described above. Equal 

amount of cell extract (100 µg) was precipitated by 10% trichloroacetic 
acid, followed by washing twice with 10% trichloroacetic acid 
and acetone and once with 95% EtOH. The pellet was dried for the 
quantitation of radioactive incorporation by scintillation counter.

Knockdown of PAK2 by siRNA 

PAK2 (human U24153) siRNA constructs were made by subcloning 
several regions of PAK2 cDNA into pSilencer1.0-U6 vector. The 
confirmed construct with DNA sequence encoding amino acid 197-
216 region of PAK2 was used in this experiment. 3T3-L1 cells at 40% 
confluency were co-transfected with the luciferase reporter (0.5 µg) and 
pSilencer1.0 vector or the PAK2 siRNA/pSilencer 1.0 construct (5 µg) 
using FuGENE 6. Thirty-six hours later, the cells were harvested and 
extracted to measure the translation rate through luciferase reporter 
assay [30]. 

Statistical analysis 

All experiments in this study were repeated three times, and the 
data were presented as the means ± standard deviation (SD). The 
difference between two comparable groups was analyzed by Student’s 
t-test, and P-value of <0.05 was considered statistically significant.

Results     
Serum starvation activates PAK2 in 3T3-L1 cells

To examine whether PAK2 can be activated by serum starvation, 
exponentially growing 3T3-L1 cells were deprived of serum over 
a time period of 5 hrs, and PAK2 activity was measured using 
immunoprecipitated PAK2. Both histone H4 and myelin basic protein 
(MBP) were used as the substrates to better evaluate PAK2 activity. 
As shown in Figure 1, the total protein amounts of PAK2 were not 
altered during the period of serum starvation (Figure 1A, upper panel). 
The double bands indicated the different phosphorylation states 
of PAK2, which are common for many other kinases. However, the 
PAK2 activities were changed as revealed by the kinase activity assay 
(Figure 1A, lower panel). MBP and histone H4 substrates showed 
slight difference, but the pattern of PAK2 activity change in response 
to serum starvation was the same. After the quantitation, it was found 
that PAK2 activity was increased by 2.0-2.5-fold at 1 hr-time point, 
followed by a phase of decrease of PAK2 activity. At 5 hr-time point 
PAK2 activity was increased again by 1.5-fold (Figure 1B). This dual 
phase of PAK2 activation by serum starvation suggested an intriguing 
regulatory mechanism that might be similar to the oscillation of NFkB 
activation by TNFα [31]. To further confirm the activation of PAK2 
by serum starvation, phosphorylation at Thr402 site as a signature of 
activated PAK2 was examined by Western blot. It was found that the 
phosphorylation of Thr402 was increased from 0.5-1.5 hrs of serum 
starvation; another increase at 5 hrs was also observed (Figure 1C), 
consistent with the actual kinase activity assay shown in Figure 1B. 
Thus, it can be concluded that this rapid activation of PAK2 by serum 
starvation is due to the change of phosphorylation rather than the 
change of protein amount of PAK2.

Effects of serum and insulin on serum starvation-activated 
PAK2

After the activation of PAK2 by serum starvation, it is interesting 
to know how the activated PAK2 responds to growth or mitogenic 
stimuli, since this is a normal nutrient dynamics in vivo. Exponentially 
growing 3T3-L1 cells were serum-starved for 1 hr, followed by the 
treatment with serum or insulin for varied periods of time. The levels of 
PAK2 were then analyzed by immunoprecipitation and Western blot. 
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for the same experimental procedure, then no PAK2 and ubiquitinated 
PAK2 bands were detected, therefore ensuring the high quality of 
experiment. Thus, this result demonstrated that poly-ubiquitination 
and proteasome mediated protein degradation was the mechanism of 
down-regulation of activated PAK2 by insulin. 

 Insulin signaling initiates many downstream kinase pathways 
for its broad physiological functions, among which activation of 
AKT plays a major role in the metabolic function of insulin, whereas 
activation of MAPK is important for the mitogenic function of insulin 
[26,28]. To understand what initiates the proteasome-mediated 
degradation of PAK2 by insulin, we hypothesize that insulin signaling 
effector kinases are more likely to phosphorylate PAK2 and prime it for 
ubiquitination, similar to the phosphorylation initiated processing of 
NFkB1/p105 [32]. There are a number of reports that PAK1 regulates 
AKT1 activation [33,34] and AKT1 also phosphorylates PAK1 for 
activation [35,36], indicating the mutual regulation between AKT and 
PAK kinases. However, it is not known whether AKT regulates PAK2 
for activation or degradation. Thus, the activation of AKT1 and its 

(A) Exponentially growing 3T3-L1 cells were used for serum starvation, 
equal protein amounts of cell lysate were used for immunoprecipitation. 
Immunoprecipitated PAK2 was then used to measure the kinase activity using 
H4 and MBP as the substrates. Upper panel: immunoprecipitated PAK2 protein 
was confirmed by Western blot. Lower panel: Phosphorylation of H4 and MBP by 
PAK2 was visualized by autoradiography. (B) The phosphorylated H4 and MBP 
bands from the lower panel of (A) were excised from the gel for the quantitation 
of 32P incorporation. The data were the mean of three repeated experiments with 
standard deviations indicated by error bars. *, indicating significant difference 
with P<0.05. (C) Equal amount of cell lysate was probed by phospho-PAK2 
antibody (Thr402) to evaluate the activation of PAK2.

