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Introduction
Pancreatic ductal adenocarcinoma (PDA) remains a 
lethal malignancy with limited therapeutic options and 
a tumour microenvironment characterised by profound 
stromal remodelling and abnormal microcirculation [1]. 
Clinical targeting of vascular endothelial growth factor 
(VEGF) signalling has shown limited benefit in advanced 
pancreatic cancer, highlighting that endothelial sprouting 
angiogenesis alone is unlikely to explain or therapeuti-
cally control tumour perfusion in this disease [2]. Beyond 
endothelial angiogenesis, tumours can adopt alternative 
vascularisation strategies, including vasculogenic mim-
icry (VM), the ability of aggressive cancer cells to form 
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Abstract
Pancreatic ductal adenocarcinoma (PDA) remains largely refractory to anti-angiogenic strategies, and non-
endothelial perfusion mechanisms such as vasculogenic mimicry (VM, endothelial-like channels formed by tumour 
cells) may sustain tumour progression. Here, we examined whether the combined knockout of p21-activated 
kinase 1 and 4 (PAK1&4) affects vascular mimicry (VM) programmes in pancreatic cancer. KPC wild-type or PAK1&4 
knockout cells were injected subcutaneously into immunodeficient mice. Knockout of PAK1& 4 suppressed tumour 
growth, associated with VM inhibition, but not endothelial angiogenesis. Knockout of PAK1& 4 reduced tumour 
expression of VM markers EphA2, VE-cadherin and MCAM, and decreased EphA2⁺VE-cadherin⁺ and EphA2⁺MCAM⁺, 
CD31+VE-cadherin+ and CD31+MCAM+ cells. In vitro, PAK1 knockout and PAK1& 4 knockout suppressed VM-
like tube formation and migration, whereas PAK4 knockout enhanced tube formation. Global proteomics linked 
PAK1 knockout to downregulation of EPH–Ephrin signalling and reduced EphA2–MCAM–RhoA abundance, while 
PAK4 knockout enriched blood-vessel morphogenesis molecules. These findings identify a PAK-dependent VM 
programme and suggest that dual PAK targeting inhibits tumour growth by VM inhibition.
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matrix-rich channel-like networks that can connect with 
endothelial vessels and support tumour growth [3]. VM 
is detected histologically as a Periodic acid–Schiff (PAS)-
positive/CD31-negative structure and has been associ-
ated with tumour aggressiveness and therapy resistance 
[4].

Mechanistically, VM relies on tumour cell plastic-
ity and an endothelial-like transcriptional/phenotypic 
programme. VEGF contributes to VM by activating 
VEGFR-dependent pathways that enhance tumour-cell 
motility, matrix remodelling and endothelial-like gene 
programmes, thereby facilitating PAS⁺/CD31⁻ channel 
formation [5]. Vascular endothelial cadherin (VE-cad-
herin) is required for VM network formation, and func-
tional cooperation between VE-cadherin and Ephrin 
receptor A2 (EphA2) has been implicated in the estab-
lishment and maintenance of VM structure [6]. In addi-
tion, melanoma cell adhesion molecule (MCAM)/CD146 
is frequently linked to migratory, vascular-interactive 
phenotypes and has been connected to VM and vascular 
mimicry-associated cell states [7, 8].

P21-activated kinases (PAKs) are central effectors 
downstream of Rho-family GTPases, regulating cyto-
skeletal dynamics, migration, and vascular interactions 
in cancer and endothelium [9]. While PAK signalling 
has been implicated in tumour vasculature regulation, 
whether combined PAK1 and PAK4 activity supports 
VM programme in PDA remains unclear [10, 11]. Here, 

using a pancreatic cancer model with single or com-
bined knockout (KO) of PAK1 and PAK4, we showed that 
PAK1&4 knockout reduced tumour growth associated 
with VM suppression via downregulation of EphA2–VE-
cadherin–MCAM pathway.

