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Abstract

PAKs are serine/threonine kinases that regulate cytoskeletal dynamics and cell migration. PAK1 is activated by binding to
the small EF hand protein, CIB1, or to the Rho GTPases Rac1 or Cdc42. The role of PAK1 in angiogenesis was established
based only on in vitro studies and its role in angiogenesis in vivo has never been examined. Here we tested the hypothesis
that PAK1 is an essential regulator of ischemic neovascularization (arteriogenesis and angiogenesis) and wound healing
using a global PAK1 knockout mouse. Neovascularization was assessed using unilateral hindlimb ischemia. We found that
plantar perfusion, limb use and appearance were not significantly different between 6–8 week old PAK12/2 and PAK1+/+

mice throughout the 21-day period following hindlimb ischemia; however a slightly delayed healing was observed in 16
week old PAK12/2 mice. In addition, the wound healing rate, as assessed with an ear punch assay, was unchanged in
PAK12/2 mice. Surprisingly, however, we observed a notable increase in PAK2 expression and phosphorylation in ischemic
gastrocnemius tissue from PAK12/2 but not PAK1+/+ mice. Furthermore, we observed higher levels of activated ERK2, but
not AKT, in ischemic and non-ischemic muscle of PAK12/2 mice upon hindlimb ischemic injury. A group I PAK inhibitor,
IPA3, significantly inhibited endothelial cell sprouting from aortic rings in both PAK12/2 and PAK1+/+ mice, implying that
PAK2 is a potential contributor to this process. Taken together, our data indicate that while PAK1 has the potential to
contribute to neovascularization and wound healing, PAK2 may functionally compensate when PAK1 is deficient.
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Introduction

PAKs are serine/threonine kinases involved in many biological

processes including cell proliferation, motility and angiogenesis [1–

3]. Our laboratory originally identified a specific and direct

regulator of PAK1 function, the small EF hand-containing protein

named CIB1 [4]. CIB1 binds to and activates PAK1 indepen-

dently of small GTPases [4]. Depletion of CIB1 in endothelial cells

results in decreased PAK1 activation and impaired endothelial cell

function [5,6], and we have previously reported that CIB12/2

mice exhibit impaired ischemia-induced angiogenesis in retinal

and hindlimb tissue concomitant with a decrease in PAK1

activation [5]. Therefore, we hypothesized that CIB1’s contribu-

tion to neovascularization in vivo is mediated at least in part by

PAK1.

The group I PAK family, which is comprised of PAKs 1–3, are

involved in all major steps of cell migration from cell polarization

and formation of actin-rich protrusions, to contraction of the cell

body and retraction of the trailing edge [7–10]. The diversity of

activators and targets of PAKs can potentially explain their

involvement in all major steps of cell migration. In addition to

small GTPases and CIB1 [4], PAKs are activated by filamin A

[11], tyrosine kinases [12], PDK1 [13], sphingolipids [14], and Akt

[15]. Group I PAK downstream targets essential to cell migration

include LIM kinase-1 [16], MLCK [17], and MLC [18]. Previous

reports showed that a decrease in PAK1 activation impairs

angiogenesis and tubule formation in human microvascular

endothelial cells (HMEC-1) and in a chick chorioallantoic

membrane assay [2,19]. Furthermore, one or more group I

PAK members regulates endothelial cell migration mediated by

Ang-1, and its activation is necessary for restoring vascular

permeability as the last step in the angiogenesis process that

prepares nascent vessels for perfusion [20,21]. PAK1 is also a

strong stimulator of proliferation and migration, leading to the

aggressive behavior of human cancers [22–29]. All of the

aforementioned studies have established a relationship between

PAK1 function and angiogenesis in vitro, thereby predicting a role

for PAK1 in angiogenesis in vivo. However, PAK1’s role in

angiogenesis in vivo has never been tested. Moreover, the role of

PAK1 in angiogenesis cannot be predicted based on the

apparently normal appearance of PAK12/2 mice, since angio-

genesis defects are often only revealed under stress, such as an

ischemic insult [5,30–33].
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In the present study, we used the PAK1 global knockout mouse

in unilateral hindlimb ischemia (HLI)—a commonly used model

to assess neovascularization–and cutaneous wound healing model,

to assess chronic PAK1 loss on neovascularization and wound

healing. Surprisingly, loss of PAK1 in the mouse did not affect

recovery of hindlimb perfusion after femoral artery ligation, which

is well known to depend on collateral remodeling (arteriogenesis)

and ischemic capillary angiogenesis. Furthermore, wound repair,

which is dependent on injury-induced angiogenesis, was un-

changed in the absence of PAK1 in vivo. These findings suggest

that either a lack of PAK1 contribution or another PAK member

may compensate for loss of PAK1. We therefore measured the

expression of multiple PAK family members in ischemic gastroc-

nemius tissue and found that PAK2 protein was significantly

upregulated in ischemic tissue of PAK12/2 mice. Furthermore,

increased levels of activated ERK2 but not ERK1 or AKT were

observed in PAK12/2 compared to PAK1+/+ mice following

acute ischemic injury. Inhibition of both PAK1 and PAK2 using

the pharmacological inhibitor of all group I PAKs, IPA3, results in

significant reduction in endothelial cell (EC) sprouting from aortic

rings. Our results, therefore, suggest a role for upregulation of

PAK2 as a compensatory mechanism in ischemic neovasculariza-

tion and wound healing in a chronic PAK1 knockout mouse

model. This compensatory mechanism appears to be acting

through the MAPK pathway. Our results, however, do not

determine whether PAK1 contributes to neovascularization in

wild type mice, since such a role might only be revealed with

rapid, acute, inhibition as with a highly selective PAK1 inhibitor

that can be given in vivo, which is currently unavailable.

Material and Methods

Ethics Statement
All experiments were performed in accordance with national

guidelines and regulations and were approved by the University of

North Carolina Institutional Animal Care and Use Committee

(ICUC ID 11–038.0). All surgery was performed under isoflurane

anesthesia. Animals were given analgesic post-operatively and all

efforts were made to minimize suffering.

Animals
Generation of PAK12/2 mice was previously described [34].

All mice used in experiments were backcrossed by our laboratory

for at least 10 generations to the C57BL/6 background. PAK1+/+

littermates were used as PAK2/2 controls for all experiments.

