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Abstract

Pancreatic adenocarcinoma (PDAC) is a major unmet medical need and a deeper understanding of 

molecular drivers is needed to advance therapeutic options for patients. We report here that p21-
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activated kinase 1 (PAK1) is a central node in PDAC cells downstream of multiple growth factor 

signalling pathways, including hepatocyte growth factor (HGF) and MET receptor tyrosine kinase. 

PAK1 inhibition blocks signalling to cytoskeletal effectors and tumour cell motility driven by 

HGF/MET. MET antagonists, such as onartuzumab and crizotinib, are currently in clinical 

development. Given that even highly effective therapies have resistance mechanisms, we show 

that combination with PAK1 inhibition overcomes potential resistance mechanisms mediated 

either by activation of parallel growth factor pathways or by direct amplification of PAK1. 

Inhibition of PAK1 attenuated in vivo tumour growth and metastasis in a model of pancreatic 

adenocarcinoma. In human tissues, PAK1 is highly expressed in a proportion of PDACs (33% 

IHC score 2 or 3; n = 304) and its expression is significantly associated with MET positivity (p < 

0.0001) and linked to a widespread metastatic pattern in patients (p = 0.067). Taken together, our 

results provide evidence for a functional role of MET/PAK1 signalling in pancreatic 

adenocarcinoma and support further characterization of therapeutic inhibitors in this indication.
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Introduction

Pancreatic adenocarcinoma (PDAC) accounts for over 90% of reported cases of pancreatic 

cancer and is the fourth leading cause of cancer-related deaths in the United States [1]. 

Treatment of pancreatic cancer remains an enormous clinical challenge and 75% of patients 

die within 12 months of their diagnosis, with a median survival of 6–8 months. Complete 

surgical resection is still the only potentially curative approach [2]. However, patients with 

locally advanced or metastatic pancreatic cancer are ineligible for surgical intervention, and 

even following resection with negative margins and adjuvant chemoradiation, most patients 

have recurrent disease 1 year after surgery [3,4]. Accordingly, poor prognosis in PDAC is 

also associated with tumour cell migration and invasion [5], and destruction of adjacent 

structures, including the duodenum, biliary tree, and neural ganglia in the retroperitoneum, 

is associated with the reduced quality of life and extreme pain that are characteristic of 

pancreatic cancer [6]. Although the last decade has seen major improvements in our 

understanding of the molecular drivers of PDAC [7], molecular events driving these later 

stages of disease development and dissemination are still not well known.

Hepatocyte growth factor/scatter factor (HGF/SF) was originally identified as a liver 

mitogen and fibroblast-derived epithelial motility factor, and is the only physiological ligand 

for the MET receptor tyrosine kinase [8]. Both HGF and MET are elevated in multiple 

cancers, including PDAC [9], and are associated with increased tumour cell invasion, distant 

metastases, and poor prognosis [8]. MET has also recently been suggested to be a marker for 

pancreatic cancer stem cells [10] and its expression is elevated in a model of chronic 

pancreatitis, a risk factor for PDAC [11]. Based on the accumulating evidence on the 

importance of HGF/MET signalling in tumourigenesis, various small and large molecule 

inhibitors have entered preclinical and clinical development [8]. Onartuzumab is a 

humanized, monovalent monoclonal antibody that binds to the semaphorin domain of MET 
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and thereby blocks ligand binding and subsequent receptor activation [12,13]. Onartuzumab 

is currently being evaluated in phase II and III clinical studies in combination with erlotinib, 

bevacizumab, and chemotherapy, and data for both clinical efficacy and therapeutic 

resistance mechanisms have been disclosed [14,15].

Ligand-induced MET dimerization activates its tyrosine kinase activity and 

autophosphorylation on multiple catalytic domain and carboxy-terminal residues that serve 

as docking sites for several adaptor proteins and signalling molecules [8]. The most well-

characterized effectors for MET signalling are the RAS–MAPK and PI3K–AKT pathways. 

However, another key cytoplasmic signalling cascade downstream of HGF/MET is mediated 

by RAS-related C3 botulinum toxin substrate 1 (RAC1)/cell division control protein 42 

(CDC42) and p21-activated kinases (PAKs) to elicit cytoskeletal changes for cell migration 

and adhesion [16]. Group I PAKs (PAK1–3) are activated by direct interaction with RAC/

CDC42 via a conserved p21-binding domain (PBD) and can induce lamellipodium 

formation [17]. PAK1 also localizes to sites of membrane ruffles and focal adhesions, and 

co-immunoprecipitates with paxillin, a component of focal adhesions [18]. Moreover, active 

RAC1 transduces signals via PAK1 to induce disassembly of E-cadherin-based adhesions, a 

process that may require the interaction of PAK1 with the E-cadherin-associated protein, β-

catenin [19,20]. Although a number of PAK substrates have been associated with promoting 

tumour invasiveness and metastasis [18,21], the manner in which PAK1 orchestrates its 

effects on the cytoskeleton may be both cell type- and context-dependent.

