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ABSTRACT

p21-activated kinase 4 (PAK4) regulates cell proliferation, apoptosis, cell motility 
and F-actin remodeling, but the PAK4 interactome has not been systematically 
analyzed. Here, we comprehensively characterized the human PAK4 interactome by 
iTRAQ quantitative mass spectrometry of PAK4-immunoprecipitations. Consistent 
with its multiple reported functions, the PAK4 interactome was enriched in diverse 
protein networks, including the 14-3-3, proteasome, replication fork, CCT and 
Arp2/3 complexes. Because PAK4 co-immunoprecipitated most subunits of the 
Arp2/3 complex, we hypothesized that PAK4 may play a role in Arp2/3 dependent 
actin regulation. Indeed, we found that PAK4 interacts with and phosphorylates 
the nucleation promoting factor N-WASP at Ser484/Ser485 and promotes Arp2/3-
dependent actin polymerization in vitro. Also, PAK4 ablation in vivo reduced N-WASP 
Ser484/Ser485 phosphorylation and altered the cellular balance between G- and 
F-actin as well as the actin organization. By presenting the PAK4 interactome, we 
here provide a powerful resource for further investigations and as proof of principle, 
we also indicate a novel mechanism by which PAK4 regulates actin cytoskeleton 
remodeling.

INTRODUCTION

The six human p21-activated kinase (PAK) serine/
threonine kinases are Rho family GTPase effectors that 
display a multitude of important functions in physiology 
and disease [1–5]. Among them, PAK4 is a Cdc42 effector 
that possesses critical functions in embryonic, neuronal 
and vascular development, immune defense and cancer 
[3, 4, 6–11]. PAK4 is overexpressed and genetically 
amplified in cancer cell lines as well as in cancer patients, 
including in lung, pancreas, ovary, prostate, breast and 
gastric cancer, leukemia, oral squamous-cell carcinoma 
and melanoma [3, 4, 12–20].

PAK4 regulates many cellular functions related 
to cancer progression, including cell proliferation and 

survival as well as cell morphology, adhesion and 
migration, which are dependent on the actin cytoskeleton 
[2, 11, 20–27]. The PAK4 regulation of cytoskeleton 
dynamics, cell adhesion and migration is in part mediated 
by interaction with and phosphorylation of PDZ RhoGEF 
[28, 29], GEF-H1 [30], paxillin [22], and integrin β5 [23, 
24, 31]. PAK4 also interacts with and phosphorylates 
LIMK1 and the slingshot homologue SSH-1 [28–30], both 
part of a multi-protein complex with 14-3-3ζ, where PAK4 
activates LIMK1, which in turn inactivates SSH1, leading 
to an increased ADF/cofilin activity that severs actin 
filaments and increases actin turnover [32]. However, actin 
turnover is tightly regulated by numerous additional actin 
binding proteins and complexes cooperating to ensure 
an optimal equilibrium between actin polymerization, 
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depolymerization and monomer sequestration [33, 34]. 
Actin polymerization is initiated by actin nucleation 
mediated for example by formins for unbranched actin 
filaments and the actin-related protein 2/3 complex 
(Arp2/3 complex) for branched actin networks [35]. 
Nucleation promoting factors like the WASP/Scar family 
members regulate the Arp2/3 complex to control the 
protrusion of lamellipoda and filopodia [36, 37].

Most proteins execute their functions through their 
interaction with other proteins. Therefore, elucidating 
protein-protein interaction networks has become key to 
understand highly coordinated biological processes [38]. 
However, the so far reported PAK4 interactors might 
not be sufficient to explain the diverse cellular functions 
attributed to PAK4 and might not fully clarify the role of 
PAK4 in cell morphology, adhesion and migration. Further, 
no global characterization of the PAK4 interactome has 
yet been reported, we therefore employed isobaric tags for 
relative and absolute quantitation (iTRAQ) quantitative 
mass spectrometry (QMS) to identify and characterize the 
human PAK4 interactome.

The PAK4 interactome was enriched in known 
interactors, including the 14-3-3 family, but also revealed 
novel interactions such as most subunits of the chaperonin 
containing TCP-1 complex (CCT complex) and the Arp2/3 
complex. Importantly, we found that PAK4 interacts 
with and phosphorylates N-WASP at Ser484/Ser485 
and promotes Arp2/3-dependent actin polymerization. 
Consistent with this finding, PAK4 ablation impaired 
N-WASP Ser484/Ser485 phosphorylation, shifted the 
cellular equilibrium between globular actin (G-actin) 
and filamentous actin (F-actin) and altered the cellular 
F-actin organization. Taken together, we propose a 
novel mechanism by which PAK4 regulates the actin 
cytoskeleton and the PAK4 interactome provides a 
powerful resource for further investigations.

RESULTS

Identification of the PAK4 interactome by 
quantitative mass spectrometry

To comprehensively characterize the PAK4 
interactome, MCF7 cells stably expressing FLAG-
PAK4 or FLAG-BAP (Bacterial Alkaline Phosphatase)
(control) were subjected to fractionation and anti-FLAG 
immunoprecipitation (IP), followed by iTRAQ QMS, as 
illustrated in Figure 1A. From the two MCF7 cell lines, 
whole cell lysates (WC) were generated as well as two 
subcellular fractions: the cytoplasmic (Cyt) and nuclear 
(Nuc) fractions in order to enhance the number of identified 
proteins with subcellular resolution. The fractionation was 
verified by the enrichment of nuclear and cytoplasmic 
markers and PAK4 was present in substantial amounts 
in all the cellular fractions (Figure 1B). FLAG-PAK4 
and FLAG-BAP (control) were immunoprecipitated in 

biological quadruplicates, trypsin digested and the samples 
were labelled with individual iTRAQ isobaric tags (8-plex 
iTRAQ) for quantification before analysis by nano-LC-MS/
MS. Nano-LC-MS/MS identified in total 572 proteins; 417 
in the whole cell lysate, 323 in the cytoplasmic fraction and 
232 in the nuclear fraction at 1% false discovery rate (FDR) 
(Figure 1C). Among these proteins, 78% were identified 
with more than one peptide spectrum match (PSM) and 
61 % of the proteins were identified by at least two unique 
peptides (Supplementary Figure 1A and 1B). We considered 
the PAK4 interactome as the proteins passing a combined 
cut-off of based on statistical testing (t-test with multiple 
hypothesis correction; p ≤ 0.05; 5% FDR); and FLAG-
PAK4 signals above the 99.9 % confidence interval of the 
FLAG-BAP signal distribution. In total, 313 proteins passed 
our PAK4 interactome cut-off; 233 in the whole cell, 167 
in the cytoplasmic fraction and 54 in the nuclear fraction 
(Figure 1C and Supplementary Table 1).

Among the 313 proteins, approximately two thirds 
of the cytoplasmic fraction and half of the nuclear fraction 
overlapped with the whole cell fraction, thereby each 
fraction also added additional, unique PAK4 interactors 
(Figure 1D). Previously known PAK4 interactors, including 
several 14-3-3 family proteins and a number of ribosomal 
proteins, were present in our dataset, validating our 
approach (Supplementary Table 1) [32, 39, 40]. Within a 
previously identified PAK1 interactome, we found 30 out 
of 71 proteins to overlap with the 313 PAK4 interactors 
found here [41] (Supplementary Table 1), suggesting that 
the PAK1 and PAK4 interactomes display a partial overlap.

PAK4 interactome analysis reveals diverse 
cellular functions

We used immunoprecipitation from FLAG-
PAK4 and FLAG-BAP whole cell lysates followed by 
immunoblotting to further validate our dataset. Firstly, 
we validated the previously known PAK4 interactors 
14-3-3 α/β and 14-3-3 ε [26, 39]. We also validated the 
Arp2/3 complex subunit ARPC2, which is a novel PAK4 
interactor (Figure 2A).

To analyze the protein-protein networks within 
the PAK4 interactome, we used the STRING database. 
We searched the PAK4 interaction network for highly 
connected regions including complexes and diverse 
cellular functions and named the identified clusters 
according to their functions (Figure 2B). These clusters 
included the actin cytoskeleton, 14-3-3, the replication fork 
and the proteasome. Ribosomal and ribonucleoproteins 
also formed clusters, but since these proteins have been 
described as common unspecific interactors [42], we did 
not follow up these further.