Mice were genotyped using PCR with a previously published

forward and reverse primer set [34]. Animals used were males and

females of 2 age groups, 6–8 weeks and 16 weeks with similar body

weights.

Unilateral HLI
Mice underwent a HLI procedure as previously described

[35,36]. Isoflurane (0.8–1.5%) anesthesia was used during the

procedure and during plantar scanning with laser Doppler.

Animal temperature was maintained at 3760.5uC during surgery

and scanning. To assess neovascularization following a severe form

of HLI, ligation of the femoral artery was performed just distal to

the inguinal ligament and proximal to the bifurcation of the

popliteal artery. The artery was transected between the ligation

points; in addition the superficial epigastric artery was ligated

(Figure S1 A). The artery was also transected proximal to the

caudal epigastric. In addition to the severe form of HLI ischemia,

a milder surgery was performed, consisting of ligation and

transection between the lateral caudal femoral artery and proximal

to the bifurcation of the popliteal artery, plus ligation of the

superficial epigastric (Figure S1 B). Hindlimb ischemia experi-

ments were carried out for a total of 21 days, whereas for the

examination of MAPK and AKT signaling, the severe form of

HLI (Figure S1 A) was performed for 1 hour followed by

euthanasia of the animals and tissue harvest. The antibiotic

(cefazolin, 50 mg/kg im) and analgesic (buprenorphine, 9.9 mg/

kg) were administered following surgery.

Laser-Doppler perfusion imaging
Measurements of plantar perfusion were obtained before and

immediately after surgery (day 0), and on days 3, 7, 14, and 21

after surgery using a scanning laser-Doppler perfusion imager

(model LDI2-IR, Moor Instruments, Wilmington, DE) [35].

Imaging was restricted to a region of interest (ROI) in the hind

paw. All ROIs were drawn by an investigator blinded to the mouse

treatments, and mean velocity within the ROI was normalized to

the area of the ROI. Images were analyzed using MoorLDI PC

software. Results are expressed as the ratio of ischemic to non-

ischemic (I/NI) plantar regions [35].

Hindlimb use and appearance score
On days 3, 7, 14, and 21 after HLI, a designated score was

given for each animal based on hindlimb use using the following

criteria: 0 = normal; 1 = no toe flexion; 2 = no plantar flexion;

and 3 = foot dragging [37,38]. In addition, foot appearance was

also scored using the following criteria: 0 = normal; 1–5 =

cyanosis or loss of nail(s), dependent on the number of nails

affected; 6–10 = partial or complete atrophy of digit(s), dependent

on the number of digits affected; 11 = and partial atrophy of the

forefoot [37]. Higher use and appearance scores correspond to

worse outcomes.

Aortic EC sprouting on Matrigel
Aortic rings from PAK12/2 and PAK1+/+ mice were dissected,

embedded in growth-factor reduced Matrigel matrix and cultured

in 2.5% FBS as previously described [5,39]. EC sprout number

was quantified using phase contrast at days 3 and 5 following

embedding. Numbering and counting of sprouts was performed

according to a method described by Baker et al. [39]. IPA3

(30 mM) was added to culture media starting at day 0 and for a

total of 5 days.

Ear wound assay
Using a metal ear punch (Harvard Apparatus) a 2.0 mm hole

was made in the ears of PAK12/2 and wild type PAK1+/+ mice

[40]. For imaging of the ear, mice were anesthetized with

isoflurane and placed on a flat surface with the ear placed between

2 glass slides. Images were obtained on a Leica-Wild M420

microscope. ImageJ was used to calculate ear-wound diameter on

days 1, 3, 7, 14, 21 and 28 after the ear punch. Results are

expressed as the ratio of (Area day x/Area day 0)6100. On day 28,

mice were anesthetized and the ears were fixed with formalin,

sectioned and stained with Masson’s trichrome.

Western blot and antibodies
Gastrocnemius muscle from the left (non-ischemic) and right

(ischemic) hindlimbs was excised on day 21 after surgery, flash

frozen in liquid nitrogen and stored at 280uC until ready for tissue

homogenization and processing. The following antibodies were

purchased from Cell Signaling Technology, Danvers, MA: PAK1

(#2602), PAK2 (#2608), pPAK2 (Ser20) (#2607), PAK3

(#2609), pan AKT (#4691) phospho-ERK1/2 (Thr202/
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Tyr204) (#4377), phosphor-AKT (S473) (#9271) and (T308)

(#4056). GAPDH antibody (sc-25778) was purchased from Santa

Cruz Biotechnologies, Santa Cruz, CA. HRP-conjugated second-

ary antibodies were purchased from GE Healthcare, Waukesha,

WI.

Statistical Analysis
Data were subjected to 2-way ANOVA or the Student t test.

Results

The effect of PAK1 loss on neovascularization following
ischemic injury

To assess the contribution of PAK1 to neovascularization, we

used both mild and severe forms of HLI that induce ischemia to

the muscle tissue supplied by the femoral artery. The severe form

of HLI causes more ischemic damage than the mild form,

especially in certain mouse strains resistant to ischemic injury such

as C57BL6, which is the genetic background of the PAK12/2 and

PAK1+/+ mice. The designation of mild and severe HLI is

described in the Material and Methods section, schematically

presented in Figure S1, and is related to the location of artery

ligation and transection. Initially we examined the effects of mild

HLI on 6–8 week old PAK12/2 mice and found that perfusion

immediately following ligation was not different between

PAK12/2 and PAK1+/+ mice. The level of perfusion immediately

following the surgery, which is primarily dependent on the number

and average diameter of the native collaterals in the thigh, was not

different (Figure S2). This indicates that PAK1 is not involved in

collaterogenesis, a process that occurs during development. In

addition, there was no significant difference in perfusion and use

and appearance scores between PAK12/2 and PAK1+/+ mice

throughout 21 days (Figure S2). Furthermore, 6–8 week-old

PAK12/2 mice subjected to severe HLI showed no differences

compared to PAK1+/+ mice (Figure 1). By contrast examination of

16 week old PAK12/2 mice revealed a slight–albeit not

significant–worsening in recovery of perfusion (Figure 2A and

2D) and use and appearance scores (Figure 2B–C) in PAK12/2

compared to PAK1+/+ mice. This trend appeared between days

three and seven post-surgery and was no longer evident by day 14

and thereafter.