Results
Knockout of PAK1 and PAK4 restrained tumour growth and 
suppressed vasculogenic mimicry while increasing hypoxia
KPC wild-type (WT) and KPC PAK1&4KO cells were 
injected subcutaneously into SCID mice to evaluate 
tumour progression. PAK1&4KO suppressed tumour 
growth by reducing tumour volume (Fig.  1a, b). The 
tumour weight, however, was not significantly reduced 
by PAK1&4KO (Fig. S1a). Histopathological assess-
ment showed a significant reduction in necrotic area 
in PAK1&4KO tumours (Fig. S1b), indicating altered 
tumour composition, which could contribute to the 
insignificant reduction of tumour weight by PAK1&4KO.

In addition to reduced tumour size, PAK1&4KO 
tumours exhibited a visibly paler appearance, which was 
confirmed by quantitative greyscale analysis showing a 
higher background-normalised mean grey value relative 
to WT (Fig. 1b, c). Although our previous study reported 
no significant change in endothelial angiogenesis in 
PAK1&4KO tumours [11], the paler macroscopic appear-
ance of PAK1&4KO tumours suggested altered intratu-
moural vascular function and/or perfusion (Fig. 1b, c). 

Fig. 1  PAK1&4KO restrained tumour growth, reduced VM and increased tumour hypoxia. (a) Tumour volume growth curves (SCID; n = 6 WT, n = 6 
PAK1&4KO). (b) Tumour images. (c) Mean grey value with background-normalised using a local background ROI (tumour mean/background mean). (d) 
PAS/CD31 double staining and VM quantification (PAS⁺/CD31⁻ structures). The blue colour indicates the PAS+/CD31⁻ overlay of the PAS analysis by HALO. 
(e) VEGFA levels in PAK1&4KO cells. (f) HIF-1α expression in tumour tissues. (g) HIF-1α levels in PAK1&4KO cells. WT, wild type; KO, knockout; ns, not signifi-
cant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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We therefore examined tumour-cell–mediated VM iden-
tified by PAS+/CD31− structure in tumour tissues. VM 
was reduced in PAK1&4KO tumours (Fig. 1d). In paral-
lel, VEGFA expression was decreased in PAK1&4KO cells 
compared with WT cells (Fig. 1e), consistent with VM 
suppression in PAK1&4KO tumours (Fig. 1d).

The reduced VM was associated with increased 
hypoxia in vivo, demonstrated by increased HIF-1α-
positive cells in PAK1&4KO tumours (Fig. 1f ). In con-
trast, HIF-1α expression was decreased in PAK1&4KO 
cells (Fig. 1g). These findings indicated that the reduc-
tion of VM by PAK1&4KO decreased intratumoral per-
fusion, increasing hypoxia in PAK1&4KO tumours. We 
also attempted to establish double-knockout tumours 
in C57BL/6 mice; however, tumours regressed com-
pletely within 10 days (Fig. S2), precluding subsequent 
VM analyses. This rapid regression in immunocompe-
tent hosts suggests robust immune activation and infil-
tration, consistent with our prior reports of enhanced 

immune responses following PAK1 and 4 knockout in 
C57BL/6 models [10, 12]. Therefore, double-knockout 
analyses were performed only in immunocompromised 
mice. PAS/CD31 analysis of tumours derived from single 
knockout cell lines showed that VM was not significantly 
altered by PAK1KO or PAK4KO alone in either SCID 
xenografts or BL6 tumours (Fig. S2). Together, these data 
suggested that VM may be maintained following single-
kinase knockout in vivo, whereas robust suppression of 
VM is achieved when both PAK1 and PAK4 are knocked 
out simultaneously.