The PAK family member that is most validated as a therapeutic target in cancer is PAK1 

[21–25]. However, the contribution of PAK1 to HGF/MET-mediated tumourigenesis is not 

yet well understood. Given the potential importance of this signalling axis to pancreatic 

cancer, we sought to investigate the extent to which this pathway might drive human PDAC. 

We show that MET and PAK1 are frequently co-expressed in human PDAC tissues and 

inhibition is efficacious in PDAC cell lines and tumours. Furthermore, although multiple 

secreted growth factor ligands or direct amplification of PAK1 attenuated the effectiveness 

of single agent onartuzumab treatment, combined inhibition of MET and PAK1 maximizes 

inhibition of tumour cell motility and combination therapy increases therapeutic benefit.

Materials and methods

Tissue samples

For pancreatic adenocarcinomas from University Hospital Dresden, tissue microarrays of 

143 patients were obtained after surgical resection for pancreatic cancer. Samples were 

collected from 1993 to 2010, and most of the patients did not undergo adjuvant 

chemotherapy (39 patients were treated with 5FU or gemcitabine). Informed consent was 

obtained for each patient, following review by the Human Ethics Committee 

Ethikkommission an der Technischen Universität Dresden.

Tissues from Johns Hopkins University were obtained from patients with pancreatic 

adenocarcinoma who enrolled in a phase II study of an allogeneic granulocyte macrophage 

colony-stimulating factor-secreting whole cell vaccine [26]. Written informed consent was 

obtained in compliance with the Johns Hopkins Medical Institution Institutional Review 
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Board-approved protocol with approval number #00–01–13–02. An additional cohort of 

patient samples was obtained from the Gastrointestinal Cancer Rapid Medical Donation 

Program. Use of all human tissue samples from resection specimens and autopsy 

participants was approved by Johns Hopkins Institutional Review Board and obtained after 

informed consent [27,28]. Each patient was classified as having either oligometastatic (10 or 

fewer metastases) or widespread (>10) metastatic PDAC.

Immunohistochemical analysis

For immunohistochemistry (IHC), formalin-fixed, paraffin-embedded tissue sections were 

incubated with anti-PAK1 rabbit polyclonal antibody (catalogue number 2602; Cell 

Signaling Technology, Danvers, MA, USA) [25], anti-total MET rabbit monoclonal 

antibody (clone SP44; Ventana, Tucson, AZ, USA) [29] or anti-β-catenin mouse monoclonal 

antibody (clone 14; BD Pharmingen, San Diego, CA, USA) [30,31]. PAK1 IHC was 

performed as described previously [25]. For p53 IHC, anti-p53 mouse monoclonal antibody 

(clone DO-1; Calbiochem, EMD Biosciences, Billerica, MA, USA) was used to detect wild-

type and mutated p53 expression. The slides were pretreated in a pressure cooker in citrate 

buffer (pH 6.0) for 25 min at 98°C. For staining, the p53 antibody in a 1 : 1500 dilution was 

applied for 30 min and detection was performed using the Ultra Vision LP Kit with DAB. In 

addition, for MET and β-catenin IHC, detection was carried out on the Ventana Benchmark 

XT autostainer (Ventana Medical Systems, Tucson, AZ, USA), and pretreatment was done 

with Cell Conditioner 1 using the standard incubation time. For MET IHC, sections were 

incubated with primary antibody for 16 min at 37°C, followed by incubation with Ventana 

Ultra View HRP reagent. For β-catenin IHC, sections were incubated with primary antibody 

for 60min at 37 °C, followed by incubation with Ventana Rabbit OmniMap HRP reagent for 

32 min. Ventana DAB and Hematoxylin II reagents were used for chromogenic detection 

and counterstaining. Isotype-matched antibody and tissue controls were included in all 

experiments. The intensity of PAK1 and MET expression was scored separately in the 

cytoplasm and nuclei of neoplastic cells on a semi-quantitative scale of 0–3. The highest 

intensity score among replicate cores was used as the score for each patient. All cases were 

scored blind to clinicopathological data.

Cell culture and viability assays

Cells were acquired from the American Type Culture Collection (Manassas, VA, USA). 