To strengthen the network analysis and assess 
other potential biological functions among the PAK4 
interactors within our dataset, we performed a Gene 
Ontology (GO) analysis. First, we analyzed enrichment 



Oncotarget77063www.impactjournals.com/oncotarget

in cellular components and among others, we found the 
proteasome complex previously indicated to be associated 
with PAK4 [43], but also previously unknown PAK4 
interacting components in form of the replication fork and 
the cytoskeletal regulatory Arp2/3 and CCT complexes 
(Supplementary Figure 2A and Supplementary Table 2). 
Pfam protein domain analysis displayed enrichment in the 
CCT chaperonin family, 14-3-3 as well as the proteasome 
and the minichromosome maintenance complex (MCM) 
(Supplementary Figure 2B and Supplementary Table 3). 
Together, the GO and Pfam terms overlapped well with 

the STRING network analysis showing that PAK4 may 
be involved in diverse cellular functions (Figure 2B, 
Supplementary Figure 2, Supplementary Table 2 and 
Supplementary Table 3).

PAK4 associates with the CCT and Arp2/3 
complexes

Within the actin cytoskeleton cluster (Figure 2B), 
we identified two complexes previously not recognized 
to be associated with PAK4: the CCT complex and the 

Figure 1: Identification of the PAK4 interactome by quantitative mass spectrometry. (A) QMS workflow to identify the 
PAK4 interactome. MS analysis was performed using MCF7 cells stably expressing FLAG-PAK4 or FLAG-BAP (control). WC lysate and 
Cyt and Nuc subcellular fractions were analyzed in four independent biological replicates. After IP with anti-FLAG antibody and elution 
from FLAG beads with FLAG peptides, all samples were digested with trypsin and each labeled with a different iTRAQ 8-plex reagent. 
The eight iTRAQ labeled samples (four replicates of each FLAG-PAK4 and FLAG-BAP) were pooled and subjected to nano-LC-MS/
MS analysis, followed by statistical and bioinformatic analysis. (B) Verification of subcellular fractionation. Lysates from WC, Cyt and 
Nuc fractions of FLAG-PAK4 and FLAG-BAP stably transfected MCF7 cells were analyzed by immunoblotting. Vinculin was used as a 
cytoplasmic marker; pRb as nuclear marker. (C) Schematic of the number of proteins identified by QMS in the different fractions before and 
after cut-off. Top: Total number of proteins recognized by QMS in each cellular fraction; Middle: Number of proteins in each fraction after 
cut-off; Bottom: Total number of unique proteins in all the fractions after cut-off. The cut-off criteria for specific FLAG-PAK4 associated 
hits was a combination of 5% FDR and above the 99.9% confidence interval of FLAG-BAP. (D) Venn diagram showing the number of 
specific PAK4 interacting proteins in WC and subcellular fractions.
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Arp2/3 complex. Importantly, seven of the eight subunits 
of the CCT complex and four of the seven subunits of the 
Arp2/3 complex were present in the PAK4 interactome 
(Figure 3A). To test if the PAK4 to Arp2/3 interaction 
was also detectable in a distinct cell line with a distinct 
tagging, we co-immunoprecipitated EGFP (control) and 
EGFP-PAK4 in transiently transfected H1299 cells and 
indeed EGFP-PAK4 co-immunoprecipitated ARPC2, 
whereas the EGFP control did not (Figure 3B). In addition, 
EGFP-PAK4 co-immunoprecipitated CCTε (Figure 3B). 
Also, an anti-CCTε monoclonal antibody (mab), but not 
IgG control, co-immunoprecipitated EGFP-PAK4 (Figure 
3C). The associations between these subunits and PAK4 in 
combination with the presence of multiple subunits in the 
interactome indicate that PAK4 associates with the CCT 
and Arp2/3 complexes.

PAK4 interacts with and phosphorylates 
N-WASP

Given that the PAK family member PAK1 was 
reported to phosphorylate ARPC1B [44], we examined 
if PAK4 may phosphorylate any subunit of the Arp2/3 
protein complex. To this end, we performed an in vitro 
kinase assay using purified, recombinant PAK4 and 
Arp2/3 protein complex together with [γ-32P] ATP. 
However, we did not detect any phosphorylation of the 
Arp2/3 complex subunits (Figure 4A, left). In addition to 

the Arp2/3 complex, we also tested the VCA domain from 
WASP, a VCA domain that is highly conserved among the 
WASP family proteins that interacts with and activates 
the Arp2/3 complex [45]. Interestingly, we found PAK4 
phosphorylation of the VCA domain (Figure 4A, right). 
In order to identify possible phosphorylation site(s) in the 
VCA domain in N-WASP, which is the Arp 2/3-interacting 
VCA domain protein expressed in the cancer cells here 
used, we used the PhosphoSitePlus online tool [46], 
revealing Serines 484 and 485 as the most frequent 
sites in the N-WASP VCA domain. To test if PAK4 may 
phosphorylate these serines, we used a phospho-specific 
Ser484/Ser485 N-WASP antibody, revealing that PAK4 
phosphorylated the VCA domain at the corresponding 
sites (Figure 4B).

Further, we tested if the association between PAK4 
and the VCA domain and/or the Arp2/3 complex were 
direct interactions by performing in vitro pull-down 
assays using purified proteins (Figure 4C). Indeed, we 
found a strong enrichment of GST-VCA in the PAK4 
pellet whereas the Arp2/3 complex remained mostly in 
the supernatant. These data suggest that PAK4 directly 
interacts with the VCA domain in vitro and therefore that 
the association by co-IP between PAK4 and the Arp2/3 
complex might be indirect.

To assess the interaction between PAK4 and N-WASP 
in vivo, we used H1299 cells co-transfected with EGFP 
control or EGFP-PAK4 and found that while EGFP-PAK4 

Figure 2: PAK4 interactome analysis reveals diverse cellular functions. (A) Whole cell lysates derived from MCF7 cells 
stably expressing FLAG-PAK4 or FLAG-BAP were used for validation of QMS hits. After anti-FLAG IP and elution with FLAG peptides, 
samples were subjected to immunoblot analysis for the indicated proteins. Anti-FLAG (4th row) and anti-PAK4 (5th row) antibodies were 
used as controls. The left input panel shows immunoblotting of the two lysates. (B) PAK4 interactome networks obtained from the STRING 
database with the clusters identified by AutoAnnotate and visualized by Cytoscape. Diamond nodes: PAK4 interactors identified in the 
whole cell, or in both cytoplasmic and nuclear fractions or in all three fractions; Circle nodes: interactors identified in the cytoplasmic 
fraction or in both whole cell and cytoplasmic fraction; Squared nodes: interactors identified in the nuclear fraction or in both whole cell 
and nuclear fraction; Gray nodes: previously described PAK4 interactors.
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co-immunoprecipitated N-WASP, EGFP did not (Figure 
4D). Also, the reverse co-IP using an anti-N-WASP antibody, 
but not the IgG control, co-immunoprecipitated EGFP-
PAK4 (Figure 4E). Importantly, endogenous PAK4 co-
immunoprecipitated endogenous N-WASP and endogenous 
N-WASP co-immunoprecipitated endogenous PAK4 (Figure 
4F-4G). PAK4 and N-WASP also co-localized at F-actin 
bundles and leading edges at the cell periphery of MCF7 cells 
re-plated onto collagen type I (Figure 4H).

PAK4 promotes actin polymerization and alters 
cellular actin organization

To test if PAK4 affects phosphorylation of N-WASP 
in vivo, we analyzed whole cell extracts in the presence 
or absence of PAK4 with the phospho-specific Ser484/
Ser485 N-WASP antibody. The N-WASP Ser484/
Ser485 phosphorylation decreased upon PAK4 depletion 
by siRNA (Figure 5A). Phosphorylation of the VCA-
domain has been reported to increase Arp2/3 dependent 
actin polymerization and we therefore hypothesized that 
PAK4-mediated phosphorylation might have a similar 
effect [47]. We used an in vitro actin polymerization 
assay and as reported, the Arp2/3 complex or VCA 
domain alone had no effect, but when combined they 
increased actin polymerization [48]. Importantly, pre-
incubation of the VCA domain with the PAK4 kinase 

domain further increased actin polymerization while 
the PAK4 kinase domain alone had no effect on actin 
polymerization (Figure 5B). We here used recombinant 
PAK4 kinase domain because it displayed a more efficient 
phosphorylation of the VCA domain than full-length 
PAK4 (Supplementary Figure 3A).

