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Abstract 

Pancreatic cancer remains one of the most lethal of all solid tumours with an overall 5-year 

survival rate of 7%. Management has not improved significantly over the last thirty years and  

based on current trends, is expected to become the second leading cause of cancer-related 

mortality by 2030. Treatment options are limited and gemcitabine-based chemotherapy 

remains the standard of care as a single agent. Furthermore, the presence of the dense stroma, 

characteristic of pancreatic cancer, contributes to therapeutic resistance and poor therapeutic 

response. Thus, a better understanding of the underlying genetic and molecular mechanisms is 

urgently required to find targeted and effective therapies.  

There is growing evidence that p21-activated kinases (PAKs) are involved in pancreatic 

carcinogenesis. The PAK family consist of six isoforms, two of which, PAK1 and PAK4, are 

upregulated and/or hyper-activated in pancreatic cancer. PAK1 can mediate many different 

cellular processes including the regulation of cytoskeletal dynamics and cell adhesion, the 

evasion of apoptosis, the promotion of cell survival, proliferation, migration and invasion, the 

fibrosis that constitutes the stroma, and the interplay between cancer cells and the stroma. 

PAK1’s role has not been fully elucidated in pancreatic cancer and has not been evaluated as a 

target for therapeutic intervention. The work presented in this thesis investigates the role of 

PAK1 in pancreatic cancer and the effect of PAK1 inhibitors, alone and in combination with 

gemcitabine, on pancreatic cancer growth, metastasis, stroma, and survival.  

First, we investigated the effect of glaucarubinone, a known inhibitor that reduces the activity 

of PAK1 and PAK4, on pancreatic cancer growth, migration and murine survival. Using 4 

human and 2 murine pancreatic cancer cell lines, PAK1 and PAK4 was expressed in all 

pancreatic cancer cell lines tested and proliferation and migration/invasion inhibited by 

treatment of glaucarubinone with reduction in PAK1 and PAK4 activity in vitro. Synergistic 

inhibition was observed when combined with gemcitabine with decrease in pancreatic cancer 
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proliferation in vitro, decrease in pancreatic cancer growth in human xenograft tumours in vivo, 

and increase in murine survival in an orthotopic immunocompetent model in vivo. This was 

one of the first studies that showed clinical benefit of targeting and reducing PAK1 in 

pancreatic cancer. 

Using more direct methods of reducing PAK1 activity, shRNA knockdown systems, and a 

PAK1 selective inhibitor, FRAX597, were utilised. shRNA knockdown of PAK1 resulted in a 

reduction in pancreatic cancer cell proliferation and survival and sensitised cells to gemcitabine 

in vitro. PAK1 was also found to be key regulator of signalling pathways such as PI3K and 

HIF1α. FRAX597 treatment decreased pancreatic cancer cell proliferation and 

migration/invasion and synergised with gemcitabine to decrease cell proliferation in vitro. 

FRAX597, combined with gemcitabine, reduced pancreatic tumour volume and increased 

murine survival in preclinical orthotopic immunocompetent murine models in vivo. Although, 

further clinical validation is required, it illustrates the clinical potential of a PAK1 inhibitor, 

FRAX597, combined with gemcitabine to improve pancreatic cancer patient outcomes.    

PAK1’s role was investigated in pancreatic stellate cells (PSCs), which are primarily 

responsible for the fibrosis that constitutes the pancreatic cancer stroma. This was the first 

study to show the presence of PAK1 activity in isolated human PSCs. The treatment of the 

selective PAK1 inhibitor, FRAX597, on PSCs resulted in a reduction in their activation, 

proliferation, and increase in apoptosis in vitro. PAK1 knockout mice tumours had decreased 

expression and activity of PAK1, associated with increased murine survival, showing the effect 

of depleting host PAK1 in an orthotopic immunocompetent murine model in vivo. These results 

implicate PAK1 as a regulator of PSC activation, proliferation and apoptosis and targeting 

stromal PAK1 could increase therapeutic response and survival of patients with pancreatic 

cancer. 
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Together, these results illustrate the importance of PAK1 signalling in pancreatic cancer and 

the possible therapeutic benefit of targeting PAK1 with gemcitabine on pancreatic cancer 

growth and the stroma to increase the survival of pancreatic cancer patients.  
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TGF-β  transforming growth factor β  
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1.1 Introduction 

Pancreatic cancer is the fifth and fourth leading cause of cancer-related deaths in Australia and 

the United States, respectively and is expected to become the second leading cause of cancer-

related deaths by 2030, based on current management without significant improvements in 

treatment (5, 180). It is one of the most difficult human malignancies to treat with a dismal 

five-year survival rate of around 7% and the mortality rate almost equalling the rate of 

diagnosis (79, 198).  