DNA copy number was determined by Illumina HumanOmni SNP Array [32]. Cells were 

treated with short interfering RNAs (Dharmacon, Chicago, IL, USA), IPA-3 [33], crizotinib 

(PF02341066) [34], and onartuzumab [13]. Cellular viability was assessed via CellTiter-Glo 

(Promega, Madison, WI, USA).

Secreted factor screen

Recombinant purified secreted factors were prepared as described previously [35]. Equal 

volumes of diluted factor (final concentration 50 ng/ml) were arrayed into 96-well plates 

pre-seeded with AsPC-1 cells transfected with either non-targeting or PAK1-specific siRNA 

oligonucleotides. Cell migration was determined via Incucyte wound healing assay (Essen 

Bioscience, Ann Arbor, MI, USA). Secreted factors were prioritized for follow-up 
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experiments based on the extent of ligand-induced tumour cell motility (>2-fold over 

control) and significant PAK1 dependency (>25% reduction following PAK1 knockdown 

relative to non-targeting control siRNA).

Mouse models of pancreatic adenocarcinoma

All animals were maintained in accordance with guidelines of the American Association of 

Laboratory Animal Care (Approval # MO08M142). The mouse liver metastasis model was 

established using a previously described hemispleen injection technique [36,37]. KPC cells 

(2 × 106) stably transduced with doxycycline (DOX)-inducible short-hairpin RNA 

constructs targeting either LacZ control or murine PAK1 were injected into the splenic bed 

(splenic artery and veins) through one hemispleen, followed by a flush with the HBSS 

buffer. All mice received drinking water supplemented with 5% sucrose or 5% sucrose plus 

1 mg/ml DOX. At necropsy, mice were examined macroscopically and multiple sections of 

livers and splenic bed injection sites were examined microscopically with H&E staining. 

Xenograft tumour studies with the KP4 line were carried out as previously described [38].

Results

PAK1 is downstream of multiple growth factors and is essential for the motility of 
pancreatic adenocarcinoma cells

In order to characterize growth factor signalling pathways that are mediated by PAK1, a 

phenotypic screen was conducted using AsPC-1 pancreatic adenocarcinoma cells. AsPC-1 

cells express high levels of PAK1 as well as a number of cell surface receptors whose 

cognate ligands were included in a custom library of 446 secreted factors (Supplementary 

Figure 1) [35]. Given that the most well-conserved evolutionary role of PAK1 is in the 

regulation of cellular motility, we used a wound migration assay and an Essen Bioscience 

Incucyte platform to collect and analyse relative wound densities from phase-contrast time-

lapse images of cells. This method is based on creating a scratch on a confluent cell 

monolayer and motile cells at the leading edge close the gap until new cell–cell contacts are 

re-established [39]. Hepatocyte growth factor (HGF), epidermal growth factor (EGF) family 

ligands including EGF, beta cellulin (BTC), and neuregulin (NRG), and insulin-like growth 

factor 1 (IGF-1), as well as fibroblast growth factor (FGF), promoted cell motility in a 

PAK1-dependent manner (Figure 1A and Supplementary Figure 1). Similar results were 

obtained for multiple PDAC cell lines (Supplementary Figure 2). Enhanced AsPC-1 cell 

motility was associated with elevated PAK1 activity for these ligands, as measured by time-

dependent autophosphorylation on Ser144 (Figure 1B). MET-mediated activation of PAK1 

was further confirmed by treatment with HGF and/or crizotinib kinase inhibitor using 

additional pancreatic cancer cell lines, KP4×1.1 (KRAS mutant; Figure 1C) and BxPC3 

(KRAS wild-type, Supplementary Figure 3). KP4×1.1 cells were generated by in vivo 

passaging of KP4 tumours (see the Materials and methods section) [38].

Although KP4×1.1 has autocrine HGF production and basal levels of MET phosphorylation 

are high, this cell line can be further stimulated by exogenous HGF (Figure 1C, lane 2). Both 

PAK1-Ser144 and MEK1-Ser298 effector phosphorylation were dependent on MET 

catalytic activity in KP4×1.1 cells. Consistent with the cell motility phenotype observed for 
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AsPC-1 cells, loss of PAK1 in KP4×1.1 cells attenuated HGF-induced signalling to 

cytoskeletal effector proteins, such as paxillin (Figure 1D and Supplementary Figures 4A 

and 4B). In order to regulate pancreatic cell motility (Supplementary Figures 4C and 4D), 

modest changes to the level of G1 and G2/M cell cycle regulators, such as cyclin D1, 

p27Kip1, cyclin E1, and cyclin B1, were observed in response to PAK1 disruption (Figure 

1D), although this did not translate to dramatic changes in cell number at 72 h (< 10% 

decrease as measured by Cell Titer Glo) (Supplementary Figure 6A). Signalling results 

obtained via knockdown were consistent with downstream changes induced by treatment 

with an allosteric inhibitor of group I PAKs [33] (Supplementary Figure 5). Taken together, 

these data suggest that PAK1 may play a role in pancreatic cancer cell motility, especially 

downstream of HGF/MET activation.