Protein expression of other group I PAK kinases in
ischemic tissue

Group I PAKs have structural and functional similarities, as

well as overlapping tissue expression. To explore potential PAK1

compensatory mechanisms we evaluated expression of PAK2 and

PAK3 in ischemic gastrocnemius tissue from mice subjected to

HLI at day 21 (Figure 3A–B). A two-fold increase in PAK2

protein expression was observed in the ischemic hind-limb

gastrocnemius muscle tissue from PAK12/2 compared to

PAK1+/+ mice (n = 6, Student’s T-test, p = 0.03). PAK3 protein

expression was not detected in hind-limb tissue, in agreement with

reports demonstrating that PAK3 is expressed only in mouse brain

tissue (Figure 3A) [41]. Surprisingly the increase in PAK2

expression was observed only in ischemic tissue whereas non-

ischemic tissue from PAK12/2 and PAK1+/+ mice expressed

similar levels of PAK2 (Figure 3B vs 3D). PAK2 activation was

determined by the ratio of phosphorylated (p) PAK2 to total

PAK2, and although pPAK2 levels also trended towards an

increase in PAK12/2 mice compared to PAK1+/+ mice, the

relative difference was not statistically significant (Figure 3C).

These results suggest that ischemia-specific upregulation of PAK2

expression is a potential compensatory mechanism in the chronic

absence of PAK1.

ERK1/2 but not AKT activation is involved in the potential
compensatory effect during HLI in PAK12/2 mice

Several studies have shown that PAKs are involved in the ERK-

signaling cascade by phosphorylating the ERK upstream mole-

cules, c-Raf and MEK1 [42,43]. PAKs also serve a scaffolding

function for both c-Raf/MEK1 and AKT/PDK1 complexes

[44,45]. Both ERK and AKT signaling pathways are linked to

endothelial cell proliferation, migration, and to the angiogenesis

process in general [46–48]. We therefore opted to examine

ERK1/2 and AKT activation in the gastrocnemius muscle of

ischemic and non-ischemic PAK12/2 and control mice after one

hour of HLI onset. We observed similar total ERK and AKT

protein levels in PAK12/2 and PAK1+/+ gastrocnemius muscle;

however activation of ERK1/2 (Thr202/Tyr204) was observed in

non-ischemic tissue from PAK12/2 tissue (Figure 4). In contrast,

changes in AKT activation, as assessed by the phosphorylation of

S473 and T308, were not observed.

Effect of inhibition of all group I PAK kinases on EC
sprouting from aortic rings

To determine if other PAK1 family members (e.g. PAK2)

compensated for PAK1 loss in another assay of endothelial

function, we used aortic ring EC sprouting assays. An equal

numbers of EC sprouts were observed in PAK1+/+ and PAK12/2

aortic rings (Figure 5A) and treatment with IPA3, an allosteric

inhibitor of group I PAKs, significantly inhibited sprout formation

in both sets of aortic rings (p = 0.0001, two-way ANOVA)

(Figure 5C). These data suggest that both PAK1 and PAK2 are

essential for EC sprouting and potentially neovascularization.

Effect of PAK1 loss on cutaneous wound healing
Ear wound assays are used to assess the migration and function

of fibroblasts, macrophages, epithelial cells and subsequent

capacity for wound repair and injury-induced capillary sprout-

ing/angiogenesis. In addition to its function in EC motility and

function, PAK1 has been shown to affect the function of some of

the aforementioned cell types involved in wound healing [49–51];

therefore, we sought to determine the in vivo effect of PAK1 on

cutaneous wound healing. The pattern of ear wound closure

following injury in PAK12/2 and PAK1+/+ mice was in

agreement with published work where wound diameter increases

slightly on day 7 and decreases thereafter; however, complete

closure is not achieved. Ear wound diameter decreased similarly to

50% by day 28 in both PAK12/2 and PAK1+/+ mice (Figure 6A).

Very similar tissue architecture was observed in the two groups by

day 28 as shown using Mason’s trichrome stain (Figure 6B).

Discussion

We originally hypothesized that loss of PAK1 would impair

ischemia-induced neovascularization based on our studies of the

CIB1/PAK1 signaling pathway [4,5]. In addition, PAK1 is

intimately linked to proper function and migration of a variety

of cell types such as macrophages [50], fibroblasts [49], endothelial

cells [1,2] and tumor cells [22]. We therefore sought to examine

the effect of chronic PAK1 loss on: 1) neovascularization, which is

dependent on endothelial cell migration and growth; and 2)

cutaneous wound healing, which involves migration of epithelial

cells and fibroblasts. Our results suggest that the ubiquitous PAK2

is likely to play an important compensatory role in neovascular-

ization in the absence of PAK1 through activation of the ERK-

PAK1 and PAK2 in Neovascularization and Wound Healing
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Figure 1. PAK12/2 plantar perfusion and function in model of severe HLI in 6–8 week-old mice is similar to PAK1+/+ mice. A) I/NI
(Ischemic/Non-Ischemic) plantar perfusion ratio is comparable between PAK12/2 and PAK1+/+ mice as measured by laser Doppler imaging from day
0, immediately after HLI surgery, and throughout the 21 days after HLI surgery. B) Limb use score was determined as described in Materials and
Methods and is equivalent between groups, where a higher score is observed within the first 2 weeks after surgery and decreased significantly
thereafter, and indicating recovery of limb function. C) Appearance scores of PAK1+/+ and PAK12/2 mice were not statistically significant. D) Laser
Doppler images obtained immediately following HLI surgery and on day 21 reflect a lack of difference in perfusion between PAK1+/+ (N = 8) and
PAK2/2 (N = 11) mice.
doi:10.1371/journal.pone.0112239.g001

Figure 2. PAK12/2 plantar perfusion and limb function following severe HLI in 16 week-old mice is slightly impaired compared to
PAK1+/+ mice, suggesting mild impairment in neovascularization in the absence of PAK1. A) I/NI foot perfusion ratio is similar between
PAK1+/+ and PAK12/2 mice immediately following surgery, but starts to diverge by days 3 and 7 days (B–C). Worse use and appearance scores in
PAK12/2 mice on days 7 and 14 reflect the overall impaired limb function due to impaired neovascularization. D) Laser Doppler images obtained on
day 0 pre- and post-surgery, and on day 21 showing similar perfusion between PAK12/2 (N = 8) and PAK1+/+ (N = 8) mice.
doi:10.1371/journal.pone.0112239.g002
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PLOS ONE | www.plosone.org 4 November 2014 | Volume 9 | Issue 11 | e112239