More than 80% of newly diagnosed patients present with advanced, metastatic cancer where 

curative treatments are not possible (24). Although many patients are not eligible, surgical 

resection remains the only treatment with curative potential. Hence, there is a reliance on 

therapeutics, although currently available agents are largely ineffective. As a single agent, 

gemcitabine-based chemotherapy continues to be the standard of care for pancreatic cancer 

patients although it confers only modest survival benefits with a median survival of 6.7 months 

(32, 185). There have been some recent minor advances in chemotherapeutic regimens, with 

the addition of nab-paclitaxel to gemcitabine, improving the median survival by roughly 2 

months compared to gemcitabine alone, and the combination chemotherapy regimen of 

FOLFIRINOX (which is a combination of 5-FU, oxaliplatin, irinotecan, and leucovorin), 

improving the median survival by roughly 4 months compared to gemcitabine alone (34, 223). 

However, these chemotherapeutic agents have cytotoxic effects and their therapeutic response 

is often poor and chemoresistance is high (129). In order to develop more targeted and effective 

therapies there is an urgent need to focus on understanding the pathological mechanisms 

responsible for cancer development and progression at the molecular level.  

The p21-activated kinases (PAKs) play a pivotal role in carcinogenesis but have not been 

studied extensively in pancreatic cancer. There is some evidence that PAKs play particular 
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importance in pancreatic cancer and may be a suitable therapeutic target to improve the 

management of patients with pancreatic cancer.  

1.2 p21-Activated Kinases (PAKs) 

PAKs were first discovered in 1994 by Manser and colleagues in a search for new proteins that 

interacted with small Rho-like G-proteins (139). These small Rho-like G-proteins were 

designated as p21 proteins, as they have a molecular weight of 21 kDa, and include proteins 

such as Ras, Cdc42 and Rac. Under homeostasis, PAKs play a role in many cellular processes 

such as cell cycle regulation, cell polarity, gene transcription and translation, and cytoskeletal 

reorganisation (57, 256). More importantly, they have been found to be upregulated or hyper-

activated in a variety of human malignancies (81, 215, 218).  

Mammalian PAKs are a family of non-receptor serine/threonine kinases with six known 

isoforms (101). Based on their architectural similarities these isoforms can be divided into two 

groups: group 1 (PAKs 1-3) and group 2 (PAKs 4-6) (Figure 1.2) (90). All PAKs have a 

conserved C-terminal kinase domain and an N-terminal regulatory domain containing a p21-

binding domain (PBD), with group 1 PAKs having an additional auto-inhibitory domain (AID) 

and a PAK interacting exchange factor binding domain (PIX). Group 1 PAKs share a greater 

than 90% identity in their kinase domains and a 50% identity with the kinase domains of group 

2 PAKs. Due to the overlapping and/or redundant functions among PAK isoforms, PAK 

isoform-specific targeting has been challenging (53). Furthermore, multiple PAKs are often 

expressed in the same tissues: PAK2 is ubiquitously expressed; PAK1, PAK3 and PAK5 are 

detected in the brain; whereas PAK4 and PAK6 are expressed in prostate and testis; and PAK1 

and PAK4 are expressed in the colon (18). PAK2 or PAK4 play a crucial role in the 

development of the embryo as their gene deletion results in embryonic lethality in mice (177). 

These observations suggest that each of the 6 PAK isoforms have different organ-specific roles. 
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Figure 1.2 Comparison of the structure and activation of Group 1 and Group 2 PAKs.  

All 6 PAK isoforms have proline-rich regions, a p21-binding domain (PBD), and a kinase 

domain. Their length ranges from 524 amino acids to 719 amino acids. Group 1 PAKs (PAK1-

3) have an additional auto-inhibitory domain (AID), and PAK interacting exchange (PIX) 

binding site whereas Group 2 PAKs (PAK4-6) have a pseudo-AID.  