Reduced efficacy of onartuzumab in the presence of growth factors is rescued by PAK1 
inhibition

Given that HGF/MET signalling activates PAK1, we sought to compare the effect of MET 

and/or PAK1 inhibition in pancreatic cancer cells. The monovalent anti-MET antibody 

onartuzumab, which is currently in phase III clinical development [13], was utilized to 

interrogate MET function. Neither exogenous HGF nor onartuzumab treatment significantly 

altered KP4×1.1 cell proliferation (Supplementary Figure 6A), although migration in 

Boyden chamber trans well assays was clearly dependent on MET activity (Figure 2A). Loss 

of PAK1 decreased motility to an extent similar to 0.5 µM onartuzumab administration. 

Notably, the efficacy of onartuzumab was diminished in a dose-dependent manner by either 

exogenous HGF or other growth factors (Supplementary Figure 6B), although concurrent 

inhibition of PAK1 restored sensitivity to onartuzumab (Figure 2A, columns 7 and 8). The 

observed migration phenotypes were consistent with onartuzumab- and HGF-induced 

signalling in KP4×1.1 cells (Figure 2B). Onartuzumab treatment in the presence of 100 

ng/ml HGF resulted in only a transient decrease in signalling to proximal effectors and 

cytoskeletal regulators, and phosphorylation rebounded over time (Figure 2B, lanes 10–13). 

Furthermore, KP4×1.1 cells express high levels of IGF-1 receptor and IGF-1 ligand 

SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:
Supplementary materials and methods.
Figure S1. Raw data for secreted protein library screen of PAK1-dependent motility using AsPC-1 cells.
Figure S2. Quantification of PAK1-dependent migration is shown for (A) AsPC-1, (B) KP4x1.1, (C) PSN-1, and (D) Capan-2 cells.
Figure S3. Combined inhibition of PAK1 overcomes HGF-mediated resistance to onartuzumab in KRAS wild-type BxPC-3 cells.
Figure S4. Subcellular localization and contribution to cell motility of PAK1 effectors.
Figure S5. Group I PAK inhibitor, IPA-3, modulates signalling to cytoskeletal-associated proteins similar to RNAi-mediated PAK1 
knockdown in KP4x1.1 cells.
Figure S6. Characterization of growth factor-mediated resistance to onartuzumab in PDAC cells.
Figure S7. Comparison of KP4 and KP4x1.1 cell signalling and efficacy.
Figure S8. Inducible shRNA knockdown of PAK1 inhibits KPC cell motility (A) and proliferation (B).
Figure S9. Haematoxylin and eosin staining of liver showing metastatic tumour formation from mice implanted with KPC-shLacZ 
PDAC tumour cells.
Figure S10. Representation images of PAK1 immunochemistry of PDAC tissues showing (A) negative, (B) low, (C) moderate, and 
(D) high staining intensity.
Figure S11. Bioinformatics analysis of MET and PAK1 mRNA expression in PDA and non-small-cell lung cancer (NSCLC) 
adenocarcinoma.
Figure S12. Representative images of SP44 anti-MET and anti-β-catenin immunohistochemistry.
Figure S13. Elevated PAK1 expression may be associated with clinical metastasis.
Table S1. IHC and ISH data for PAK1, PAK4, MET, and p53 in PDAC.
Table S2. MET, PAK1, and β-catenin mRNA and protein expression are correlated in pancreatic adenocarcinoma.
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stimulation in the presence of onartuzumab also induced reactivation of these effector 

pathways (Supplementary Figure 6C). To obtain further support for modulation of PAK1 as 

a rheostat for HGF/MET-induced migration, the efficacy of onartuzumab with either 

knockdown or ectopic expression of PAK1 was compared (Figure 2C). Of note, PAK1 

signalling and cell migration were significantly elevated in KP4×1.1 versus KP4 parental 

cells (Supplementary Figures 7A and 7B) and KP4×1.1 tumour growth was resistant to MET 

inhibition (Supplementary Figure 7C). Elevated PAK1 expression increased motility and 

direct dysregulation of PAK1 could be a potential mechanism of resistance to MET 

inhibition (Figure 2C, columns 5 and 6).