Given the PAK4-mediated VCA-domain phosphory-
lation and the increased VCA-Arp2/3 dependent actin 
polymerization, we tested if PAK4 may influence the 
equilibrium between F- and G-actin in H1299 cells. 
By ultra-centrifugation, we fractionated G-actin to the 
supernatant and F-actin to the pellet in whole cell extracts 
and immunoblotted against actin. Interestingly, while 
knockdown of PAK4 did not change the total amount of 
actin, the balance between G- and F-actin was shifted 
towards G-actin with markedly less F-actin detected in the 
pellets (Figure 5C). Having identified a shift in the G- to 
F-actin distribution, we labeled F-actin with phalloidin in 
H1299 cells in the presence or absence of PAK4 siRNA. 
While the control cells predominantly displayed an 
irregular shape and formed filopodia, the PAK4 knock-
down cells appeared more round with the phalloidin 
labeling enriched at the cell periphery, where the F-actin 
formed a cortical actin ring (Figure 5D). Together, our 
results suggest that PAK4 dependent phosphorylation of 
N-WASP might promote actin polymerization, which is 
crucial for the cellular actin organization.

Figure 3: PAK4 associates with the CCT and Arp2/3 complexes. (A) Several subunits of the Arp2/3 and CCT complexes 
were identified in the PAK4 interactome. White nodes: proteins passed QMS cut-off; Grey nodes: proteins appeared in MS but did not 
pass the QMS cut-off; Darker grey node: not in the MS list. (B) After GFP-Trap IP of H1299 cell lysates transiently expressing EGFP 
(control) or EGFP-PAK4, samples were subjected to immunoblot analysis for the indicated proteins. The upper panel is blotted with anti-
CCTε, the middle panel with anti-ARPC2, while anti-GFP was used to control the IP efficiency in the lower panel. Input lanes are direct 
immunoblot of the used cell lysates. (C) After anti-CCTε IP of H1299 cell lysates transiently expressing EGFP-PAK4, blots were probed 
with an anti-GFP antibody in the upper panel. Anti-CCTε was used to control the IP efficiency in the lower panel. Input lane shows direct 
immunoblotting of the used lysate.
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Figure 4: PAK4 interacts with and phosphorylates N-WASP. (A) PAK4 mediated phosphorylation was analyzed by an in vitro kinase 
assay using recombinant HIS-PAK4 together with the Arp2/3 complex (left panel) or GST-VCA (right panel) as substrates, with GST as a 
negative control and GST-RAF1 (332–344) as a positive control (upper panels). The lower panels display the protein loading in the assays by 
Coomassie Brilliant Blue staining. (B) HIS-PAK4 phosphorylation of the WASP VCA domain was analyzed using an anti-N-WASP pSer484/
Ser485 antibody after a kinase assay using recombinant HIS-PAK4 with GST-VCA as a substrate. GST serves as a negative control, while the 
anti-RAF1 pSer338 antibody was used as a positive control to detect GST-RAF1 phosphorylated by PAK4 (upper panel). The lower panel shows 
the loading of HIS-PAK4 protein and GST-fusion proteins used in the assay by silver staining. (C) HIS-PAK4 was pulled-down in the presence of 
GST-VCA or the Arp2/3 complex with Ni-NTA agarose and input (I), supernatant (S) and pellet (P) analyzed by silver staining. (D) IP of EGFP 
control or EGFP-PAK4 transiently expressed in H1299 cells analyzed by immunoblotting using an anti-N-WASP antibody (upper panel right 
two lanes). The left two lanes show immunoblotting of the input lysates. Anti-GFP was used to control the expression and IP efficiency in the 
lower panel. (E) N-WASP was immunoprecipitated with an anti-N-WASP antibody from lysates of H1299 cells transiently expressing EGFP-
PAK4 and samples were analyzed by immunoblot using an anti-GFP antibody with the lysate input to the left (upper panel). Anti-N-WASP was 
used to control the expression and IP efficiency in the lower panel. (F) PAK4 was immunoprecipitated with an anti-PAK4 antibody from lysates 
of MCF7 cells, with rabbit IgG as a control, samples were analyzed by immunoblot using an anti-N-WASP antibody with the lysate input to 
the left (upper panel). Anti-PAK4 blotting was used to control IP efficiency in the lower panel. (G) N-WASP was immunoprecipitated with an 
anti-N-WASP antibody from lysates of H1299 cells, with rabbit IgG as a control, samples were analyzed by immunoblot using an anti-PAK4 
antibody with the lysate input to the left (upper panel). Anti-N-WASP blotting was used to control IP efficiency in the lower panel. (H) PAK4, 
N-WASP and F-actin co-localized in the cell periphery after re-plating. FLAG-PAK4 was labeled with an anti-FLAG mab (Green), N-WASP 
with an anti-N-WASP antibody (Red), F-actin with SiR-actin (Purple) and Nuclei with Hoechst (Blue), Scale bar: 10 μm.
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DISCUSSION

We here report for the first time a comprehensive 
PAK4 interactome revealing a novel interaction with the 
Arp2/3 complex, a well characterized actin nucleator. 
While PAK4 is known to play a role in the regulation of 
the actin cytoskeleton, affecting cell morphology, adhesion 
and directed cell migration [2, 3], we propose a novel 
mechanism by which PAK4 fine-tunes actin polymerization. 
Our results demonstrate that PAK4 directly interacts with 
and phosphorylates the N-WASP VCA-domain. In vitro, 
we identified the phospho-site Ser484/Ser485 of the VCA 

domain to be phosphorylated by PAK4 accompanied 
by increased in vitro actin polymerization, while down-
regulation of PAK4 in vivo decreased N-WASP Ser484/
Ser485 phosphorylation and altered the F-actin pattern and 
the cell shape. Supported by these findings, we hypothesize 
that PAK4 phosphorylation of N-WASP contributes to 
Arp2/3-dependent actin polymerization and that lack of 
this phosphorylation contributes to change the cells from 
actin polymerization dependent cell surface protrusions, 
such as filopodia, to a more rounded shape with a cortical 
actin ring. Consistent with our hypothesis, casein kinase 
II was shown to phosphorylate WASP Ser483/Ser484 and 

Figure 5: PAK4 promotes actin polymerization and alters cellular actin organization. (A) Immunoblotting of lysates from 
control siRNA transfected cells and PAK4 knockdown (siPAK4) cells with anti-N-WASP and anti-N-WASP pSer484/Ser485 antibodies. 
PAK4 knockdown efficiency was detected with an anti-PAK4 antibody and vinculin was used as a loading control. (B) Actin polymerization 
reactions were performed with actin, Arp2/3 complex, GST–VCA and GST-PAK4 KD (kinase domain) in different combinations as 
indicated. The amount of polymerized actin over time is indicated by the increase in fluorescence intensity. (C) G-actin and F-actin were 
separated by centrifugation in H1299 cell lysates with or without PAK4 siRNA-mediated knockdown. Left panel: Cytochalasin D (Cyto 
D) treatment was used as a control to block actin polymerization. Immunoblot analysis with an anti-actin antibody shows the amount of 
G-actin (G) and F-actin (F) for each condition. Right panel: PAK4 knockdown efficiency was assessed by immunoblotting using vinculin 
as a loading control (top). In addition, the total amounts of actin were analyzed (bottom). (D) siRNA knockdown of PAK4 alters the cellular 
morphology and F-actin distribution in H1299 cells. Nuclei were stained with Hoechst (Blue) and F-actin with Phalloidin (Red). Scale bar: 
10 μm.
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thereby increase actin polymerization in vitro [47]. Also, 
filopodia formation was reported to be PAK4 dependent 
[11, 30] and we and others have previously shown that 
PAK4 promotes cancer cell migration [22-24, 26, 27, 
30, 31, 49-51]. Given our new data, the role of PAK4 
in cell migration and cytoskeleton regulation may in 
part be brought about by the PAK4-mediated N-WASP 
phosphorylation that could increase actin polymerization 
rates at the leading edge, finally resulting in increased cell 
migration. However, cell migration is a highly regulated 
process affected by a multitude of different factors [52]. 
For example, PAK1 can phosphorylate the Arp2/3 complex 
subunit ARPC1B, which is required for cell motility [44]. 
Also PAK4 regulates actin dynamics and cell motility by 
several pathways, including through interaction with and 
phosphorylation of GEF-H1, paxillin, integrin β5, LIMK1 
and SSH-1 [21-23, 26, 27, 30, 50]. However, at this stage, it 
remains elusive how PAK4 may help balance the interplay 
between actin polymerization and depolymerization at the 
cell leading edge to achieve rapid cell migration, which 
will require further investigations. In addition, we report a 
novel interaction between PAK4 and the CCT complex, a 
chaperonin that is essential for folding of the cytoskeletal 
proteins actin and tubulin and that is overexpressed in 
cancer (just like PAK4) [53, 54]. Several CCT subunits 
have also been shown to regulate the actin cytoskeleton and 
the formation of cell surface protrusions [55, 56]. However, 
whether the CCT complex is a PAK4 substrate and if their 
association may be involved in regulation of the actin 
cytoskeleton remains to be examined.