Figure 1: PAK2 is activated by serum starvation.

It was found that insulin induced the degradation of serum starvation 
activated PAK2 rapidly, by the 30 min of treatment PAK2 was almost 
completely degraded (Figure 2A). Serum addition also down-regulated 
PAK2 but showed remarkable PAK2 degradation by 60 min (Figure 
2B). In contrast, control PAK2 without serum starvation was not 
sensitive to the degradation by insulin, rather the protein was shifted 
to more upper band (Figure 2A, the most right lane), suggesting that 
PAK2 could be more active as the upper band generally representing 
the phosphorylated form. Hence, we identified a new phenomenon 
that activated PAK2 was more sensitive to the degradation induced by 
insulin or serum, which is consistent with the property of PAK2 as a 
stress-activated kinase that is stimulated by stress but deactivated by 
growth or pro-survival conditions. 

To investigate the mechanism of PAK2 degradation induced by 
insulin, proteasome pathway was examined. As shown in Figure 2C, 
addition of proteasome inhibitor LLnL blocked the insulin-induced 
degradation of PAK2; meanwhile LLnL itself had no effect on the 
stability of PAK2. When the immunoprecipitated PAK2 was analyzed 
by Western blot using ubiquitin antibody, multiple bands of high 
molecular weight forms of PAK2 were detected under the treatment 
with LLnL; whereas no upper-shifted bands were detected when PAK2 
was activated by serum starvation but not treated by insulin (Figure 
2D). As a control, pre-immune IgG was used to replace PAK2 antibody 

(A) Control (Ctr) and serum-starved 3T3-L1 cells were treated with insulin. The amounts of PAK2 were analyzed by immunoprecipitation (IP) 
and Western blot. (B) Serum-starved 3T3-L1 cells were subject to serum addition and insulin treatment, and then the amounts of PAK2 were 
detected by IP and Western blot. (C) 3T3-L1 cells were serum-starved followed by the treatment with insulin in the presence or absence of 
proteasome inhibitor LLnL (50 µM). PAK2 was then analyzed by IP and Western blot. (D) PAK2 was immunoprecipitated from 1200 µg of cell 
lysate using PAK2 antibody or pro-immune IgG as a control. Western blot with ubiquitin antibody was performed to visualize the poly-ubiquiti-
nated PAK2. 

Figure 2: Serum starvation activated PAK2 is sensitive to insulin-induced degradation through ubiquitination pathway. 

(A) Control (Ctr) and serum-starved 3T3-L1 cells were treated with insulin. The 
amounts of PAK2 were analyzed by immunoprecipitation (IP) and Western blot. (B) 
Serum-starved 3T3-L1 cells were subject to serum addition and insulin treatment, 
and then the amounts of PAK2 were detected by IP and Western blot. (C) 3T3-L1 
cells were serum-starved followed by the treatment with insulin in the presence or 
absence of proteasome inhibitor LLnL (50 µM). PAK2 was then analyzed by IP and 
Western blot. (D) PAK2 was immunoprecipitated from 1200 µg of cell lysate using 
PAK2 antibody or pro-immune IgG as a control. Western blot with ubiquitin antibody 
was performed to visualize the poly-ubiquitinated PAK2. 
Figure 2: Serum starvation activated PAK2 is sensitive to insulin-induced 
degradation through ubiquitination pathway.
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relationship with PAK2 became a reasonable link to be examined in 
this study. When serum-starved 3T3-L1 cells were treated by insulin 
for 24hrs, it was found that insulin down-regulated PAK2 initially but 
increased PAK2 recovery starting from 4 hrs of treatment (Figure 3), 
top first panel). Meanwhile, AKT1 activity was detected to respond to 
insulin treatment more rapidly than PAK2. AKT1 reached the highest 
activity at 0.5 hrs and sustained at the high activity level up to 4 hrs; 
later on AKT1 activity started to decline. Furthermore, when PAK2 
was repressed by serum treatment for 24 hrs after the initial serum 
starvation for 1 hr, AKT1 showed very high activity (Figure 3, the 
most right lanes in top 1st and 2nd panels). Under serum starvation for 
1 hr only, PAK2 expressed high activity, whereas AKT1 was almost 
completely inactive (the most left lanes in top 1st and 2nd panels). In 
summary, PAK2 and AKT1 exhibited a reciprocal pattern in activity, 
suggesting that active AKT1 might phosphorylate PAK2 at certain 

site(s) and lead to its degradation by proteasome pathway. 