Figure 3. Increased protein expression and phosphorylation of PAK2 in ischemic gastrocnemius muscle in PAK12/2 compared to
PAK1+/+ mice. A) Western blots showing upregulated PAK2 expression and a trend towards increased phospho-PAK2 in PAK12/2 mice (lanes
represent samples from 3 different mice). We did not observe expression of PAK3 in gastrocnemius tissue; however, abundant PAK3 expression is
found in mouse brain tissue as can be seen from a positive control sample in lane 7 of the PAK3 blot. B–C) Densitometry analysis reveals a 2-fold
increase in PAK2 expression in PAK12/2 compared to PAK1+/+ mice, normalized to GAPDH as a loading control, and a concomitant increase in
phospho-PAK2 relative to total PAK2. *indicates p#0.05 using Student’s T-test, n = 6. D) Densitometric analysis of total PAK2 protein expression in
non-ischemic muscle did not reveal a change in PAK1+/+ versus PAK12/2 mice.
doi:10.1371/journal.pone.0112239.g003

Figure 4. A) A notable activation of ERK1/2 but not AKT is observed in PAK12/2 gastrocnemius tissue one hour after HLI surgery. Western blotting
analysis of PAK12/2 non-ischemic and ischemic gastrocnemius muscle shows enhanced phosphorylation of ERK1/2 on Thr202/Tyr204 compared to
PAK1+/+ tissue, whereas phosphorylation of AKT was unchanged. Lanes are grouped into Non-Ischemic and Ischemic from either PAK1+/+ and
PAK12/2 mice. B and D) Densitometric analysis of non-ischemic tissue from PAK1+/+ and PAK12/2 show an increase in pERK1/2 activation (p = 0.03
and 0.06 for pERK1 and pERK2 respectively, Student’s T-test) whereas a difference in pAKT activation is not observed. C and E) In ischemic tissue a
trend towards an increase in pERK1 (p = 0.08, Student’s T-test) but not pERK2 or pAKT in PAK12/2 compared to control PAK1+/+ was observed. A total
of 3 PAK1+/+ and PAK12/2 mice were analyzed. Blots for pERK1/2 and pAKT were normalized to tERK1/2 and tAKT respectively.
doi:10.1371/journal.pone.0112239.g004
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cascade. These results do not necessarily speak to a role for PAK1

in ischemia-induced neovascularization per se, since such a role

might be revealed upon more acute PAK1 inhibition or depletion.

A PAK1-specific pharmacologic inhibitor is not currently avail-

able. Our results do indicate, however, that chronic PAK1 absence

as in traditional knockout mice, results in elevated PAK2

expression during ischemic injury that could provide functional

compensation to preserve tissue perfusion and function. Inhibition

of EC sprouting with the group I PAK inhibitor IPA3 further

supports a role for PAK2 in sprouting angiogenesis.

Functional compensation between group I PAK members is not

surprising given that group 1 PAKs share 80–90% sequence

homology in their kinase domain and 88% homology in their p-21

binding domains (PBD) [41]. The signaling function of PAKs can

be independent of their kinase activity; thus, a group I member

can potentially compensate for the loss of PAK1 by activating

downstream targets or by acting as a scaffolding protein in a

signaling complex [52,53]. However, the loss of PAK2 in a

traditional knockout mouse results in embryonic lethality due at

least in part to improper vessel formation, suggesting the

indispensability of PAK2 in endothelial cell function [54]. Our

data are the first to suggest potential compensation between PAK1

and PAK2 in neovascularization. However, redundant functions

between other PAK members have been reported. Functional

redundancy between PAK1 and PAK3 is suggested by data from

individual knock-out animals [55]. PAK3 mutations in humans

leads to nonsyndromic mental retardation characterized by

selective cognition deficits [56,57]. Loss of PAK3 in mice has no

effect on brain or spine morphology and the mice have normal

basal synaptic strength; however, they have a deficit in the late

phase of long-term potentiation (L-LTP) [55]. This phenotype is

closely related to that seen in PAK12/2 mice [58]. Loss of both

PAK1 and PAK3 results in learning and memory deficits with

hyperactive behavior and lack of complexity in neuronal

Figure 5. Marked reduction in aortic EC sprouting following IPA3 treatment. A) Similar EC sprouting is observed in PAK12/2 and PAK+/+

aortic rings cultured for 5 days in growth media supplemented with FBS, whereas a notable reduction in sprouting was observed following 30 mM
IPA3 treatment. B) Magnification of the selected region showing EC sprouts (white arrows). C) Quantification of EC sprouts shows less EC sprouts in
PAK1+/+ and PAK12/2 with IPA3 treatment. Data points represent the average values 6SEM from 3–9 rings from 3–4 mice per group; * denotes p,
0.05 compared to FBS alone.
doi:10.1371/journal.pone.0112239.g005

Figure 6. Unimpaired repair of cutaneous ear wounds in
PAK12/2 mice. A) Recovery of 2.0 mm ear punch wounds is
represented by (Area day X/Area day 0) 6100. There was a notably larger
but not statistically significant wound diameter in PAK12/2 mice
compared to PAK1+/+ mice on day 7. B) The wound edge was stained
with Mason’s trichrome and shows a very similar wound closure
between the two groups by day 28. n = 3 for both PAK1+/+ and PAK12/2

groups.
doi:10.1371/journal.pone.0112239.g006
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morphology suggesting functional redundancy between PAK1 and

PAK3 [59]. Furthermore among group II PAKs, PAK5 and

PAK6 appear to have overlapping functions in the development of

the nervous system, whereby separate knockout of these individual

genes does not result in a significant phenotype but PAK5/6

double knockout mice present with deficits in learning as well as

locomotor activity [60,61].