Additionally, by the comprehensive characterization 
of the PAK4 interactome, we here provide a substantial 
number of new leads for future studies of the roles and 
molecular functions of PAK4. Firstly, our data suggest 
that PAK4 is involved in more cellular processes and 
protein complexes than previously appreciated. Secondly, 
we have identified a large number of so far unrecognized 
PAK4 interactors. Our approach involved a combined 
analysis of whole cell extracts and two subcellular 
fractions (cytoplasm and nucleus), and the inclusion of 
the subcellular fractions enhanced the number of identified 
PAK4-associated proteins by an additional 80 hits. 
Importantly, we were able to identify a substantial number 
of previously known PAK4-associated proteins, including 
the 14-3-3 protein family, giving confidence in our dataset.

The highly conserved 14-3-3 proteins are involved 
in regulating cell proliferation, differentiation, signal 
transduction, adhesion, survival and apoptosis [57]. 
Because the 14-3-3 proteins are multi-functional scaffold 
proteins, they may link PAK4 to various cellular functions.

Previous studies suggest that PAK4 is involved in 
controlling cell proliferation [5], possibly by promoting 
the G1-phase through decreased p21Cip1 protein levels [58] 
and/or the G2/M phase through phosphorylation of Ran-
Ser135 [59]. Moreover, PAK4 was reported to be required 
for spindle positioning during mitosis [60] and to control 

proliferation through phosphorylation of ER-alpha [61]. 
Together, this indicates that PAK4 contributes to increased 
proliferation by promoting cell cycle progression. Here, 
we found several key proteins of the DNA replication 
fork in the PAK4 interactome, suggesting that PAK4 may 
regulate the DNA replication fork, adding complexity to 
the role of PAK4 in cell proliferation.

Another potential function of PAK4 interacting 
proteins is to control PAK4 activity and stability. The 
ubiquitin-proteasome system and the lysosomes are 
common ways to degrade proteins [62]. We found a large 
number of proteasome subunits in the PAK4 interactome, 
which is consistent with the recent report that PAK4 can 
be ubiquitinated and degraded by the proteasome [43].

Combining IP and MS is a widely used technique 
to study protein-protein interactions [38]. It is critical 
here to use proper controls and cut-off settings to, as 
good as possible, avoid false positive and false negative 
hits, although this remains a challenge. Notably, proteins 
of the ribosome, spliceosome and ribonucleosome were 
enriched in the PAK4 interactome. These are potential 
candidates for false positive hits [38], yet PAK4 was 
also shown to play a role in translation [40, 63–65]. We 
therefore have chosen to report these as well as all other 
hits passing our set cutoff. On the other hand, even by 
the use of fractionation, we still cannot expect to detect 
all PAK4 interactors. For example, we did not detect the 
known PAK4 interactors Cdc42 and LIMK1 or the here 
identified novel PAK4 interactor N-WASP. This may be 
due to different expression levels in different cell lines, 
transient and weak interactions, and limitations in peptide 
ionization and detection by mass spectrometry. Moreover, 
different activity states of PAK4 may result in partially 
different PAK4 interactors that could not be detected here. 
PAK4 may be activated by different stimuli, such as by 
growth factors, adhesion to the ECM or activation of 
upstream PAK4 effectors, such as Cdc42 [11, 23, 24, 66]. 
Such stimuli may also affect the state of the cell and may 
also affect the PAK4 intracellular localization, factors that 
could also influence the expected PAK4 interactome.

In summary, the PAK4 interactome provides a 
valuable resource for future investigations on the role of 
PAK4 in physiology and disease. We also propose a new 
mechanism for PAK4 regulation of actin cytoskeleton 
dynamics.

MATERIALS AND METHODS

Cell culture and cell lysate preparation

MCF7 stably overexpressing FLAG-PAK4 and 
FLAG-BAP cell lines were described [24]. These cells were 
grown with Dulbecco's Modified Eagle Medium (DMEM) 
(41965, Life Technologies) supplemented with 10% 
fetal bovine serum (FBS)(10270, Life Technologies) and  
150 μg/ml G418 (11811, Life Technologies) at 37°C with 
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5% CO2. For the WC, cell were lysed with buffer containing 
50 mM HEPES, 150 mM NaCl, 5 mM MgCl2, 1 mM 
EDTA, 10% Glycerol, 1% Chaps and freshly added protease 
inhibitors (1697498, Roche) and phosphatase inhibitors 
(P0044, Sigma). For Cyt and Nuc fraction, cells were lysed 
with cytoplasmic buffer containing 10 mM HEPES, pH 
7.5, 10 mM KCl, 1.5 mM MgCl2, freshly added protease/
phosphatase inhibitors, incubated on ice for 15 min, 
homogenized by 30 strokes with kontes dounce pestle B and 
checked by microscope, 95% of the cell displayed trypan 
blue (T8154, Sigma) staining. Nuclei were pelleted by 
centrifugation at 350 g for 5 min at 4°C, and the supernatant 
was the cytoplasmic lysate. The pellet was washed with 
cytoplasmic buffer 3 times, then dissolved in nuclear buffer 
containing 20 mM HEPES, 25% glycerol, 0.42 M NaCl, 
1.5 mM MgCl2, 0.2 mM EDTA, freshly added protease/
phosphatase inhibitors and kept on ice for 30 min before 
vortexing several times, then cleared at 16.000 g for 20 
min at 4°C to receive the nuclear fraction. All lysates were 
stored at -80°C. Protein concentrations were measured in 
triplicates using a BCA protein assay kit (#23228, Thermo 
Scientific).

Immunoprecipitation

1500 μg protein lysate from MCF7 stably 
overexpressing FLAG-PAK4 and FLAG-BAP was pre-
cleared with 150 μl protein G plus agarose (sc-2002, Santa 
Cruz), and 3 μg mouse IgG (I5381, Sigma) for 2 h at 4°C, 
the pre-cleared lysates were centrifuged and carefully 
transferred to a new tube and 30 μl anti-FLAG M2 affinity 
gel (F2426, Sigma) was added, and then gently rotated 
overnight at 4°C. Samples were washed three times with 
a buffer containing 10 mM HEPES, pH 7.5, 10 mM KCl, 
1.5 mM MgCl2 with 0.5% Chaps and three times without 
Chaps, eluted with 100μl buffer containing 50 mM 
HEPES, 150 mM NaCl, 15 μg 3×FLAG peptides (F4799, 
Sigma) for 1h at 4°C. Samples were stored at -80°C.

Immunoblotting

Samples were separated on SDS-polyacrylamide 
gels and transferred to an Immobilon-P Membrane 
(IPVH00010, Millipore). After blocking for 1 h at room 
temperature with 5% no-fat milk (A0830, Applichem), 
the membranes were incubated with primary antibodies 
overnight at 4 °C. Antibodies for ARPC2 (HPA008352) 
were obtained from Atlas Antibodies. 14-3-3ε (CPCT-
YWHAE-1), 14-3-3 α/β (CPCT-YWHAB-1) antibodies 
were obtained from DSHB, pRb antibody (554136) 
from BD-Pharmingen and vinculin antibody (ab11194) 
from Abcam, and the PAK4 pab 6508 were generated 
in our laboratory [31]. The membranes were then 
incubated with a horseradish peroxidase-conjugate 
secondary antibody (mouse: 715-035-150, Rabbit: 111-
035-144, Jackson ImmunoResearch) for 1 h at room 

temperature. Membranes were developed by enhanced 
chemiluminescence (#32106, Thermo Science).