 

1.2.1 PAK activation and regulation 

The two groups of PAKs are activated through distinctly different mechanisms. Group 1 PAKs 

are activated by the Rho-GTPases: Cdc42 and Rac, and may also be activated directly by 

growth factor receptor tyrosine kinases and G-protein-coupled receptors (Figure 1.2.1) (18, 

148, 183). Regulation of group 1 PAKs is highly complex and involves molecular 

rearrangements, dimerisation and multiple phosphorylations (22, 120). Group 1 PAKs are, 

homeostatically, in a trans-dimer state until Cdc42 or Rac binds to PBD, leading to a series of 

conformational changes which destabilise the auto-inhibitory domain (AID) of PAK and 
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permit its auto-phosphorylation on certain residues in the activation loop that are important for 

subsequent binding to effector substrates. On the other hand, group 2 PAKs lack a defined AID 

but have an auto-inhibitory pseudosubstrate domain, and so are activated by different 

mechanisms compared to group 1 PAKs (13). Group 2 PAKs are already active in the 

homeostatic mono-phosphorylated state. Unlike group 1 PAKs, binding to GTPases does not 

increase their kinase activity, but does seem to result in their localisation to different parts of 

the cell (2).  

 

Figure 1.2.1 Regulation of PAKs differs between PAK groups in pancreatic cancer. Group 

1 PAKs (PAK1) are activated when Rho-GTPases such as Cdc42 and Rac bind to the p21-

binding domain (PBD) transforming them to their activated phosphorylated forms, while 

Group 2 PAKs (PAK4) are in their activated phosphorylated forms in the resting state. G 

protein-coupled receptors (GPCR) and receptor tyrosine kinases (RTKs) can activate signall ing 

cascades which activate Rho-GTPases such as Cdc42 and Rac and subsequently activate 

PAK1, or activate PAK1 directly. However, direct activation has not been demonstrated in 

pancreatic cancer. The KRAS mutation, which is observed in over 95% of pancreatic tumours, 

can activate PAK1 directly and indirectly through activation of Cdc42 and Rac. Negative 
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regulators of PAK1 such as merlin and LKB1 (Liver Kinase B1), which normally bind to the 

PBD to prevent further binding, may be deregulated in pancreatic tumours, resulting in the 

increased activation of PAK1. PAK4 mutations is observed in around 20% of pancreatic 

tumours. The PAK4 gene is transcriptionally activated leading to a PAK4 protein which is 

already in its phosphorylated state. The KRAS mutation can increase the activity of PAK4.  

 

Since PAKs are important in such a variety of cellular processes, the identification of 

endogenous negative PAK regulators has been an active field of research. The first negative 

PAK1 regulator to be discovered was merlin (or neurofibromin 2), which binds to the p21-

binding domain (PBD) of PAK1 and blocks the binding of Rac/Cdc42/Ras and thus the 

activation by GTPases (113). Other negative regulators include LKB1 (liver kinase B1) which 

also binds to the PBD of PAK1; Chp (Cdc42 homologous protein), which marks PAK1 for 

proteasomal degradation; CRIPak (cysteine-rich inhibitor of PAK1); PiP (PAK-interacting 

protein); p110C; and POPX1 and POPX2 (28, 40, 114, 203, 232, 236). Of the endogenous PAK 

inhibitors, nischarin, is the only one that inhibits isoforms other than PAK1, namely PAK1, 

PAK4 and PAK5, and regulates PAK activity by binding to its kinase domain (6). Despite the 

cellular and molecular importance of PAKs, our understanding of PAK regulation is still far 

from comprehensive. A better understanding of negative PAK regulators may give insight into 

how PAKs are regulated and how those mechanisms may be contributing to their upregulation 

during carcinogenesis.  

1.3 PAKs and Pancreatic Cancer 

Although PAKs are tightly controlled, their expression and activity can become deregulated. 

Upregulation or hyper-activation of PAKs has been noted in brain, breast, liver, kidney, colon, 

prostate, and pancreatic cancers (44, 116, 156, 243). 
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Pancreatic tumours have been found to have upregulated expression of PAK1 and PAK4 and 

our group and others have attempted to unravel their role and therapeutic potential. For PAK1, 

Chauhan and colleagues first found that MUC13, a transmembrane mucin, was overexpressed 

in pancreatic cancer and this correlated with increased PAK1 expression and activity (25). 