HGF/MET signalling converges on critical downstream effectors in addition to PAK1, such 

as phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) 

pathways [8]. GDC-0973 (cobimetinib) and GDC-0941 (pictilisib) are highly selective small 

molecule inhibitors of MAPK/ERK kinase (MEK) and class I PI3Ks, respectively, which are 

currently in advanced clinical development [40,41]. Together with IPA-3, an allosteric 

inhibitor of group I PAKs [33], these compounds were utilized to ascertain the relative 

contribution of the PAK, PI3K, and MAPK pathways to HGF-mediated pancreatic tumour 

cell motility (Figure 2D). The predominant pathway for HGF-induced KP4×1.1 motility was 

mediated by PAKs. Catalytic inhibition PI3Ks attenuated control cell migration and HGF 

reduced the efficacy of GDC-0941. MEK inhibition had no effect. Given the unexpected 

increase in stathmin phosphorylation following PAK1 knockdown (Figure 1D; potentially a 

result of crosstalk or compensatory signalling by other PAKs), we hypothesized that PI3K 

may be upstream of stathmin in PDAC cells [42] and that combined PAK and PI3K 

inhibition could further decrease migration. Analysis of HGF-induced signalling following 

PAK1 siRNA transfection and GDC-0941 treatment showed enhanced inhibition of stathmin 

and paxillin phosphorylation (Figure 2E). In turn, cell migration was also dramatically 

reduced in response to PAK1 and PI3K combined inhibition (Figure 2F). Taken together, 

these experiments further demonstrate the significance of PAK1 in pancreatic tumour cell 

motility.

Efficacy of onartuzumab on PAK1-amplified YAPC migration is effectively enhanced by 
PAK1 inhibition

Focal genomic amplification of PAK1 has been reported for several tumour indications 

[23,25]. Although PAK1 copy number alteration is infrequent in pancreatic adenocarcinoma, 

YAPC cells have focal, high-level amplification of PAK1 (Figure 3A) and provide an 

interesting model to examine MET signalling in the context of direct dysregulation of PAK1 

by the tumour [43]. An analysis of HGF/MET and PAK1 signalling was performed using 

exogenous HGF, onartuzumab, and PAK1 knockdown (Figure 3B) to demonstrate that 

combined PAK1 and MET inhibition decreased phosphorylation of c-Jun and STAT3 at 

sites required for transactivation of these transcription factors (Figure 3B, lanes 13–16). In 

addition, signalling to cytoskeletal effectors, such as paxillin and stathmin, was more 

effectively attenuated by the combination treatment. Of note, in the context of PAK1 

amplification in YAPC cells, onartuzumab as a single agent had only a modest effect in 

blocking downstream signalling to these pathways (Figure 3B, lanes 9–12). Long-term 

activation of MET was modelled via HGF addition for 72 h (Figure 3C), and levels of 
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vimentin, a marker of epithelial–mesenchymal transition, were elevated by HGF in a 

strongly PAK1-dependent manner. Although a reduction in cyclin D1 was observed 

following PAK1 inhibition, changes in cell proliferation were not statistically significant 

(data not shown). We also noted that selective knockdown of PAK1 (upper band) resulted in 

a compensatory increase in PAK2 phosphorylation (lower band) in this cell line (Figures 3B 

and 3C). This may suggest that inhibition of both group I PAK family members would be 

more efficacious. In terms of downstream biology and functional assays, substantial 

inhibition of YAPC migration resulted from PAK1 ablation, and in the presence of 

exogenous HGF, the combination of MET/PAK1 blockade demonstrated the maximal 

phenotype (Figure 3D). Taken together, these results suggest that PAK1 amplification may 

be a resistance factor for onartuzumab and bolster the rationale for concurrent targeting of 

PAK1 and MET.

PAK1 contributes to metastatic tumour spread in a preclinical model of PDAC 
experimental metastasis

In order to evaluate the contribution of PAK1 in a model of pancreatic adenocarcinoma 

growth and metastasis, PAK1 and MET expression and activity were evaluated in murine 

cell lines, KPC and KPP1, which have been derived from genetically engineered mouse 

models of pancreatic adenocarcinoma [44]. KPC cells express high levels of activated PAK1 

and MET (Figure 4A). A doxycycline (DOX)-inducible short-hairpin RNA (shRNA) system 

[23] was utilized for long-term depletion of endogenous PAK1 to further study loss-of-

function effects in vivo. PAK1 or LacZ control shRNAs were introduced into KPC cells and 

selective knockdown was observed in cells and tumour xenografts following treatment with 