Our results show a slightly reduced recovery of perfusion and

worse hindlimb ischemic appearance and functional use in

PAK12/2 mice at 16 weeks of age, compared to 6–8 week-old

mice. Impaired angiogenesis and collateral remodeling in ischemia

has been reported previously and linked to several cellular and

extracellular mechanisms [62–64]. Aging endothelial cells have a

reduced capacity for NO production and therefore enhanced

sensitivity to apoptotic cell death [65,66]. Furthermore, decreased

levels of certain miRNAs such as miRNA-217 and miRNA-146a

have been demonstrated to modulate senescence of endothelial

cells in vitro [67,68]. Extracellular factors modulating angiogenesis

in aging involve increased expression of TIMP-2 and altered

composition of the extracellular matrix [69]. A decrease in the

potent growth factors VEGF [62,70] and TGF-b [71] and an

increase in thrombospondin-2 [72] in aging endothelium affects

endothelial cell proliferation, migration, and matrix formation. In

studies using aged animals, reduced neovascularization capacity

was reported following stress or injury to the endothelium [70,73]

as well as in the non-injured endothelium [62]. The neovascular-

ization changes that we observe in slightly older PAK12/2 mice

are potentially due to several of the abovementioned factors

exacerbated by the absence of PAK1, not only in endothelial cells

but also in auxiliary cells such as smooth muscle cells, fibroblasts

and immune cells where PAK1 might be indispensable and where

PAK2 cannot substitute for its function Interestingly, PAK1 and

PAK2 appear to participate in distinct signaling cascades and in

some cases play opposing roles in mast [74], breast [75], and

prostate [76] carcinoma cells. Whereas PAK1 is a positive

modulator of mast cell degranulation through regulation of

calcium influx [34], PAK2 is a negative regulator of degranulation,

and independent of calcium influx [74]. Furthermore PAK1 and

PAK2 appear to have opposing effects on modulating the

phosphorylation of MLC and focal adhesions in tumor cells

[75]. PAK1 appears to have a pro-adhesion, -migration and -

proliferation response whereas PAK2 appears to inhibit these

processes.

As mentioned above, PAKs are involved in the activation of the

canonical ERK-signaling cascade, which has long been recognized

as essential for angiogenesis [77]. Several studies including our

own link PAK1 to ERK1/2 [5,44,50]. Loss of PAK1 results in

downregulation of ERK activity with negative effects on cell

motility/migration [29,78], and proliferation [79]. Furthermore,

PAK1 activation induced by adhesion to matrix proteins activates

the MAPK signaling cascade and is thought to be a convergence

site between integrins and growth factor signaling [80,81].

However few reports exist on the role of PAK2 in MAPK-

signaling and even fewer reports examine the functional signifi-

cance of PAK2/MAPK signaling. Among these studies are ones

examining the role of PAK2 in hematopoietic stem cell function

through its phosphorylation of ERK [82] Specifically PAK2 is an

essential effector of TGFb signaling and ERK-mediated tran-

scriptional response [83]. Our results suggest in accordance with

some of these previous studies that PAK2 can potentially lead to

ERK activation to modulate the physiological angiogenesis

response.

Limitations of this investigation stem from the presence of

compensatory mechanisms that preclude studying the effect of

PAK1 in vivo on physiological processes that depend on normal

cell migration. One way to circumvent this problem is to generate

a double inducible, conditional knockout mouse lacking PAK1 in

addition to PAK2, where selectivity for time and location of gene

knockdown can be controlled by the investigator. A conditional

knockout approach would circumvent the difficulty of deletion of a

gene essential for mouse development and allow the examination

of gene products in the adult mouse under stress conditions. In

addition, this strategy would permit investigation of the specific

cell type responsible for the phenotype. However, even with this

strategy, compensation is still possible if altered gene expression

occurs quickly. With the present study we are reminded of the

outstanding ability of biological systems to adjust to environmental

and genetic challenges. Systems perturbations that target vital

components to development or response to injury will perturb the

system; however, genetic redundancy can completely mask these

changes. Our study also sheds light on the discord often

encountered between conclusions drawn based on studies done

in vitro and those ascertained from testing in complex organisms.

The discord is partly due to an incomplete but growing knowledge

of key players and mechanisms of ischemia and neovasculariza-

tion. The advancement in targeted gene deletion technology and/

or targeted pharmacological inhibitors has the potential to allow us

to elucidate these mechanisms and identify all the important

players throughout the different stages of neovascularization.

Supporting Information

Figure S1 Schematic of surgical procedures used in the
study. Q denotes ligation sites and « denotes cutting sites. A)

Severe HLI model involves ligation of the femoral artery distal to

the inguinal ligament and proximal to the bifurcation of the

popliteal artery. The artery was transected between the ligation

points; in addition the superficial epigastric artery was ligated. B)

Mild HLI model consisting of ligation and transection between the

lateral caudal femoral artery and proximal to the bifurcation of the

popliteal artery, plus ligation of the superficial epigastric.

(TIF)

Figure S2 PAK12/2 neovascularization is unimpaired
following mild HLI. A and D) I/NI perfusion ratios are almost

identical after mild HLI in PAK1+/+ and PAK12/2 mice. B–C)

Use and appearance scores that are not statistically different are in

agreement with the perfusion ratio observation and confirm the

lack of difference in ischemic limb function between PAK12/2

and PAK1+/+ mice (n = 7 for PAK1+/+ and n = 10 for PAK12/2).

(TIF)

Acknowledgments

The authors would like to thank Drs. Tina M. Leisner and Stephen Holly

for valuable scientific input.

Author Contributions

Conceived and designed the experiments: LE LVP. Performed the

experiments: LE MO MAZ JHS. Analyzed the data: LE. Contributed

reagents/materials/analysis tools: JC JF. Wrote the paper: LVP LE.

PAK1 and PAK2 in Neovascularization and Wound Healing

PLOS ONE | www.plosone.org 7 November 2014 | Volume 9 | Issue 11 | e112239



References

1. Kiosses WB, Daniels RH, Otey C, Bokoch GM, Schwartz MA (1999) A role for

p21-activated kinase in endothelial cell migration. J Cell Biol 147: 831–844.

2. Kiosses WB, Hood J, Yang S, Gerritsen ME, Cheresh DA, et al. (2002) A
dominant-negative p65 PAK peptide inhibits angiogenesis. Circulation research

90: 697–702.

3. Bagheri-Yarmand R, Vadlamudi RK, Wang RA, Mendelsohn J, Kumar R
(2000) Vascular endothelial growth factor up-regulation via p21-activated

kinase-1 signaling regulates heregulin-beta1-mediated angiogenesis. The Journal

of biological chemistry 275: 39451–39457.
4. Leisner TM, Liu M, Jaffer ZM, Chernoff J, Parise LV (2005) Essential role of

CIB1 in regulating PAK1 activation and cell migration. J Cell Biol 170: 465–

476.
5. Zayed MA, Yuan W, Leisner TM, Chalothorn D, McFadden AW, et al. (2007)

CIB1 regulates endothelial cells and ischemia-induced pathological and adaptive

angiogenesis. Circ Res 101: 1185–1193.