Sample preparation for mass spectrometry

Four biological replicates from whole cell, cytoplasmic 
and nuclear fractions were immunoprecipitated and eluted as 
described above. Samples were mixed with 1 mM DTT, 8 M 
urea, 25 mM HEPES, pH 7.6 in a centrifugation filtering unit 
(Nanosep® Centrifugal Devices with Omega™ Membrane, 
10 kDa cutoff), and centrifuged for 15 min at 14.000 g, 
followed by another addition of the 8 M urea buffer and 
centrifugation. Proteins were alkylated by 55 mM IAA, in 
8 M urea, 25 mM HEPES, pH 7.6 for 10 min, centrifuged, 
followed by 2 more additions and centrifugations with 8 
M urea, 25 mM HEPES pH 7.6. Trypsin (Promega). 1:50, 
trypsin:protein, was added to the samples in 0.250 M urea, 
25 mM HEPES and digested overnight at 37 °C. The filter 
units were centrifuged for 15 min at 14.000 g, followed by 
another centrifugation with MQ. Flow-throughs of peptides 
were collected and iTRAQ (isobaric Tags for Relative and 
Absolute Quantitation) labeled (PAK4, 114, 116, 118, 121 
and BAP 113, 115, 117, 119) according to the manufacturer’s 
instructions, pooled, and cleaned by a strata-X-C-cartridge 
(Phenomenex). Peptides were dried by speedvac and 
dissolved in 3% acetonitrile (ACN), 0.1 % formic acid before 
analysis on MS.

LC-ESI-LTQ-Orbitrap analysis

Before analysis on the LTQ Orbitrap Velos (Thermo 
Fischer Scientific,), peptides were separated using an 
Agilent 1200 nano-LC system. Samples were trapped 
on a Zorbax 300SB-C18, and separated on a NTCC-
360/100-5-153 (Nikkyo Technos Ltd) column using a 
gradient of A (3% ACN, 0.1% FA) and B (95% ACN, 
0.1% FA), ranging from 3 % to 40% B in 120 or 240 
min with a flow of 0.4 μl/min. The LTQ Orbitrap Velos 
was operated in a data dependent manner, selecting 5 
precursors for sequential fragmentation by CID and HCD 
(Higher-energy Collisional Dissociation), and analyzed by 
the linear iontrap and orbitrap, respectively. The survey 
scan was performed in the Orbitrap at 30.000 resolution 
(profile mode) from 300-2000 m/z, using lock mass at 
m/z 445.120025, with a max injection time of 500 ms 
and AGC set to 1 x 106 ions. For generation of HCD 
fragmentation spectra, a max ion injection time of 500 ms 
and AGC of 5 x 104 were used before fragmentation with 
37,5% normalized collision energy. For FTMS (Fourier 
Transform Mass Spectrometry) MS2 spectra, normal mass 
range was used, centroiding the data at 7500 resolution. 
Peptides for CID were accumulated for a max ion 
injection time of 200 ms and AGC of 3 x 104, fragmented 
with 35% collision energy, wideband activation on, 
activation q 0.25, activation time 10 ms before analysis 
at normal scan rate and mass range in the linear iontrap. 
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Precursors were isolated with a width of 2 m/z and put on 
the exclusion list for 90 s. Single and unassigned charge 
states were rejected from precursor selection. The mass 
spectrometry proteomics data have been deposited to the 
ProteomeXchange with the dataset identifier PXD004086.

Peptide and protein identification

All Orbitrap data was searched by SequestHT 
under the software platform Proteome Discoverer 1.4 
(Thermo) against the Uniprot human database (2014-04-
07) and filtered to a 1% FDR. A precursor mass tolerance 
of 15 ppm, and product mass tolerances of 0.02 Da 
for HCD-FTMS and 0.36 Da for CID-ITMS (Ion trap 
mass spectrometry) were used. Further settings used 
were: trypsin with 2 missed cleavage; iodoacetamide 
on cysteine, iTRAQ on lysine and N-terminus as fixed 
modifications, and oxidation of methionine as variable 
modification. Quantization of iTRAQ8 plex reporter 
ions was done by Proteome Discoverer on HCD-FTMS 
tandem mass spectra using an integration window 
tolerance of 20 ppm. Only unique peptides in the data 
set were used for quantification [67]. To identify PAK4 
interactors, we used the fact that interactors will be 
enriched following IP-MS from PAK4 overexpressing 
cells in comparison to BAP expressing cell. Because 
the antibody is the same for both PAK4 and BAP we 
can assume that all binding to BAP is non-specific and 
enrichment in PAK4 pulldowns indicate interactors. To 
define PAK4 pull down proteins in comparison to BAP 
we used t-test to compare PAK4 and BAP levels using 
the four replicates of PAK4 and BAP using the Graphpad 
Prism 6 software. The t-test was corrected for multiple 
testing and limited to 5% FDR (p≤0.05). In addition, to 
complement the t-test cut-off, a fold change cut-off was 
applied according to the 99.9% confidence interval based 
on the -BAP signal distribution. This provided the fold-
change compared to the average FLAG-BAP signal for 
each fraction used as cut-off (WC: 1.83; Cyt: 1.50; and 
Nuc: 1.92). Proteins in the FLAG-PAK4 pool displaying 
this signal or above were considered PAK4 enriched and 
therefore potential PAK4 interactors. To define PAK1 
interactome, we obtained the PAK1 interactome dataset 
from the Cell migration gateway database (http://data.
cellmigration.org/ms_results/comb_hits2n.cgi?h_exp
ts=n050307n01,b050801b03,b050801b02). From this 
dataset, we excluded those proteins that displayed an 
interaction with the used FLAG negative control and 
then applied a cut-off using only proteins with an E-score 
≥6, as suggested in this dataset.

Bioinformatic analysis

To determine the biological processes enrichment in 
the PAK4 interactome, we employed Cytoscape 3.3 [68] 
and its plugin BiNGO 2.44 [69], and used whole annotation 

as reference set and a hypergeometric test with Benjamini-
Hochberg false discovery rate correction. Cellular 
component was analyzed. Furthermore, enrichment analysis 
of Pfam domain families [70] were performed using 
program DAVID 6.7 [71]. The default human proteome was 
used as background list. The significance of the enrichment 
was based on the Modified Fisher’s exact test (EASE score).

The PAK4 interactome were searched against the 
STRING database, version 10 [72], for protein-protein 
interactions, where 305 of the 313 PAK4 interacting 
proteins were found. Only experimental and database 
confirmed protein-protein interactions were selected and a 
confidence score ≥0.4 was used. The networks of protein 
complexes were generated this way and then visualized 
by Cytoscape 3.3. The PAK4 interaction network was 
further analyzed for protein clusters using AutoAnnotate, 
AutoAnnotate is part of the plug-in toolkit in Cytoscape.

Protein-protein interaction assay

H1299 cell were transfected with an EGFP vector 
or an EGFP-PAK4 vector by Lipofectamine 3000. Cells 
were harvested 48h after transfection and lysed with NP-
40 cell lysis buffer containing 50 mM Tris-HCl pH7.5, 150 
mM NaCl, 5 mM MgCl2, 1 mM EDTA, 10% Glycerol, 1% 
NP-40, and freshly added protease inhibitors (1697498, 
Roche) and phosphatase inhibitors (P0044, Sigma). 1000 
μg protein lysate were immunoprecipated by GFP-Trap 
(gta-20, ChromoTek), CCTε and N-WASP antibodies 
with rabbit IgG as control, separated and probed with rat 
CCTε antibody (MCA2178, BIO-RAD), rabbit ARPC2 
(HPA008352, Atlas Antibodies) and rabbit N-WASP 
antibody (HPA005750, Atlas Antibodies) and mouse 
GFP antibody (MAB2510, Milipore). For endogenous 
protein-protein interactions, 1000 μg protein lysate from 
MCF7 or H1299 cells were immunoprecipated by a rabbit 
anti-PAK4 antibody (6508) or by a rabbit anti-N-WASP 
antibody (HPA005750, Atlas Antibodies) using rabbit IgG 
as control. The immunoprecipitations were, separated on 
SDS-PAGE, blotted and probed with rabbit anti-N-WASP 
or anti-PAK4 antibodies.

In vitro kinase assay

HIS-PAK4, GST-PAK4 kinase domain (GST-
PAK4 KD (286-591)) and GST-RAF1 (332-344) fusion 
proteins were produced as described [61]. In vitro protein 
phosphorylation assays were performed as described [24]. 
Briefly, phosphorylation reactions were incubated a kinase 
reaction buffer (50 mM HEPES, pH 7.5, 10 mM MgCl2, 2 
mM MnCl2, 0.2 mM dithiothreitol) in the presence of 30 μM 
ATP and 10 μCi of [γ-32P] ATP and in the presence of the 
kinase (7 μg of HIS-PAK4 or GST-PAK4 KD) and 2 μg of the 
substrate (Arp2/3 complex, GST-RAF1 (332-344), or GST-
VCA) for 30 min at 30°C. GST-VCA (#VCG03) and Arp2/3 
complex (# RP01P) were obtained from Cytoskeleton, Inc. 
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The reaction was stopped by adding sample loading buffer 
and heating at 95°C for 5 min. Samples were separated by 
10% SDS-PAGE and visualized by autoradiography with 
the PhosphorImager system (Molecular Imager FX, Bio-
Rad). GST-RAF1 (332-344) and GST-VCA kinase activity 
also be detected with phospho-site specific antibodies WASP 
pSer483/Ser484 (NB100-2307, Novusbio) and RAF1 
pSer338 (#9427, Cell Signaling).