PAK1 and PAK4 knockout inhibited VM associated with 
suppression of EphA2, VE-cadherin, and MCAM
Given the reported association of VM with upregulation 
of EphA2, VE-cadherin and MCAM [7, 13], we assessed 
these markers in tumour tissues. Immunohistochemistry 
(IHC) demonstrated reduced EphA2, VE-cadherin and 
MCAM expression in PAK1&4KO tumours compared 

Fig. 2  PAK1&4KO reduced VM-associated markers of EphA2, VE-cadherin and MCAM. (a–c) Representative IHC and quantification of EphA2, VE-cadherin 
and MCAM. (d–g) Multiplex IHC and quantification of EphA2⁺VE-cadherin⁺ cells, CD31⁺VE-cadherin⁺ cells, EphA2⁺MCAM⁺ cells and CD31⁺MCAM⁺ cells. 
WT, wild type; KO, knockout. *P < 0.05, **P < 0.01, ***P < 0.001
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with WT, quantified as a decrease in marker-positive 
area (Fig. 2a–c, S4b-c, S5b), consistent with the reduced 
VM phenotype (Fig. 1d).

To define the cellular context of these changes, mul-
tiplex immunohistochemistry was used to examine 
co-expression patterns consistent with VM-like and 
vascular-interactive phenotypes. EphA2⁺VE-cadherin⁺ 
cells were decreased in PAK1&4KO tumours (Fig.  2d, 
S4a), demonstrating reduced tumour cells that simulta-
neously express the VM-associated receptor EphA2 and 
the endothelial junction protein VE-cadherin, consistent 
with suppression of an endothelial-like (VM-competent) 
tumour cell phenotype. Similarly, EphA2⁺MCAM⁺ cells 
were reduced (Fig.  2f, S5a), supporting suppression of 
VM-competent subsets marked by simultaneous EphA2 
and MCAM expressions.

In parallel, CD31⁺VE-cadherin⁺ and CD31⁺MCAM⁺ 
cells were decreased (Fig. 2e and g, S4a, S5a), indicating 
reduced VE-cadherin and MCAM expression within vas-
cular-associated compartments, thus reduced endothelial 
junction in vessels [14, 15]. In contrast, the proportion of 
CD31⁺ cells remained unchanged (Fig. S4d). These find-
ings indicate that PAK1&4KO suppressed VM-associated 
endothelial-like programme significantly rather than the 
overall endothelial angiogenesis (CD31⁺ vasculature).

PAK knockout differentially regulates in vitro tube 
formation and cancer cell migration
To validate the VM phenotype in vitro, we assessed the 
tube formation capability of WT, PAK1KO, PAK4KO, 
and PAK1&4KO cancer cells. Compared to WT, 
PAK1KO cells formed significantly fewer tube-like struc-
tures, indicating impaired VM-like network formation, 
while PAK4KO cells showed increased tube formation 
(Fig. 3a). Notably, PAK1&4KO significantly reduced tube 
formation compared to WT (Fig.  3b), aligning with the 
reduced VM detected in tumours (Fig. 1d) and decreased 
VM-associated marker expression in vivo (Fig. 2).

Because VM competence is closely linked to tumour 
cell motility [6], we evaluated migration using scratch 
assays. PAK1KO and PAK1&4KO cells significantly 
reduced migration rate and delayed wound healing (%) 
at 24 h compared with WT (Fig. 3c), consistent with 
impaired motility.

Proteomic profiling identified Eph/Ephrin signalling as a 
PAK1-dependent programme and revealed a pro-vascular 
signature in PAK4KO cells
To define the molecular pathways underlying the diver-
gent VM phenotypes across PAK KO, we performed 
unbiased global proteomics comparing PAK1KO, 

Fig. 3  PAK knockout differentially regulated tube formation and cancer cell migration in vitro. (a) Tube formation assay (WT, PAK1KO, PAK4KO) with quan-
tification of tube structures. (b) Tube formation assay (WT vs. PAK1&4KO) with quantification. (c) Scratch assay images (0, 24 h) with migration rate and 
wound healing (%) calculated for 24 h. WT, wild type; KO, knockout; ns, not significant. *P < 0.05, **P < 0.01, ****P < 0.0001
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PAK4KO and PAK1&4KO cells with WT controls. 
Protein–protein interaction (PPI) network analysis of 
significantly altered proteins showed a coherent down-
regulation of the EPH–Ephrin signalling pathway (Reac-
tome) in PAK1KO and PAK1&4KO cells (Fig.  4a, e), 
identifying Eph/Ephrin signalling in a PAK1-linked net-
work, disrupted by PAK1KO. An enrichment of proteins 
associated with blood vessel morphogenesis (GO Bio-
logical Process) was shown in PAK4KO cells (Fig.  4c), 

consistent with a pro-vascular/VM-supportive signature 
in PAK4KO cells.