6. Zayed MA, Yuan W, Chalothorn D, Faber JE, Parise LV (2010) Tumor growth
and angiogenesis is impaired in CIB1 knockout mice. J Angiogenes Res 2: 17.

7. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, et al. (2003)

Cell migration: integrating signals from front to back. Science 302: 1704–1709.

8. Dharmawardhane S, Sanders LC, Martin SS, Daniels RH, Bokoch GM (1997)
Localization of p21-activated kinase 1 (PAK1) to pinocytic vesicles and cortical

actin structures in stimulated cells. The Journal of cell biology 138: 1265–1278.

9. Sells MA, Knaus UG, Bagrodia S, Ambrose DM, Bokoch GM, et al. (1997)
Human p21-activated kinase (Pak1) regulates actin organization in mammalian

cells. Current biology: CB 7: 202–210.

10. Manser E, Huang HY, Loo TH, Chen XQ, Dong JM, et al. (1997) Expression of
constitutively active alpha-PAK reveals effects of the kinase on actin and focal

complexes. Molecular and cellular biology 17: 1129–1143.

11. Vadlamudi RK, Li F, Adam L, Nguyen D, Ohta Y, et al. (2002) Filamin is
essential in actin cytoskeletal assembly mediated by p21-activated kinase 1.

Nature cell biology 4: 681–690.

12. Roig J, Tuazon PT, Zipfel PA, Pendergast AM, Traugh JA (2000) Functional
interaction between c-Abl and the p21-activated protein kinase gamma-PAK.

Proceedings of the National Academy of Sciences of the United States of

America 97: 14346–14351.
13. King CC, Gardiner EM, Zenke FT, Bohl BP, Newton AC, et al. (2000) p21-

activated kinase (PAK1) is phosphorylated and activated by 3-phosphoinositide-

dependent kinase-1 (PDK1). The Journal of biological chemistry 275: 41201–
41209.

14. Bokoch GM, Reilly AM, Daniels RH, King CC, Olivera A, et al. (1998) A

GTPase-independent mechanism of p21-activated kinase activation. Regulation
by sphingosine and other biologically active lipids. The Journal of biological

chemistry 273: 8137–8144.

15. Tang Y, Zhou H, Chen A, Pittman RN, Field J (2000) The Akt proto-oncogene
links Ras to Pak and cell survival signals. The Journal of biological chemistry

275: 9106–9109.

16. Edwards DC, Sanders LC, Bokoch GM, Gill GN (1999) Activation of LIM-
kinase by Pak1 couples Rac/Cdc42 GTPase signalling to actin cytoskeletal

dynamics. Nature cell biology 1: 253–259.

17. Sanders LC, Matsumura F, Bokoch GM, de Lanerolle P (1999) Inhibition of
myosin light chain kinase by p21-activated kinase. Science 283: 2083–2085.

18. Ramos E, Wysolmerski RB, Masaracchia RA (1997) Myosin phosphorylation by

human cdc42-dependent S6/H4 kinase/gammaPAK from placenta and

lymphoid cells. Receptors & signal transduction 7: 99–110.
19. Connolly JO, Simpson N, Hewlett L, Hall A (2002) Rac regulates endothelial

morphogenesis and capillary assembly. Molecular biology of the cell 13: 2474–

2485.
20. Master Z, Jones N, Tran J, Jones J, Kerbel RS, et al. (2001) Dok-R plays a

pivotal role in angiopoietin-1-dependent cell migration through recruitment and

activation of Pak. The EMBO journal 20: 5919–5928.

21. Garcia JG, Liu F, Verin AD, Birukova A, Dechert MA, et al. (2001) Sphingosine
1-phosphate promotes endothelial cell barrier integrity by Edg-dependent

cytoskeletal rearrangement. The Journal of clinical investigation 108: 689–701.

22. Kumar R, Gururaj AE, Barnes CJ (2006) p21-activated kinases in cancer.
Nature reviews Cancer 6: 459–471.

23. Balasenthil S, Sahin AA, Barnes CJ, Wang RA, Pestell RG, et al. (2004) p21-

activated kinase-1 signaling mediates cyclin D1 expression in mammary
epithelial and cancer cells. The Journal of biological chemistry 279: 1422–1428.

24. Chow HY, Jubb AM, Koch JN, Jaffer ZM, Stepanova D, et al. (2012) p21-

Activated kinase 1 is required for efficient tumor formation and progression in a
Ras-mediated skin cancer model. Cancer Res 72: 5966–5975.

25. Park J, Kim JM, Park JK, Huang S, Kwak SY, et al. (2014) Association of p21-

activated kinase (PAK)-1 activity with aggressive tumor behavior and poor
prognosis of head and neck cancer. Head Neck.

26. Ma Y, McCarty SK, Kapuriya NP, Brendel VJ, Wang C, et al. (2013)

Development of p21 activated kinase-targeted multikinase inhibitors that inhibit
thyroid cancer cell migration. J Clin Endocrinol Metab 98: E1314–1322.

27. Lu W, Qu JJ, Li BL, Lu C, Yan Q, et al. (2013) Overexpression of p21-activated

kinase 1 promotes endometrial cancer progression. Oncol Rep 29: 1547–1555.

28. Goc A, Al-Azayzih A, Abdalla M, Al-Husein B, Kavuri S, et al. (2013) P21
activated kinase-1 (Pak1) promotes prostate tumor growth and microinvasion via

inhibition of transforming growth factor beta expression and enhanced matrix

metalloproteinase 9 secretion. J Biol Chem 288: 3025–3035.

29. Li LH, Zheng MH, Luo Q, Ye Q, Feng B, et al. (2010) P21-activated protein

kinase 1 induces colorectal cancer metastasis involving ERK activation and

phosphorylation of FAK at Ser-910. Int J Oncol 37: 951–962.

30. Dono R, Texido G, Dussel R, Ehmke H, Zeller R (1998) Impaired cerebral

cortex development and blood pressure regulation in FGF-2-deficient mice. The

EMBO journal 17: 4213–4225.