Following this report, Jagadeeshan and colleagues; Zhou and colleagues; and our group; 

individually, found that PAK1 expression in pancreatic cancer tissues was significantly higher 

compared to adjacent normal tissue (102, 259) (Chapter 4). Jagadeeshan and colleagues found 

that PAK1 is involved in NFκB-p65-mediated fibronectin regulation for cytoskeletal 

remodelling and cell transformation while Zhou and colleagues found that PAK1 mediated 

pancreatic cancer cell migration through hepatocyte growth factor (HGF)/MET pathway and 

inhibition of PAK1 with MET antagonists attenuated MET-associated resistance (102, 259).  

Lee and colleagues found that SMAD4 mutations resulted in resistance to PUMA-mediated cell 

death through PAK1 (118). There is also a therapeutic benefit of using PAK1 inhibitors, as our 

group and more recently, Jagadeeshan and colleagues, found that PAK1 is involved in 

gemcitabine resistance where gemcitabine docked to the active site of PAK1 and gemcitabine 

treatment induced PAK1 kinase activity (103) (Chapter 4). There has been growing interest in 

the role of PAK1 in pancreatic cancer over the past 5 years and all studies points to the clinical 

benefit of using PAK1-mediated therapy to improve patient outcomes. 

Unlike PAK1, the PAK4 gene, on chromosome 19q13, is amplified in approximately 20% of 

pancreatic cancer patients (27, 111). PAK4 gene amplification was first identified from high 

resolution genome profiling of pancreatic cancer cell lines (133). Furthermore, Chen and 

colleagues found that PAK4 gene is not necessary mutated but instead the oncogenic form of 

the KRAS gene is amplified resulting in PAK4 activation and higher kinase activity (27). 

Kimmelman and colleagues showed that PAK4 promoted pancreatic cancer cell motility and 

invasion by interacting with the Rho-GTPase, Rac. Furthermore, Tyagi and colleagues and our 
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group, demonstrated PAK4 overexpression in pancreatic tumours compared to normal tissues 

and PAK4’s role in pancreatic cancer cell proliferation and survival through AKT and ERK-

dependent activation of NKκB signalling (210) (Chapter 3). There is also a therapeutic benefit 

of using PAK4 inhibitors, as PAK4 was shown to be a predictive marker of gemcitabine 

sensitivity, and knocking-down PAK4 in resistant cell lines resulted in increased sensitivity 

(158). PAK4 has also been implicated in pancreatic cancer stemness where PAK4 expression 

was higher in the pancreatic cancer stem cell subpopulation and was associated with stemness -

associated transcription factors (Oct4/Nanog/Sox2/KLF4) mediated by STAT3 signalling 

(211). Although PAK4 amplification was identified almost a decade ago, it has been only 

recently that there has been growing interest in uncovering PAK4’s various roles in pancreatic 

cancer and thus far, studies have illustrated an advantage in using PAK4 therapy.   

A study has also found a role of PAK5 in pancreatic cancer growth. Although PAK5, also 

known as PAK7, is not overexpressed in pancreatic cancer, to our knowledge, the study found 

PAK5 by using a panel of 52 molecules to inhibit specific kinases (65). They illustrated that 

combined inhibition of several kinases found from the panel, namely MAP3K7 and CK2α with 

PAK5, resulted in inhibition of pancreatic cancer growth by increasing tumour apoptosis. 

However, no other studies have examined PAK5 inhibition in pancreatic cancer and warrants 

further confirmatory and exploratory studies. 

There has been growing interest in the role of PAKs in pancreatic cancer over the past 5 years 

due to the urgent need to find effective therapeutics and understand the underlying molecular 

mechanisms involved in this cancer. Studies have found that PAK1, PAK4 and one study on 

PAK5 play a variety of roles in pancreatic carcinogenesis and their mechanisms have given 

insight into the complexity of the disease. However, there are sti ll many PAK-associated 

mechanisms that have not been examined in pancreatic cancer and the connecting evidence to 
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key genetic and biological characteristics of pancreatic cancer will be discussed in the 

following section.   