Inspection of VM-relevant effectors supported these 
pathway-level findings. PAK1KO cells exhibited signifi-
cant reductions in EphA2, MCAM and RhoA (Fig.  4b), 
consistent with reduced tube formation and migration 
(Fig.  3a, c). PAK1&4KO cells showed broader suppres-
sion of VM-associated proteins, including significant 
reductions in EphA2, MCAM, Ras homolog family mem-
ber A (RhoA) and Rho-associated coiled-coil containing 

Fig. 4  Proteomics identified PAK1-dependent suppression of EPH–Ephrin signalling and genotype-specific VM effector regulation. (a, e) PPI networks 
highlighting EPH–Ephrin signalling downregulation (Reactome) in PAK1KO (a) and PAK1&4KO (e). (c) PPI network highlighting blood vessel morpho-
genesis enrichment (GO Biological Process) in PAK4KO. (b, d, f) VM-related protein abundance changes (EphA2, MCAM, RhoA ± ROCK2). LFQ, label-free 
quantification; FC, fold change; ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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protein kinase 2 (ROCK2) (Fig.  4f ), consistent with 
reduced VM in tumours (Fig. 1d). Conversely, PAK4KO 
cells showed an opposing pattern, with significant 
increases in MCAM and RhoA (Fig.  4d), providing a 
molecular basis for enhanced tube formation in PAK4KO 
cells (Fig. 3a).

Discussion
Our previous study established distinct vascular func-
tions of PAK1 and PAK4 in pancreatic tumours: PAK1 
inhibition suppressed tumour growth and promoted 
vascular normalisation (reduced angiogenesis and 
increased vessel stability), whereas PAK4 knockout 
enhanced gemcitabine efficacy with variable effects on 
tumour regression [11]. Building on this framework, 
the present study showed that PAK1&4KO inhibited 
VM, providing a complementary mechanism of vascular 
reprogramming beyond alterations in endothelial angio-
genesis. PAK1&4KO reduced tumour growth by decreas-
ing tumour volume and produced a paler macroscopic 
phenotype (Fig. 1a–c). Given the significantly reduced 
necrotic area in PAK1&4KO tumours (Fig. S1b), the 
tumour weight may not accurately reflect viable tumour 
growth because tumour weight can be excessively influ-
enced by differences in necrosis, oedema/haemorrhage, 
and non-malignant stromal/ECM content; therefore, 
tumour volume was prioritised as the primary growth 
factor in this study [16].

PAK1&4KO decreased PAS⁺/CD31⁻ VM structures 
but did not affect endothelial abundance as overall CD31 
expression remained unchanged (Fig. S4d), indicat-
ing that PAK1&4KO predominantly restricted tumour-
cell vascular plasticity rather than depleting endothelial 
vessels.

The inhibition of VM by PAK1&4KO was associ-
ated with downregulation of EphA2, VE-cadherin, and 
MCAM. EphA2 and VE-cadherin are established regula-
tors of VM network formation and tumour cell endothe-
lial-like behaviour, with prior work demonstrating that 
VE-cadherin modulates EphA2 activity in the context 
of VM [17]. MCAM/CD146 has been implicated in vas-
cular-interactive phenotypes and VM-associated states 
across tumour types [18]. The reductions in EphA2⁺VE-
cadherin⁺ and EphA2⁺MCAM⁺ tumour cell subsets, 
alongside decreased CD31-associated VE-cadherin/
MCAM signals, suggest that PAK1&4KO limits both 
VM-competent tumour cell populations and their vascu-
lar interface.