31. Huang MT, Mason JC, Birdsey GM, Amsellem V, Gerwin N, et al. (2005)

Endothelial intercellular adhesion molecule (ICAM)-2 regulates angiogenesis.

Blood 106: 1636–1643.

32. Kamiyama M, Pozzi A, Yang L, DeBusk LM, Breyer RM, et al. (2006) EP2, a

receptor for PGE2, regulates tumor angiogenesis through direct effects on

endothelial cell motility and survival. Oncogene 25: 7019–7028.

33. Reynolds LE, Wyder L, Lively JC, Taverna D, Robinson SD, et al. (2002)

Enhanced pathological angiogenesis in mice lacking beta3 integrin or beta3 and

beta5 integrins. Nature medicine 8: 27–34.

34. Allen JD, Jaffer ZM, Park SJ, Burgin S, Hofmann C, et al. (2009) p21-activated

kinase regulates mast cell degranulation via effects on calcium mobilization and

cytoskeletal dynamics. Blood 113: 2695–2705.

35. Chalothorn D, Zhang H, Clayton JA, Thomas SA, Faber JE (2005)

Catecholamines augment collateral vessel growth and angiogenesis in hindlimb

ischemia. Am J Physiol Heart Circ Physiol 289: H947–959.

36. Limbourg A, Korff T, Napp LC, Schaper W, Drexler H, et al. (2009) Evaluation

of postnatal arteriogenesis and angiogenesis in a mouse model of hind-limb

ischemia. Nat Protoc 4: 1737–1746.

37. Chalothorn D, Clayton JA, Zhang H, Pomp D, Faber JE (2007) Collateral

density, remodeling, and VEGF-A expression differ widely between mouse

strains. Physiological genomics 30: 179–191.

38. Stabile E, Burnett MS, Watkins C, Kinnaird T, Bachis A, et al. (2003) Impaired

arteriogenic response to acute hindlimb ischemia in CD4-knockout mice.

Circulation 108: 205–210.

39. Baker M, Robinson SD, Lechertier T, Barber PR, Tavora B, et al. (2012) Use of

the mouse aortic ring assay to study angiogenesis. Nature protocols 7: 89–104.

40. Cho CH, Sung HK, Kim KT, Cheon HG, Oh GT, et al. (2006) COMP-

angiopoietin-1 promotes wound healing through enhanced angiogenesis,

lymphangiogenesis, and blood flow in a diabetic mouse model. Proceedings of

the National Academy of Sciences of the United States of America 103: 4946–

4951.

41. Jaffer ZM, Chernoff J (2002) p21-activated kinases: three more join the Pak. The

international journal of biochemistry & cell biology 34: 713–717.

42. Eblen ST, Slack JK, Weber MJ, Catling AD (2002) Rac-PAK signaling

stimulates extracellular signal-regulated kinase (ERK) activation by regulating

formation of MEK1-ERK complexes. Mol Cell Biol 22: 6023–6033.

43. Beeser A, Jaffer ZM, Hofmann C, Chernoff J (2005) Role of group A p21-

activated kinases in activation of extracellular-regulated kinase by growth factors.

J Biol Chem 280: 36609–36615.

44. Wang Z, Fu M, Wang L, Liu J, Li Y, et al. (2013) p21-activated kinase 1 (PAK1)

can promote ERK activation in a kinase-independent manner. J Biol Chem 288:

20093–20099.

45. Higuchi M, Onishi K, Kikuchi C, Gotoh Y (2008) Scaffolding function of PAK

in the PDK1-Akt pathway. Nat Cell Biol 10: 1356–1364.

46. Stockton R, Reutershan J, Scott D, Sanders J, Ley K, et al. (2007) Induction of

vascular permeability: beta PIX and GIT1 scaffold the activation of extracellular

signal-regulated kinase by PAK. Mol Biol Cell 18: 2346–2355.

47. Mavria G, Vercoulen Y, Yeo M, Paterson H, Karasarides M, et al. (2006) ERK-

MAPK signaling opposes Rho-kinase to promote endothelial cell survival and

sprouting during angiogenesis. Cancer Cell 9: 33–44.

48. Karar J, Maity A (2011) PI3K/AKT/mTOR Pathway in Angiogenesis. Front

Mol Neurosci 4: 51.

49. Sells MA, Boyd JT, Chernoff J (1999) p21-activated kinase 1 (Pak1) regulates cell

motility in mammalian fibroblasts. The Journal of cell biology 145: 837–849.

50. Smith SD, Jaffer ZM, Chernoff J, Ridley AJ (2008) PAK1-mediated activation of

ERK1/2 regulates lamellipodial dynamics. J Cell Sci 121: 3729–3736.

51. Zegers MM, Forget MA, Chernoff J, Mostov KE, ter Beest MB, et al. (2003)

Pak1 and PIX regulate contact inhibition during epithelial wound healing. The

EMBO journal 22: 4155–4165.

52. Frost JA, Khokhlatchev A, Stippec S, White MA, Cobb MH (1998) Differential

effects of PAK1-activating mutations reveal activity-dependent and -indepen-

dent effects on cytoskeletal regulation. The Journal of biological chemistry 273:

28191–28198.

53. Hofmann C, Shepelev M, Chernoff J (2004) The genetics of Pak. J Cell Sci 117:

4343–4354.

54. Kelly ML, Chernoff J (2012) Mouse models of PAK function. Cellular logistics 2:

84–88.

55. Meng J, Meng Y, Hanna A, Janus C, Jia Z (2005) Abnormal long-lasting

synaptic plasticity and cognition in mice lacking the mental retardation gene

Pak3. The Journal of neuroscience: the official journal of the Society for

Neuroscience 25: 6641–6650.

PAK1 and PAK2 in Neovascularization and Wound Healing

PLOS ONE | www.plosone.org 8 November 2014 | Volume 9 | Issue 11 | e112239



56. Allen KM, Gleeson JG, Bagrodia S, Partington MW, MacMillan JC, et al.

(1998) PAK3 mutation in nonsyndromic X-linked mental retardation. Nature
genetics 20: 25–30.

57. Bienvenu T, des Portes V, McDonell N, Carrie A, Zemni R, et al. (2000)

Missense mutation in PAK3, R67C, causes X-linked nonspecific mental
retardation. American journal of medical genetics 93: 294–298.