Pull-down assay

3 μg HIS-PAK4 and 3 μg Arp2/3 complex or 3 μg 
HIS-PAK4 and 3 μg GST-VCA were incubate with 20 μl 
Ni-NTA Agarose 30 min in 60 μl buffer (50 mM HEPES, 
pH 7.5, 150 mM NaCl, 5 mM MgCl2, 20 mM imidazole 
and 1 mM ATP) at RT. The supernatant was separated 
by centrifugation for 10 min at 1200 rpm and the pellet 
washed 3× with the same buffer. Samples were separated 
by 10% SDS-PAGE and visualized by silver staining.

Actin polymerization assay

Pyrene muscle actin (#AP05), GST-VCA and 
Arp2/3 complex were obtained from Cytoskeleton, Inc. 
Actin polymerization assay was performed essentially 
as described [48]. Briefly, all relevant proteins at the 
indicated concentrations in KMEI (10 mM imidazole, 
pH 7.0, 50 mM KCl, 1 mM EGTA, and 1 mM MgCl2) 
were incubated 10 min. at RT to allow PAK4 kinase 
domain phosphorylation. 1.6 μM pyrene labeled Mg-ATP 
actin in G buffer-Mg (2 mM Tris-HCl, pH 8.0, 0.5 mM 
DTT, 0.2 mM ATP, 0.1 mM MgCl2) was mixed with the 
indicated samples in KMEI (10 mM imidazole, pH 7.0, 
50 mM KCl, 1 mM EGTA, and 1 mM MgCl2). Pyrene 
fluorescence changes (excitation at 360 nm and emission 
at 405 nm) were followed using a SpectraMAX Gemini 
EM (Molecular Devices). Polymerization was performed 
at room temperature.

siRNA transfection and cytochalasin D treatment

H1299 cells were grown in RPMI-1640 medium 
(42401, Life Technologies) supplemented with 2 mM 
glutamine (25030, Life Technologies) and 10% FBS at 37 
°C with 5% CO2. H1299 cells were transfected with 10 nM 
siRNA using Lipofectamine RNAiMAX Reagent (13778, 
Life Technologies) according to the manufacturer's 
protocol. The control siRNA (1027280) and #1 PAK4 
siRNA (SI02660315) were purchased from Qiagen and 
#2 PAK4 siRNA (5′-CAAGCTGGTGGCCGTCAAGAA 
-3′) was purchased from GenePharma, Shanghai, China. 
Cells were harvested at day 3 after transfection. 500 nM 
Cytochalasin D (C8273, Sigma) was added to the culture 
media 1 h before harvest.

G-actin and F-actin Separation

H1299 cells were harvested at day 3 after siRNA 
transfection, lysed with actin stabilization buffer (50 mM 
PIPES at pH 6.9, 50 mM NaCl, 5 mM MgCl2, 5 mM 
EGTA, 5% glycerol, 0.1% NP40, 0.1% Triton X-100, 
0.1% Tween 20, 0.1% β-mercaptoethanol, 1 mM ATP, 
protease inhibitor) at 37°C for 10 min, centrifuged at 350 
g to pellet unbroken cells and tissue debris, supernatants 
were further centrifuged at 100,000 g at 4°C for 1h. 
The supernatant enriched in G-actin was recovered, and 
the pellet enriched in F-actin was solubilized with actin 
depolymerization buffer (0.1 M PIPES, pH 6.9, 1 mM 
MgSO4, 10 mM CaCl2, and 5 μM cytochalasin D) on ice 
for 1 h. Aliquots of supernatant and pellet fractions were 
separated on 10% SDS-PAGE gels and immunoblotted 
with anti-β-actin (JLA20) antibody from DSHB.

Immunofluorescence microscopy

MCF7 cell line stably overexpressing FLAG-PAK4 
were re-plated for 30 min onto 20 μg/ml collagen type I 
coated dishes in adhesion buffer (RPMI 1640, 2 mM CaCl2, 
1 mM MgCl2, 0.2 mM MnCl2 and 0.5% BSA). Cells were 
fixed with 3 % paraformaldehyde for 10 min, permeabilized 
with 0.1% Triton-X for 5 min, blocked with 2 % BSA for 1 h 
at room temperature and incubated with primary antibodies 
overnight at 4 °C. Anti-FLAG mab (F3165) were obtained 
from Sigma. The anti-N-WASP (HPA005750) antibody was 
obtained from Atlas Antibodies. F-actin was labeled with 
siR-actin at 1 μM for 1 h (SC001, Cytoskeleton, Inc) and 
nuclei were stained with 8 μM Hoechst (14533, Sigma). 
For cell morphology, H1299 cells were attached overnight 
on a vitronectin (10 μg/ml) coated dish 3 d after siRNA 
transfection. Cells were fixed, permeabilized and blocked 
at room temperature. The nuclei were stained with 8 μM 
Hoechst (14533, Sigma) and F-actin with 0.2 μM Alexa 
Fluor 568 conjugated phalloidin for 30 min (A12380, 
Life Technologies). Images were acquired with a Nikon 
A1 confocal microscope using an oil immersion objective 
(60X/1.4 NA) and the NIS software.
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Arp2/3 complex, actin-related protein 2/3 complex
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FDR, false discovery rate
G-actin, globular actin
GO, gene ontology
IP, immunoprecipitation
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PAK4, p21-activated kinase 4
QMS, quantitative mass spectrometry
WC, whole cell

Author contribution

This study was conceived by M.Z. and S.S.; M.Z. 
directed the cell culture and biochemistry pipeline; prepared 
and organized samples for MS analysis and performed 
manual validation and enrichment analysis. H.J. and J.L. 
were responsible for all mass spectrometry, including 
instrument operation and data analysis. M.Z. and M.S. 
performed biochemistry and actin dynamic experiments. 
H.O. performed kinase assay and J.J. the co-localization 
experiment. S.S. provided financial support. M.Z., M.S. and 
S.S. wrote the paper with input from all authors.

ACKNOWLEDGMENTS

We thank Ulrich Berge for useful suggestions on 
manuscript organization.

CONFLICTS OF INTEREST

The authors declare no conflicts interests.

FUNDING

This project was supported by grants to Staffan 
Strömblad and Janne Lehtiö from the Swedish Cancer 
Society and the Swedish Research Council and to 
Strömblad from the Cancer Society of Stockholm. 
Miao Zhao was supported by the Chinese Scholarship 
Council (CSC). 14-3-3ε (CPCT-YWHAE-1) and 14-
3-3 α/β (CPCT-YWHAB-1) antibodies were obtained 
from the Developmental Studies Hybridoma Bank, 
created by the NICHD of the NIH and maintained at 
The University of Iowa. Images were acquired at the 
Live Cell Imaging facility/Nikon Center of Excellence, 
Department of Biosciences and Nutrition, Karolinska 
Institutet, Huddinge, Sweden, supported by grants from 
the Knut and Alice Wallenberg Foundation, the Swedish 
Research Council, the Centre for Innovative Medicine and 
the Jonasson donation to the School of Technology and 
Health, KTH Royal Institute of Technology, Sweden.

REFERENCES

1. Kumar R, Sanawar R, Li X, Li F. Structure, biochemistry, 
and biology of PAK kinases. Gene. 2017; 605:20-31.

2. Ha BH, Morse EM, Turk BE, Boggon TJ. Signaling, 
Regulation, and Specificity of the Type II p21-activated 
Kinases. J Biol Chem. 2015; 290:12975-12983.

3. Radu M, Semenova G, Kosoff R, Chernoff J. PAK 
signalling during the development and progression of 
cancer. Nature reviews Cancer. 2014; 14:13-25.

4. King H, Nicholas NS, Wells CM. Role of p-21-activated 
kinases in cancer progression. International review of cell 
and molecular biology. 2014; 309:347-387.