Increased HIF-1α expression in PAK1&4KO tumour, 
while decreased HIF-1α levels in PAK1&4KO cells, sug-
gested that increased hypoxia in tumour is likely micro-
environment-driven (Fig. 1f-g). VM is proposed to act as 
an adaptive perfusion strategy under stress, and hypoxia 
is a recognised inducer of VM-associated programmes in 

multiple tumour settings, including pancreatic cancer [4]. 
In this context, our findings indicated that reduced VM 
as an alternative perfusion route may increase hypoxia 
signalling, even when CD31⁺ endothelial content is 
preserved.

Our data indicated a PAK-isoform–dependent regu-
lation of VM. In vitro, PAK1KO reduced tube forma-
tion and migration (Fig. 3a, c), implying decreased VM 
frameworks, emphasising tumour-cell plasticity as a 
prerequisite for network formation [19]. The reduction 
of EPH–Ephrin signalling (Fig. 4a, e) and downregula-
tion of core VM effectors—EphA2, MCAM and RhoA, 
by PAK1KO and PAK1&4KO from the proteomic study 
(Fig. 4b, f ) showed clear mechanism involved in the 
impaired migration and tube formation (Fig. 3). In con-
trast, PAK4KO increased tube formation (Fig. 3a) and 
displayed an enriched blood vessel morphogenesis signa-
ture (Fig. 4c), with increased abundance of MCAM and 
RhoA (Fig. 4d), indicating that PAK4KO shifted tumour 
cells toward a VM-permissive state. Notably, VM was not 
significantly altered in vivo by PAK1KO or PAK4KO (Fig. 
S3). PAK1KO reduced endothelial angiogenesis [10, 11]. 
This suggests that VM may be maintained independently 
of endothelial vessel abundance in vivo, that microenvi-
ronment-driven plasticity preserved tumour perfusion 
routes despite reduced angiogenesis. Together, these 
findings support a model in which robust VM suppres-
sion requires simultaneous knockout of PAK1 and PAK4.

PAK family kinases are well-recognised downstream 
effectors of Rac and Cdc42 that coordinate cytoskel-
etal remodelling, cell–cell adhesion, and vascular pat-
terning through regulation of actin dynamics and Rho 
GTPase signalling [20, 21]. Both EphA2 signalling and 
VE-cadherin-mediated junctional organisation are highly 
dependent on these cytoskeletal processes, and EphA2 
is a central regulator of VM, functioning through VE-
cadherin and MCAM-dependent pathways [7, 22–24]. 
Consistent with these established mechanisms, our pro-
teomic and in vivo analyses demonstrate that combined 
PAK1/PAK4 knockout is associated with suppression of 
Eph–Ephrin signalling components and reduced expres-
sion of EphA2, VE-cadherin, and MCAM in tumours.

RhoA/ROCK signalling represents an additional 
point of convergence linking PAK activity to VM. PAK1 
has been reported to negatively regulate RhoA signal-
ling through phosphorylation of upstream regulators, 
whereas PAK4 can modulate actin organisation and 
adhesion in a context-dependent manner [25–27]. This 
provides a mechanistic explanation for our observation 
that PAK4 knockout alone enhances tube-like struc-
ture formation and is associated with increased MCAM 
and RhoA pathway activity, while concurrent knock-
out of both PAK1 and PAK4 decreases RhoA/ROCK 
expression and suppresses VM formation in vivo. These 
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findings suggest that functional redundancy and cross-
regulation between PAK1 and PAK4 are required to 
maintain the cytoskeletal plasticity and adhesive inter-
actions necessary for VM. Together, these data support 
a model in which PAK1/PAK4 coordinate with EphA2–
VE-cadherin–MCAM signalling through Rho GTPase-
dependent cytoskeletal control, thereby enabling VM 
formation, while dual kinase knockout disrupts this net-
work and suppresses VM.