Regulation of protein synthesis by serum starvation and insu-
lin is partially mediated by PAK2 

 Activated PAK2 expresses a broad range of physiological 
functions. To better understand the function of the dynamic change of 
PAK2 by serum starvation and insulin on cell growth, protein synthesis 
was analyzed in this study. 3T3-L1 cells were serum-starved for up to 
3 hrs, during which the protein synthesis rate was measured by in 
vivo labeling approach, so that the total endogenous protein synthesis 
rate can be accurately evaluated. The newly synthesized proteins were 
labeled with (35S)-methionine for 15 min prior to the collection of cell 
at each time point. It was found that serum starvation reduced protein 
synthesis rate gradually and reached the maximal inhibition by 1.5 
hrs (Figure 4A), and then the protein synthesis rate was recovered 
to ~90% of the control by the end of 3hrs of serum starvation. This 
pattern of protein synthesis change was conversely related with the 
change in PAK2 activity (Figure 1), consistent with the inhibitory 
effect of PAK2 on protein synthesis as revealed by our previous study 
[23]. Treatment of the serum-starved cells with insulin resulted in a 
rapid and continuous recovery of protein synthesis rate. By the time of 
2 hrs, protein synthesis rate was recovered to the control level (Figure 
4B), suggesting that the degradation of PAK2 by insulin released its 
inhibition on protein synthesis. 

To confirm if PAK2 directly contributes to the down-regulation of 
protein synthesis, the luciferase reporter gene was co-transfected into 
3T3-L1 cells with PAK2 siRNA or vector control. The luciferase activity 
of vector control cells without treatments was set as 100% (Figure 5A). 
In the vector control cells, protein synthesis was inhibited by serum 
starvation and recovered by subsequent insulin treatment, showing the 
same pattern and rate as that in Figure 4A. When PAK2 was knocked 
down by siRNA, the response of protein synthesis to serum starvation 
and insulin treatment still showed a similar pattern, but less inhibited 
by serum starvation and less recovered by insulin treatment (Figure 
5A, right three bars). The corresponding changes in PAK2 expression 
level (Figure 5B) were consistent with its inhibitory effect on protein 
synthesis as shown in Figure 5A, therefore confirming PAK2 as a causal 
factor that partially mediated the regulation of protein synthesis by 
serum starvation and insulin treatment in 3T3-L1 cells.

Discussion 
This study reported a new mechanism of activation of PAK2 by 

serum starvation and subsequent degradation by insulin treatment in 
adipocytes. The activation of PAK2 by serum starvation was due to the 
increased phosphorylation; whereas the degradation of PAK2 by insulin 
was mediated by ubiquitination/proteasome pathway. It has been 
known that PAK kinases and insulin signaling are mutually regulated. 
PAK1 is identified to mediate insulin-induced GLUT4 translocation 
and glucose uptake in skeleton muscle cells, wherein insulin treatment 
activates PAK1 through PI3K/AKT signaling pathway [37,38]. PAK1 
is also a mediator of glucose-stimulated insulin secretion in pancreatic 
β-cells [39]. However, PAK2 is negatively regulated by insulin in neural 
cells, wherein AKT1 is identified to be the kinase responsible for PAK2 
phosphorylation [40]. These results are consistent with and support 
our findings in adipocytes. It is important to note that serum starvation 
primes or sensitizes the down-regulation of PAK2 by insulin. Such 
information is particularly interesting in adipose that is a peripheral 
tissue of insulin signaling and serves as an important site for energy 
metabolism. The results of this study also support our hypothesis that 
activated PAK2 might be more sensitive to degradation, which adds a 

3T3-L1 cells at 50% confluency were serum-starved for 1 hr, and then treated 
with insulin for up to 24 hrs. One control sample was serum-starved for 1 hr (SS); 
the other control was serum-starved for 1 hr followed by the culture in complete 
media with serum (10%) for 24 hrs (SS+S). Cell lysate was prepared and the 
equal amounts of protein (75 µg) were analyzed by Western blot using different 
antibodies as indicated. The top panel is the amount of PAK2, and middle two 
panels are the phosphorylated and total amounts of AKT1 respectively.
Figure 3: The dynamic change of PAK2 is reversely related with AKT1 activity 
during serum starvation and insulin treatment.

Exponentially growing 3T3-L1 cells were subjected to serum starvation and 
subsequent treatment with insulin, and the protein synthesis rate was measured 
as described in “materials and methods”. (A) Protein synthesis rate under 
serum starvation. (B) Protein synthesis rate under insulin treatment after serum 
starvation for 1hr. The data were the mean of three repeated experiments with 
standard deviations indicated by error bars. *, indicating significant difference 
with P<0.05. 
Figure 4: The effects of serum starvation and insulin treatment on protein 
synthesis.
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fine control on PAK2 activation under various conditions. Thus, this 
dynamic regulation of PAK2 by stress and growth conditions might be 
a mechanism underlying the potential role of PAK2 in pre-adipocyte 
differentiation and function. 

Furthermore, this unique pattern of regulation of PAK2 might also 
play an important role in cancer development. Cancer cells constantly 
encounter various changes of stress and pro-survival conditions. 
The inner core of tumor is in a nutrient deprivation and hypoxia 
microenvironment, whereas metastatic cells in blood circulation are 
under serum-fed condition for progression. Some observations from 
this study, such as the dual phasic effect of serum starvation and 
the relationship between PAK2 and AKT, suggest the complicated 
regulation of PAK2 activation that will be a topic in our future study.
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