5. Dart AE, Wells CM. P21-activated kinase 4--not just one 
of the PAK. European Journal of Cell Biology. 2013; 
92:129-138.

6. Nekrasova T, Minden A. Role for p21-activated kinase 
PAK4 in development of the mammalian heart. Transgenic 
Research. 2012; 21:797-811.

7. Tian Y, Lei L, Minden A. A key role for Pak4 in 
proliferation and differentiation of neural progenitor cells. 
Developmental Biology. 2011; 353:206-216.

8. Tian Y, Lei L, Cammarano M, Nekrasova T, Minden A. 
Essential role for the Pak4 protein kinase in extraembryonic 
tissue development and vessel formation. Mechanisms of 
Development. 2009; 126:710-720.

9. Qu J, Li X, Novitch BG, Zheng Y, Kohn M, Xie JM, 
Kozinn S, Bronson R, Beg AA, Minden A. PAK4 kinase 
is essential for embryonic viability and for proper neuronal 
development. Mol Cell Biol. 2003; 23:7122-7133.

10. Kelly ML, Chernoff J. Mouse models of PAK function. 
Cellular Logistics. 2012; 2:84-88.

11. Abo A, Qu J, Cammarano MS, Dan C, Fritsch A, Baud V, 
Belisle B, Minden A. PAK4, a novel effector for Cdc42Hs, 
is implicated in the reorganization of the actin cytoskeleton 
and in the formation of filopodia. The EMBO journal. 1998; 
17:6527-6540.

12. Kobayashi K, Inokuchi M, Takagi Y, Otsuki S, Fujimori Y, 
Sato Y, Yanaka Y, Higuchi K, Aburatani T, Tomii C, Uetake 
H, Kojima K, Kawano T. Prognostic significance of PAK4 
expression in gastric cancer. Journal of Clinical Pathology. 
2016; 69:580-585.

13. Cai S, Ye Z, Wang X, Pan Y, Weng Y, Lao S, Wei H, Li L. 
Overexpression of P21-activated kinase 4 is associated with 
poor prognosis in non-small cell lung cancer and promotes 
migration and invasion. J Exp Clin Cancer Res. 2015; 
34:48.

14. Davis SJ, Sheppard KE, Pearson RB, Campbell IG, 
Gorringe KL, Simpson KJ. Functional analysis of genes 
in regions commonly amplified in high-grade serous and 
endometrioid ovarian cancer. Clin Cancer Res. 2013; 
19:1411-1421.

15. Mak GW, Chan MM, Leong VY, Lee JM, Yau TO, Ng IO, 
Ching YP. Overexpression of a novel activator of PAK4, 
the CDK5 kinase-associated protein CDK5RAP3, promotes 
hepatocellular carcinoma metastasis. Cancer Res. 2011; 
71:2949-2958.

16. Ahn HK, Jang J, Lee J, Se Hoon P, Park JO, Park YS, 
Lim HY, Kim KM, Kang WK. P21-activated kinase 4 



Oncotarget77073www.impactjournals.com/oncotarget

overexpression in metastatic gastric cancer patients. 
Translational oncology. 2011; 4:345-349.

17. Siu MK, Chan HY, Kong DS, Wong ES, Wong OG, 
Ngan HY, Tam KF, Zhang H, Li Z, Chan QK, Tsao SW, 
Strömblad S, Cheung AN. p21-activated kinase 4 regulates 
ovarian cancer cell proliferation, migration, and invasion 
and contributes to poor prognosis in patients. Proc Natl 
Acad Sci U S A. 2010; 107:18622-18627.

18. Eswaran J, Soundararajan M, Knapp S. Targeting group II 
PAKs in cancer and metastasis. Cancer metastasis reviews. 
2009; 28:209-217.

19. Liu Y, Xiao H, Tian Y, Nekrasova T, Hao X, Lee HJ, Suh 
N, Yang CS, Minden A. The pak4 protein kinase plays a 
key role in cell survival and tumorigenesis in athymic mice. 
Molecular cancer research. 2008; 6:1215-1224.

20. Ye DZ, Field J. PAK signaling in cancer. Cellular logistics. 
2012; 2:105-116.

21. Dart AE, Box GM, Court W, Gale ME, Brown JP, Pinder 
SE, Eccles SA, Wells CM. PAK4 promotes kinase-
independent stabilization of RhoU to modulate cell 
adhesion. J Cell Biol. 2015; 211:863-879.

22. Wells CM, Whale AD, Parsons M, Masters JR, Jones GE. 
PAK4: a pluripotent kinase that regulates prostate cancer 
cell adhesion. Journal of cell science. 2010; 123:1663-1673.

23. Li Z, Zhang H, Lundin L, Thullberg M, Liu Y, Wang Y, 
Claesson-Welsh L, Strömblad S. p21-activated kinase 
4 phosphorylation of integrin beta5 Ser-759 and Ser-
762 regulates cell migration. J Biol Chem. 2010; 
285:23699-23710.

24. Li Z, Lock JG, Olofsson H, Kowalewski JM, Teller S, Liu 
Y, Zhang H, Strömblad S. Integrin-mediated cell attachment 
induces a PAK4-dependent feedback loop regulating cell 
adhesion through modified integrin alpha v beta 5 clustering 
and turnover. Mol Biol Cell. 2010; 21:3317-3329.

25. Qu J, Cammarano MS, Shi Q, Ha KC, de Lanerolle P, 
Minden A. Activated PAK4 regulates cell adhesion and 
anchorage-independent growth. Mol Cell Biol. 2001; 
21:3523-3533.

26. Doppler H, Bastea LI, Borges S, Spratley SJ, Pearce SE, 
Storz P. Protein kinase d isoforms differentially modulate 
cofilin-driven directed cell migration. PLoS One. 2014; 
9:e98090.

27. Bastea LI, Doppler H, Pearce SE, Durand N, Spratley SJ, 
Storz P. Protein kinase D-mediated phosphorylation at 
Ser99 regulates localization of p21-activated kinase 4. The 
Biochemical journal. 2013; 455:251-260.

28. Barac A, Basile J, Vazquez-Prado J, Gao Y, Zheng Y, 
Gutkind JS. Direct interaction of p21-activated kinase 
4 with PDZ-RhoGEF, a G protein-linked Rho guanine 
exchange factor. J Biol Chem. 2004; 279:6182-6189.

29. Nicholas NS, Pipili A, Lesjak MS, Ameer-Beg SM, Geh JL, 
Healy C, MacKenzie Ross AD, Parsons M, Nestle FO, Lacy KE, 
Wells CM. PAK4 suppresses PDZ-RhoGEF activity to drive 

invadopodia maturation in melanoma cells. Oncotarget. 2016; 
7:70881-70897. https://doi.org/10.18632/oncotarget.12282.

30. Callow MG, Zozulya S, Gishizky ML, Jallal B, Smeal 
T. PAK4 mediates morphological changes through the 
regulation of GEF-H1. Journal of cell science. 2005; 
118:1861-1872.

31. Zhang H, Li Z, Viklund EK, Strömblad S. P21-activated 
kinase 4 interacts with integrin alpha v beta 5 and regulates 
alpha v beta 5-mediated cell migration. J Cell Biol. 2002; 
158:1287-1297.

32. Spratley SJ, Bastea LI, Doppler H, Mizuno K, Storz P. 
Protein kinase D regulates cofilin activity through p21-
activated kinase 4. J Biol Chem. 2011; 286:34254-34261.

33. Rottner K, Stradal TE. Actin dynamics and turnover in cell 
motility. Current opinion in cell biology. 2011; 23:569-578.

34. Lee SH, Dominguez R. Regulation of actin cytoskeleton 
dynamics in cells. Molecules and cells. 2010; 29:311-325.

35. Goley ED, Welch MD. The ARP2/3 complex: an actin 
nucleator comes of age. Nature reviews Molecular cell 
biology. 2006; 7:713-726.

36. Suraneni P, Rubinstein B, Unruh JR, Durnin M, Hanein 
D, Li R. The Arp2/3 complex is required for lamellipodia 
extension and directional fibroblast cell migration. J Cell 
Biol. 2012; 197:239-251.

37. Korobova F, Svitkina T. Arp2/3 complex is important 
for filopodia formation, growth cone motility, and 
neuritogenesis in neuronal cells. Mol Biol Cell. 2008; 
19:1561-1574.

38. Cox J, Mann M. Quantitative, high-resolution proteomics 
for data-driven systems biology. Annual review of 
biochemistry. 2011; 80:273-299.