Anti-VEGF approaches have not improved survival in 
PDA clinical trials, underscoring the need to target non-
endothelial vascularisation mechanisms [2]. In this study, 
concurrent knockout of PAK1 and PAK4 suppressed VM 
without substantially altering CD31⁺ endothelial abun-
dance, indicating a non-endothelial signalling depen-
dency that may be therapeutically relevant. Importantly, 
our study defines a tumour-cell–intrinsic genetic depen-
dency of VM on concurrent loss of PAK1 and PAK4, 
rather than evaluating pharmacological PAK inhibition. 
Given that non-selective Group I PAK inhibition can 
be limited by on-target toxicity associated with PAK2 
engagement [28, 29], any translational extension of these 
findings would most plausibly rely on isoform-selective 
approaches that minimise PAK2 inhibition. Notably, 
highly selective PAK1 chemical probes such as NVS-
PAK1-1 have been developed with substantially weaker 
activity against PAK2 than against PAK1, enabling inter-
rogation of PAK1 biology with reduced PAK2 engage-
ment [30]. In parallel, PAK4-targeting compounds have 
shown anti-tumour activity in preclinical studies [31, 32]. 
Together, these observations support a hypothesis-gener-
ating framework in which selective PAK1 inhibition com-
bined with PAK4 targeting could be explored to disrupt 
VM-associated signalling, pending rigorous optimisation 
of selectivity, target engagement, and safety.

Methods
Cell culture
Murine pancreatic cancer KPC lines (WT, PAK1KO, 
PAK4KO, PAK1&4KO) were generated as described 
previously [33] and maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) + 5% foetal bovine serum (FBS) 
(Thermo Fisher Scientific, Melbourne, Australia) at 37 
°C, 5% CO₂.

Animal studies
All procedures were approved by the Austin Health Ani-
mal Ethics Committee (A2022-05797; A2023-05849). 
Male SCID or C57BL/6 (BL6) mice (7 weeks old) 
received subcutaneous injections into the flank (0.5–1 
× 10⁶ cells in 100 µL per injection) and were moni-
tored for 3 weeks. Tumour volume (mm³) was calcu-
lated as V = 0.5 × L × W 2. At the endpoint, tumours 
were excised and weighed. PAK1&4KO tumours did not 

establish in BL6 mice [12]; therefore, double-knockout 
tumour analyses were confined to SCID mice.

To compare macroscopic tumour colour differences, 
endpoint photographs were converted to 8-bit greyscale 
in ImageJ. Each tumour was segmented to generate a 
whole-tumour region of interest (ROI) by selecting the 
external tumour boundary using the Wand (Tracing) tool 
with visual verification to exclude background. Mean 
grey value was measured within the tumour ROI. For 
background normalisation, a standardised local back-
ground ROI was placed on a clean area adjacent to each 
tumour (avoiding shadows, glare, and tumour edges) to 
measure background mean grey value. Tumour light-
ness was expressed as the mean grey value ratio (tumour/
background), calculated as tumour mean grey value 
divided by background mean grey value.

IHC and PAS/CD31 vasculogenic mimicry
Formalin-fixed, paraffin-embedded tumours were sec-
tioned (5  μm) using a Leica RM2245 microtome (Leica 
Biosystems, Nussloch, Germany). Antigen retrieval 
was performed in 10 mM Tris–EDTA (pH 9.0) at 99  °C 
for 30  min (Table S1). DAB-based IHC was performed 
using peroxidase blocking and HRP-polymer detection 
reagents (Agilent Technologies, Glostrup, Denmark) with 
primary antibodies listed in Table S2. Whole-slide images 
were acquired on an Aperio AT2 scanner (Leica Biosys-
tems). For quantitative analysis, necrotic regions were 
manually excluded, and marker-positive area was quan-
tified in HALO v4.1 (Indica Labs, Albuquerque, NM, 
USA) using fixed thresholds across all samples. For vas-
culogenic mimicry (VM) assessment, sections were first 
stained for CD31 by IHC and subsequently stained with 
a periodic acid–Schiff (PAS) kit (ab150680; Abcam, Cam-
bridge, UK). VM structures were defined and quantified 
as PAS⁺/CD31⁻ regions in HALO v4.1.