58. Asrar S, Meng Y, Zhou Z, Todorovski Z, Huang WW, et al. (2009) Regulation
of hippocampal long-term potentiation by p21-activated protein kinase 1

(PAK1). Neuropharmacology 56: 73–80.

59. Huang W, Zhou Z, Asrar S, Henkelman M, Xie W, et al. (2011) p21-Activated
kinases 1 and 3 control brain size through coordinating neuronal complexity and

synaptic properties. Molecular and cellular biology 31: 388–403.
60. Li X, Minden A (2003) Targeted disruption of the gene for the PAK5 kinase in

mice. Molecular and cellular biology 23: 7134–7142.
61. Nekrasova T, Jobes ML, Ting JH, Wagner GC, Minden A (2008) Targeted

disruption of the Pak5 and Pak6 genes in mice leads to deficits in learning and

locomotion. Developmental biology 322: 95–108.
62. Sadoun E, Reed MJ (2003) Impaired angiogenesis in aging is associated with

alterations in vessel density, matrix composition, inflammatory response, and
growth factor expression. J Histochem Cytochem 51: 1119–1130.

63. Puolakkainen PA, Reed MJ, Gombotz WR, Twardzik DR, Abrass IB, et al.

(1995) Acceleration of wound healing in aged rats by topical application of
transforming growth factor-beta(1). Wound Repair Regen 3: 330–339.

64. Faber JE, Zhang H, Lassance-Soares RM, Prabhakar P, Najafi AH, et al. (2011)
Aging causes collateral rarefaction and increased severity of ischemic injury in

multiple tissues. Arteriosclerosis, Thrombosis, and Vascular Biology 31: 1748–
1756.

65. Hoffmann J, Haendeler J, Aicher A, Rossig L, Vasa M, et al. (2001) Aging

enhances the sensitivity of endothelial cells toward apoptotic stimuli: important
role of nitric oxide. Circ Res 89: 709–715.

66. Wang H, Listrat A, Meunier B, Gueugneau M, Coudy-Gandilhon C, et al.
(2014) Apoptosis in capillary endothelial cells in ageing skeletal muscle. Aging

Cell 13: 254–262.

67. Menghini R, Casagrande V, Cardellini M, Martelli E, Terrinoni A, et al. (2009)
MicroRNA 217 modulates endothelial cell senescence via silent information

regulator 1. Circulation 120: 1524–1532.
68. Vasa-Nicotera M, Chen H, Tucci P, Yang AL, Saintigny G, et al. (2011) miR-

146a is modulated in human endothelial cell with aging. Atherosclerosis 217:
326–330.

69. Koike T, Vernon RB, Gooden MD, Sadoun E, Reed MJ (2003) Inhibited

angiogenesis in aging: a role for TIMP-2. J Gerontol A Biol Sci Med Sci 58:
B798–805.

70. Rivard A, Fabre JE, Silver M, Chen D, Murohara T, et al. (1999) Age-

dependent impairment of angiogenesis. Circulation 99: 111–120.

71. Pascual G, Mendieta C, Garcia-Honduvilla N, Corrales C, Bellon JM, et al.

(2007) TGF-beta1 upregulation in the aging varicose vein. J Vasc Res 44: 192–

201.

72. Agah A, Kyriakides TR, Letrondo N, Bjorkblom B, Bornstein P (2004)

Thrombospondin 2 levels are increased in aged mice: consequences for

cutaneous wound healing and angiogenesis. Matrix Biol 22: 539–547.

73. Swift ME, Burns AL, Gray KL, DiPietro LA (2001) Age-related alterations in

the inflammatory response to dermal injury. J Invest Dermatol 117: 1027–1035.

74. Kosoff R, Chow HY, Radu M, Chernoff J (2013) Pak2 kinase restrains mast cell

FcepsilonRI receptor signaling through modulation of Rho protein guanine

nucleotide exchange factor (GEF) activity. J Biol Chem 288: 974–983.

75. Coniglio SJ, Zavarella S, Symons MH (2008) Pak1 and Pak2 mediate tumor cell

invasion through distinct signaling mechanisms. Molecular and cellular biology

28: 4162–4172.

76. Bright MD, Garner AP, Ridley AJ (2009) PAK1 and PAK2 have different roles

in HGF-induced morphological responses. Cell Signal 21: 1738–1747.

77. Hood JD, Frausto R, Kiosses WB, Schwartz MA, Cheresh DA (2003)

Differential alphav integrin-mediated Ras-ERK signaling during two pathways

of angiogenesis. J Cell Biol 162: 933–943.

78. Du J, Sun C, Hu Z, Yang Y, Zhu Y, et al. (2010) Lysophosphatidic acid induces

MDA-MB-231 breast cancer cells migration through activation of PI3K/PAK1/

ERK signaling. PLoS One 5: e15940.

79. Zhang X, Mao H, Chen JY, Wen S, Li D, et al. (2013) Increased expression of

microRNA-221 inhibits PAK1 in endothelial progenitor cells and impairs its

function via c-Raf/MEK/ERK pathway. Biochem Biophys Res Commun 431:

404–408.

80. Slack-Davis JK, Eblen ST, Zecevic M, Boerner SA, Tarcsafalvi A, et al. (2003)

PAK1 phosphorylation of MEK1 regulates fibronectin-stimulated MAPK

activation. J Cell Biol 162: 281–291.

81. Sundberg-Smith LJ, Doherty JT, Mack CP, Taylor JM (2005) Adhesion

stimulates direct PAK1/ERK2 association and leads to ERK-dependent PAK1

Thr212 phosphorylation. J Biol Chem 280: 2055–2064.

82. Dorrance AM, De Vita S, Radu M, Reddy PN, McGuinness MK, et al. (2013)

The Rac GTPase effector p21-activated kinase is essential for hematopoietic

stem/progenitor cell migration and engraftment. Blood 121: 2474–2482.

83. Suzuki K, Wilkes MC, Garamszegi N, Edens M, Leof EB (2007) Transforming

growth factor beta signaling via Ras in mesenchymal cells requires p21-activated

kinase 2 for extracellular signal-regulated kinase-dependent transcriptional

responses. Cancer Res 67: 3673–3682.

PAK1 and PAK2 in Neovascularization and Wound Healing

PLOS ONE | www.plosone.org 9 November 2014 | Volume 9 | Issue 11 | e112239