39. Tinti M, Madeira F, Murugesan G, Hoxhaj G, Toth R, 
Mackintosh C. ANIA: ANnotation and Integrated Analysis 
of the 14-3-3 interactome. Database. 2014; 2014:bat085.

40. Baldassa S, Calogero AM, Colombo G, Zippel R, Gnesutta 
N. N-terminal interaction domain implicates PAK4 
in translational regulation and reveals novel cellular 
localization signals. Journal of cellular physiology. 2010; 
224:722-733.

41. Mayhew MW, Webb DJ, Kovalenko M, Whitmore L, 
Fox JW, Horwitz AF. Identification of protein networks 
associated with the PAK1-betaPIX-GIT1-paxillin signaling 
complex by mass spectrometry. Journal of proteome 
research. 2006; 5:2417-2423.

42. Trinkle-Mulcahy L, Boulon S, Lam YW, Urcia R, Boisvert 
FM, Vandermoere F, Morrice NA, Swift S, Rothbauer 
U, Leonhardt H, Lamond A. Identifying specific protein 
interaction partners using quantitative mass spectrometry 
and bead proteomes. J Cell Biol. 2008; 183:223-239.

43. Kim TW, Kang YK, Park ZY, Kim YH, Hong SW, Oh 
SJ, Sohn HA, Yang SJ, Jang YJ, Lee DC, Kim SY, Yoo 
HS, Kim E, et al. SH3RF2 functions as an oncogene by 



Oncotarget77074www.impactjournals.com/oncotarget

mediating PAK4 protein stability. Carcinogenesis. 2014; 
35:624-634.

44. Vadlamudi RK, Li F, Barnes CJ, Bagheri-Yarmand R, 
Kumar R. p41-Arc subunit of human Arp2/3 complex is 
a p21-activated kinase-1-interacting substrate. EMBO 
reports. 2004; 5:154-160.

45. Zhang W, Wu Y, Du L, Tang DD, Gunst SJ. Activation 
of the Arp2/3 complex by N-WASp is required for actin 
polymerization and contraction in smooth muscle. American 
journal of physiology Cell physiology. 2005; 288:C1145-1160.

46. Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham 
V, Skrzypek E. PhosphoSitePlus, 2014: mutations, PTMs 
and recalibrations. Nucleic Acids Res. 2015; 43:D512-520.

47. Cory GO, Cramer R, Blanchoin L, Ridley AJ. 
Phosphorylation of the WASP-VCA domain increases 
its affinity for the Arp2/3 complex and enhances actin 
polymerization by WASP. Mol Cell. 2003; 11:1229-1239.

48. Zigmond SH. How WASP regulates actin polymerization. J 
Cell Biol. 2000; 150:F117-120.

49. Whale AD, Dart A, Holt M, Jones GE, Wells CM. PAK4 
kinase activity and somatic mutation promote carcinoma 
cell motility and influence inhibitor sensitivity. Oncogene. 
2013; 32:2114-2120.

50. Ahmed T, Shea K, Masters JR, Jones GE, Wells CM. A 
PAK4-LIMK1 pathway drives prostate cancer cell migration 
downstream of HGF. Cell Signal. 2008; 20:1320-1328.

51. Li X, Ke Q, Li Y, Liu F, Zhu G, Li F. DGCR6L, a novel 
PAK4 interaction protein, regulates PAK4-mediated 
migration of human gastric cancer cell via LIMK1. Int J 
Biochem Cell Biol. 2010; 42:70-79.

52. Mayor R, Etienne-Manneville S. The front and rear of 
collective cell migration. Nature reviews Molecular cell 
biology. 2016; 17:97-109.

53. Roh SH, Kasembeli M, Bakthavatsalam D, Chiu W, 
Tweardy DJ. Contribution of the Type II Chaperonin, TRiC/
CCT, to Oncogenesis. Int J Mol Sci. 2015; 16:26706-26720.

54. Valpuesta JM, Martin-Benito J, Gomez-Puertas P, 
Carrascosa JL, Willison KR. Structure and function 
of a protein folding machine: the eukaryotic cytosolic 
chaperonin CCT. FEBS Lett. 2002; 529:11-16.

55. Elliott KL, Svanstrom A, Spiess M, Karlsson R, Grantham 
J. A novel function of the monomeric CCTepsilon subunit 
connects the serum response factor pathway to chaperone-
mediated actin folding. Mol Biol Cell. 2015; 26:2801-2809.

56. Spiess M, Echbarthi M, Svanstrom A, Karlsson R, 
Grantham J. Over-Expression Analysis of All Eight 
Subunits of the Molecular Chaperone CCT in Mammalian 
Cells Reveals a Novel Function for CCTdelta. Journal of 
molecular biology. 2015; 427:2757-2764.

57. Aghazadeh Y, Papadopoulos V. The role of the 14-3-3 
protein family in health, disease, and drug development. 
Drug discovery today. 2016; 21:278-287.

58. Nekrasova T, Minden A. PAK4 is required for regulation of 
the cell-cycle regulatory protein p21, and for control of cell-
cycle progression. J Cell Biochem. 2011; 112:1795-1806.

59. Bompard G, Rabeharivelo G, Frank M, Cau J, Delsert C, 
Morin N. Subgroup II PAK-mediated phosphorylation 
regulates Ran activity during mitosis. J Cell Biol. 2010; 
190:807-822.

60. Bompard G, Rabeharivelo G, Cau J, Abrieu A, Delsert C, 
Morin N. P21-activated kinase 4 (PAK4) is required for 
metaphase spindle positioning and anchoring. Oncogene. 
2013; 32:910-919.

61. Zhuang T, Zhu J, Li Z, Lorent J, Zhao C, Dahlman-Wright 
K, Strömblad S. p21-activated kinase group II small 
compound inhibitor GNE-2861 perturbs estrogen receptor 
alpha signaling and restores tamoxifen-sensitivity in breast 
cancer cells. Oncotarget. 2015; 6:43853-43868. https://doi.
org/10.18632/oncotarget.6081.

62. Ciechanover A. Proteolysis: from the lysosome to ubiquitin 
and the proteasome. Nature reviews Molecular cell biology. 
2005; 6:79-87.

63. Gnad F, Young A, Zhou W, Lyle K, Ong CC, Stokes MP, 
Silva JC, Belvin M, Friedman LS, Koeppen H, Minden A, 
Hoeflich KP. Systems-wide analysis of K-Ras, Cdc42, and 
PAK4 signaling by quantitative phosphoproteomics. Mol 
Cell Proteomics. 2013; 12:2070-2080.

64. Li X, Li J, Li F. P21 activated kinase 4 binds translation 
elongation factor eEF1A1 to promote gastric cancer cell 
migration and invasion. Oncol Rep. 2017; 37:2857-2864.

65. Kim H, Woo DJ, Kim SY, Yang EG. p21-activated kinase 
4 regulates HIF-1alpha translation in cancer cells. Biochem 
Biophys Res Commun. 2017; 486:270-276.

66. Wells CM, Abo A, Ridley AJ. PAK4 is activated via PI3K 
in HGF-stimulated epithelial cells. Journal of cell science. 
2002; 115:3947-3956.

67. Elias JE, Gygi SP. Target-decoy search strategy for 
increased confidence in large-scale protein identifications 
by mass spectrometry. Nature methods. 2007; 4:207-214.

68. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, 
Ramage D, Amin N, Schwikowski B, Ideker T. Cytoscape: a 
software environment for integrated models of biomolecular 
interaction networks. Genome research. 2003; 13:2498-2504.

69. Maere S, Heymans K, Kuiper M. BiNGO: a Cytoscape 
plugin to assess overrepresentation of gene ontology 
categories in biological networks. Bioinformatics. 2005; 
21:3448-3449.

70. Finn RD, Tate J, Mistry J, Coggill PC, Sammut SJ, Hotz 
HR, Ceric G, Forslund K, Eddy SR, Sonnhammer EL, 
Bateman A. The Pfam protein families database. Nucleic 
Acids Res. 2008; 36:D281-288.

71. Huang da W, Sherman BT, Lempicki RA. Systematic 
and integrative analysis of large gene lists using DAVID 
bioinformatics resources. Nat Protoc. 2009; 4:44-57.

72. Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C, 
Muller J, Doerks T, Julien P, Roth A, Simonovic M, Bork 
P, von Mering C. STRING 8--a global view on proteins 
and their functional interactions in 630 organisms. Nucleic 
Acids Res. 2009; 37:D412-416.