Immunoblotting
Cells were lysed in 2× loading buffer (Table S1), resolved 
by 10% SDS–PAGE, transferred to nitrocellulose, and 
probed for HIF-1α, PAK1, PAK4, and GAPDH (Table 
S3). Signals were detected with HRP goat anti-rabbit IgG 
(Bio-Rad, Hercules, CA, USA) and ECL Select™ (Cytiva, 
Amersham, UK) and quantified in ImageJ with GAPDH 
normalisation.

Multiplex Immunohistochemistry (mIHC)
Sequential TSA-based staining was performed with one 
primary antibody per round, followed by HRP secondary 
and tyramide–Alexa Fluor deposition, with repeat anti-
gen retrieval between rounds. Staining order/dyes were 
CD31 (AF647), VE-cadherin or MCAM (AF555), and 
EphA2 (AF488). Slides were counterstained with Spec-
tral DAPI (Akoya Biosciences, Marlborough, MA, USA), 
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mounted with VECTASHIELD (Vector Laboratories, 
Burlingame, CA, USA), scanned on a Zeiss Axioscan 7 
(Carl Zeiss AG, Oberkochen, Germany), and quantified 
in HALO v3.0.1 (Indica Labs) using constant thresholds.

Tube formation
Geltrex™ Basement Membrane Matrix (A1413202, 
Thermo Fisher Scientific) was thawed overnight at 4  °C 
and handled on ice. Pre-chilled 24-well plates were coated 
with 0.1 mL Geltrex per well and incubated at 37 °C for 
30 min to allow polymerisation. WT, PAK1KO, PAK4KO 
and PAK1&4KO cells were resuspended in serum-free 
DMEM at 2 × 10⁵ cells/mL, and 0.25 mL (~ 5 × 10⁴ cells) 
was seeded onto each coated well. After 14–20  h incu-
bation at 37  °C in 5% CO₂, tube-like network structures 
were imaged using an inverted microscope at 4× mag-
nification, and the number of tubes per well was quanti-
fied manually by an observer blinded to group allocation. 
Each condition was analysed in four technical replicates.

Wound healing assay
Monolayers (~ 80% confluence) in 6-well plates were 
scratched with a 200 µL tip, washed with PBS, and 
imaged at 0, 24, and 48 h (4×; Leica Microsystems, 
Mannheim, Germany). Migration rate and wound heal-
ing (%) were calculated for 0–24 h as described [34] 
(triplicate).

Proteomics
Global proteomics of KPC WT, PAK1KO, PAK4KO, and 
PAK1&4KO cells was performed as previously described 
[11]. Briefly, cells were lysed in RIPA supplemented with 
protease/phosphatase inhibitors (Roche, Mannheim, 
Germany), and proteins were processed for liquid 
chromatography/mass spectrometry (LC–MS) using 
data-independent acquisition (DIA) (Table S1). Quantifi-
cation and statistics were conducted in Perseus v2.1.3.0 
using four biological replicates per group, with proteins 
retained if ≥ 3 valid values per group; differential abun-
dance was assessed by two-sample Student’s t-test with 
permutation-based false discovery rate (FDR) control 
(S₀ = 0.1; FDR < 0.05), and volcano plots were generated. 
STRING/Cytoscape network and enrichment analyses 
were performed as reported [11].

Statistical analysis
Data are presented as mean ± standard error of the mean 
(SEM). Comparisons between two groups were per-
formed using an unpaired, two-tailed Student’s t-test. 
For ≥ 3 groups, one-way ANOVA with Dunnett’s mul-
tiple comparisons test was used. For analyses involving 
two independent variables, two-way ANOVA (including 
interaction) with Sidak’s multiple comparisons test was 
applied. Statistical significance was defined as P < 0.05. 

Analyses were performed using GraphPad Prism v10.6.0 
(GraphPad Software, San Diego, CA, USA).
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