DOX for 3 and 7 days, respectively (Figure 4B). The extent of PAK1 knockdown in tumour 

lysates was less than that observed in isolated cell lines due to the presence of PAK1-

expressing, infiltrating stromal cells within the tumour tissues. PAK1 ablation in KPC cells 

led to a reduction in migration and proliferation in shPAK1 + DOX cells, but not in either 

shLacZ +/-DOX or shPAK1 control groups (Supplementary Figures 8A and 8B). No 

apoptosis or cell senescence was observed (Supplementary Figure 8C). After confirming the 

knockdown of PAK1 expression, 2 × 106 cells were injected into the splenic bed prior to 

performing a hemisplenectomy, and mice were given 1 mg/ml DOX and 5% sucrose in the 

drinking water and monitored for survival. Mice injected with KPC cells engineered for 

inducible knockdown of PAK1 survived significantly longer than mice injected with KPC 

cells expressing control shRNA (p < 0.0001; Figure 4C). Necropsy was performed on all 

mice and assessment of the livers revealed that all mice in the control group, but none in the 

PAK1 shRNA group, developed liver macro-metastases (Supplementary Figure 9). Taken 

together, the anti-tumour efficacy of PAK1 loss-of-function in a model of experimental 

metastasis by pancreatic adenocarcinoma supports the conclusion that interfering with 

PAK1 signalling could have therapeutic efficacy in this tumour type.

PAK1 and MET co-expression in human PDAC tissues and correlation to clinical 
metastasis

To determine the possible extent of PAK1 dysregulation in PDAC, we assayed primary 

human and murine tumour tissue samples from 304 patients using immunohistochemistry 

(IHC) (Figure 5A). Robust and selective IHC reactivity of PAK1 antibody had been 
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previously demonstrated [23] (Supplementary Figure 10). In PDAC, 262 (86%) primary 

pancreatic tumour samples were positive for cytoplasmic PAK1 expression and 33.2% of all 

cases showed staining of moderate (2+) or strong (3+) intensity in the malignant cells 

(Supplementary Table 1). Nuclear localization of PAK1 was evident in approximately one-

third of the samples. PAK1 was not appreciably expressed in normal pancreatic acini or 

islets, but was expressed at moderate levels in normal pancreatic ducts adjacent to the cancer 

(Figure 5A). Furthermore, mRNA was purified from two distinct cohorts of PDAC 

specimens (n=127) and PAK1 and MET expression were positively correlated (Figure 5B; p 

< 0.001). Comparable results for PAK1 and MET co-expression were also observed in 

publically available microarray data for PDAC (Supplementary Figure 11A). Given the 

observed connection between PAK1 and MET expression at the mRNA level, a subset of 

PDAC tumour tissues were also analysed and quantified for MET and p53 IHC 

(Supplementary Figure 12A and Supplementary Table 1). Notably, robust PAK1 and MET 

expression was seen in the same tumour tissues (Figure 5C) and also identical tumour cells 

in serial histological sections (Figure 5D). PDAC tissues with elevated PAK1 and MET 

levels also showed membranous β-catenin localization (Supplementary Figure 12B and 

Supplementary Table 1), which can affect cell–cell adhesion through its interactions with E-

cadherin and is consistent with the immunofluorescence imaging performed using PDAC 

cell lines (Supplementary Figure 4A). PAK1 expression and β-catenin expression were also 

well correlated (Figure 5C and Supplementary Table 2). There was no evidence for nuclear 

accumulation of β-catenin or transcriptional up-regulation of WNT-pathway target genes 

such as Axin2 in these tissues (data not shown). To assess whether elevated PAK1 

expression is also associated with clinical metastasis, autopsy specimens from a separate 

cohort of 36 American patients were analysed. PAK1 protein expression correlated with a 

widespread metastatic pattern (p=0.067, chi square test; Supplementary Figure 13), 

consistent with data obtained from experimental models (Figure 4C). Together, these data 

show that PAK1 is broadly up-regulated in human PDAC and that its expression is 

significantly associated with MET positivity and linked to tumour metastasis.

Discussion

The majority of PDAC cases are characterized by alteration in only four genes that are not 

easily tractable targets for pharmacological intervention. Mutations in the KRAS oncogene 

occur in more than 90% of cases and tumour suppressors CDKN2A, p53, and DPC4/

SMAD4 are altered in approximately 95%, 50–75%, and 55% of tumours, respectively [7]. 

Hence, given the poor treatment options and 5-year survival rate for PDAC patients, there is 

a need to identify effective and druggable targets for this disease. Herein, we report that 

PAK1 is highly expressed in human PDAC (Figure 5) and is a key effector of several 

receptor tyrosine kinases, including MET, to regulate the motility of pancreatic 

adenocarcinoma cells (Figure 1). Combination of PAK1 inhibition with MET antagonists 

currently in clinical development, such as onartuzumab, was essential for maximizing 

blockade of cell migration (Figures 2 and Figure 3). PAK1 inhibition also resulted in anti-

tumour efficacy in a liver metastasis model of PDAC (Figure 4C). We demonstrated that 

combined inhibition of PAK1 and class I PI3K, via GDC-0941 (pictilisib) [41], phenocopied 

direct MET inhibition with respect to PDAC cell migration and signalling to the 
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cytoskeleton (Figure 6). Given that GDC-0941 is currently in phase II trials, this 

combination represents another option for further preclinical and clinical validation.

The most well-conserved, evolutionary roles for PAK1 and HGF/MET are in the regulation 

of cell shape, motility, and regulation of the actin and microtubule cytoskeleton [8,17]. 

There are previous reports that PAK family members are activated downstream of HGF to 

drive migration in other indications, such as prostate cancer cell lines [45,46]. Regulation of 

tumour cell motility by this pathway could play a role in promoting the invasive component 

that contributes to the growth of primary pancreatic adenocarcinomas. Tumour cell invasion, 

like the proliferative index, is a histological parameter that is generally associated with poor 

prognosis and can lead to surgical intractability and decreased quality of life for patients. For 

example, the pancreas is proximal to neural plexi in the retroperitoneum, and perineural 

invasion is a frequent source of pancreatic cancer recurrence, even after apparently curative 

surgery [6]. Perineural invasion is also associated with the extreme pain that is frequently 

observed in pancreatic cancer. Inhibition of MET and its associated effectors may also have 

a role in these settings and could delay further tumour invasion and growth.

Additional signalling mechanisms have been suggested for MET and PAK1 signalling, 

including activation of NF-κB [47] and PAK1-mediated feedback to MET activation via the 

regulation of merlin [48]. In our study, the dominant effectors for PAK1 in PDAC cells are 

related to cytoskeletal signalling; however, there are intriguing effectors, such as 

phosphorylation of the c-Jun transcription factor on key residues that are required for 

transactivation (Figure 3B), that warrant further investigation. In addition, characterization 

of PAK1 knockout mice has also allowed investigation of the role of this kinase in glucose 

homeostasis [49]. In pancreatic β-cells, PAK1 participates in insulin granule localization and 

vesicle release via the regulation of actin filament assembly and MAPK pathway signalling 

[50]. Given this physiological role for PAK1 in insulin secretion, glucose intolerance should 

be monitored for PDAC patients potentially treated with future PAK inhibitors. Together 

with our findings, these areas for future investigation may have important implications for 

the development of new strategies and agents for the treatment of PDAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Secreted factor library screen for PAK1-dependent motility identifies PAK1 as transducing 

growth factor signalling to the cytoskeleton. (A) Analysis of 446 tested secreted factors 

administered to AsPC-1 cells transfected with non-targeting control (siNTC) or PAK1-

selective (siPAK1) siRNA for 48 h prior to wounding of the monolayer and treatment with 

50 ng/ml ligand (12 h). (B) Hepatocyte growth factor (HGF), epidermal growth factor 

(EGF), and insulin-like growth factor-1 (IGF-1) drive activation of PAK1, as measured by 

autophosphorylation on Ser144. Duration of treatment is shown in minutes (min). Ligand-
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induced phosphorylation of receptor tyrosine kinases is shown. (C) KP4×1.1 cells were 

treated with either dimethyl sulphoxide (DMSO) or crizotinib (PF02341066) for 2 h and 

then stimulated with HGF for 15 min, and lysates were analysed for phosphorylation of 

PAK1 and MET signalling pathway components. (D) Assessment of PAK1-dependent 

signalling to cytoskeletal-associated proteins in response to HGF treatment.
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Figure 2. 
Combined inhibition of PAK1 overcomes growth factor-mediated resistance to 

onartuzumab. (A) Boyden chamber assay of KP4×1.1 motility towards 5% serum-containing 

medium in the presence or absence of 100 ng/ml HGF and 500 nM onartuzumab for 22 h. 

Migration assay began following 48 h transfection with non-targeting or PAK1 siRNA 

oligonucleotides. *p < 0.05 for siPAK1 compared with control. (B) Analysis of cell 

signalling under similar treatment conditions. Cells were pretreated with onartuzumab for 1 

h. Time points for HGF stimulation were 0, 0.25, 0.5, 1, and 5 h. Elevated signalling by 
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HGF-mediated resistance to onartuzumab is shown in red. *p < 0.05 for PAK1 expression 

modulation relative to control. (C) Boyden chamber assay comparing cell migration 

following either PAK1 knockdown or overexpression in the presence or absence of 100 

ng/ml HGF plus 500 nM onartuzumab for 22 h. (D) Inhibition of KP4×1.1 migration by 

group I PAK (IPA-3) and class I PI3K small molecule inhibitors GDC-0941 (pictilisib), but 

not MEK inhibitor GDC-0973 (cobimetinib). Administered drug concentrations were 0.9 

µM GDC-0973, 0.7 µM GDC-0941, and 40 µM IPA-3. (E) PAK1 is a central node for RTK-

mediated cell motility and combination with PI3K inhibition attenuates signalling to the 

cytoskeleton. Pharmacodynamic analysis of 0.25 µM GDC-0941 treatment and PAK1 

knockdown in the presence or absence of 100 ng/ml HGF treatment for the indicated time 

points (minutes). (F) Combinatorial activity of combined PAK1 and PI3K inhibition on 

wound healing using an IncuCyte imaging system. *p < 0.05 for combination compared with 

single agent treatment controls.
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Figure 3. 
Combined inhibition of PAK1 and MET is efficacious in PAK1-amplified YAPC cells. (A) 

DNA copy number at the PAK1 locus in the YAPC cell line. Copy number estimates at each 

SNP are represented by black circles. Segmented total copy number is depicted by red lines. 

The lesser of the two allele-specific copy numbers is depicted in blue and a value of zero 

indicates LOH. The right vertical axis provides a copy number (CN) scale in units of 

absolute copy number, where 2 would be normal in a diploid cell. The left vertical axis scale 

shows copy number in units of copy number ratio (CNR), which is defined as the local 
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absolute total copy number divided by the genome average for the given sample. (B) 

Combinatorial activity of onartuzumab and PAK1 siRNA on effector signalling to 

proliferation and cytoskeletal pathways. The phosphorylation-specific PAK1 antibody 

detects both p-PAK1(T423) (upper band) and p-PAK2(T402) (lower band) in the 

immunoblot. (C) HGF-mediated vimentin accumulation is PAK1-dependent. YAPC cells 

were treated with 50 ng/ml HGF for 72 h. (D) Wound-healing motility assay for YAPC cells 

treated with 100 ng/ml HGF, 10 µmol/l onartuzumab, and/or PAK1 siRNA.
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Figure 4. 
Inducible shRNA knockdown of PAK1 inhibits PDAC metastasis and prolongs mouse 

survival. (A) Comparison of PAK1 and MET expression and activity levels in cell lines 

derived from genetically engineered PDAC mouse models, KPC and KPP1. (B) Inducible 

PAK1 knockdown in shPAK1, but not shLacZ, stable cell clones and tumours. Cells in 

culture or tumour-bearing mice were treated with 250 ng/ml or 1 mg/ml doxycycline 

(DOX), respectively, to induce knockdown. (C) Kaplan–Meier curves comparing the 

survival of mice receiving KPC cells carrying either control shRNA or PAK1-selective 
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shRNA. Inhibition of PAK1 significantly prolonged survival 90 days post-implantation (p < 

0.0001).
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Figure 5. 
Histological analysis of PAK1 and MET expression in PDAC tissues. (A) Representative 

images of PAK1 immunohistochemistry in normal and PDAC murine tissues. (B) 

Significant correlation of PAK1 and MET mRNA expression in two distinct cohorts of 

human PDAC tissues (n=79 and n=48 samples). Affymetrix probes for PAK1 and MET 

quantification are indicated. (C) Analysis of PAK1 and MET immunoreactivity by a semi-

quantitative histological score (H-score). PAK1 and MET expression were significantly 

associated (Spearman R = 0.3549, p = 0.0002), as were PAK1 and β-catenin expression 

Zhou et al. Page 22

J Pathol. Author manuscript; available in PMC 2015 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Spearman R = 0.3744, p = 0.0001). (D) IHC analysis of adjacent, serial tissue sections of a 

human PDAC tumour to demonstrate PAK1 and MET co-expression. Both cytoplasmic and 

membranous immunohistochemical staining is observed for PAK1, and only membranous 

staining is detected for MET. Scale bar=20µm.
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Figure 6. 
Diagram depicting the mechanism of action for PAK1-and PI3K–mediated regulation of the 

cytoskeleton and PDAC cell migration following HGF and growth factor stimulation. 

Targets of onartuzumab and pictilisib (GDC-0941) are indicated. In the context of growth 

factor-mediated resistance to onartuzumab, combined inhibition of MET and PAK1, or 

PAK1 and PI3K, may be effective strategies to limit tumour migration and invasion.
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