1.3.1 KRAS mutation and PAKs 

Pancreatic cancer is characterised by genetic mutations, the most common of which is the 

KRAS oncogenic mutation (250). The KRAS gene, also known as KRAS2, is found on 

chromosome 12p, and is mutated in >95% of pancreatic cancers (23). Although mutations have 

been found in codons 12, 13, and 61, the majority occur in codon 12 (G12D) in pancreatic 

cancer (93). The oncogenic KRAS mutations result in a constitutively active Ras protein which 

can in turn activate a number of signalling pathways such as MAPK, PI3K, Hedgehog, Wnt, 

and Notch pathways (91). In other cancers, Ras can activate Rho GTPases such as the 

aforementioned Cdc42 and Rac through direct and indirect mechanisms and consequently 

activate PAK1 (Figure 1.2.1) (148). The end result is increased proliferation, cell survival, and 

escape from apoptosis (70). Although PAK1 has not been definitely linked to the KRAS 

mutation, the evidence does support PAK1’s activation as a downstream effector of KRAS, 

whilst PAK4 activity has been directly linked to the KRAS mutation in pancreatic cancer (27). 

The KRAS mutation plays a pivotal role in the development and progression of pancreatic 

cancer. It is considered to be one of the earliest genetic mutations observed in models of the 

precursor lesions of pancreatic cancer. The most common precursor lesion model is pancreatic 

intraepithelial neoplasia (PanIN) where the KRAS mutations have been found in approximately 

44% of low-grade precursors (PanIN 1) and 87% of middle-grade precursors (PanIN 2) (134, 

135). Although no studies have implicated PAKs in precursor lesion models, the close 

relationship between activated Ras and PAK activity suggest that PAKs may be involved in 

the development of pancreatic cancer and warrants investigation.  
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The KRAS mutation has been linked to impaired glucose metabolism resulting in diabetes, 

which can assist pancreatic oncogenesis (245). Although it is unclear whether pancreatic cancer 

causes diabetes or diabetes causes cancer, their relationship is most likely intertwined. PAK1 

has been suggested to play a role in glucose metabolism where PAK1-null mice had impaired 

insulin secretion and glucose tolerance (108). No long-term studies involving PAK1-null mice 

have been reported, though it may be an interesting study to further investigate the development 

of diabetes resulting to the onset of pancreatic cancer. Although no studies have directly linked 

KRAS mutation to PAKs resulting in diabetes and pancreatic cancer, it could be an early 

developmental mechanism which should be explored further.         

PAKs may be involved in a number of Ras-dependent signalling pathways (Figure 1.3.1). Ras 

and PAKs can activate many pathways, some of which converge and reinforce the same 

effector function. An example is anchorage-independent growth where Ras-mediated 

oncogenic transformation was prevented in fibroblasts and Schwann cells when PAKs were 

silenced (204, 205). Transfection of a kinase inactive PAK prevented Ras from activating ERK 

and thus the MAPK pathway. PAKs can also link Ras-dependent pathways and allow cross-

talk between them. One example is the MAPK and PI3K pathways which are both activated 

by PAK1 to increase cell growth, migration, invasion, and survival in colorectal cancer  (95). 

Similar results have also been found in breast cancer and malignant mesothelioma (8, 149). 

Our group has confirmed these finding in pancreatic cancer for PAK1 and another group has 

confirmed it for PAK4 (210) (Chapter 4). Although this is only one example, it is highly likely 

that PAKs can mediate many pathways to increase tumour growth and metastasis. 
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Figure 1.3.1 PAK1 involvement in Ras-dependent pathways. The KRAS mutation results in 

the oncogenic expression of the Ras protein. This results in the activation of a number of 

pathways such as the MAPK pathway through RAF, PI3K pathway through PI3K, and also 

activates PAK1. PAK1 can interact and mediate the cross-talk between these two pathways. 

Modified from (95). 

 

1.3.2 PAKs and Pancreatic Cancer Cell Migration and Invasion  

The involvement of PAK1 in the assembly and disassembly of focal adhesions and stress fibres 

contributes to pancreatic cancer cell motility and hence metastasis (156). PAKs can 

phosphorylate a number of cytoskeletal markers including myosin light-chain kinase (MLCK), 

LIM kinase (LIMK), paxillin, filamin A, stathmin, and tubulin cofactor B (44, 115, 243). A 

key component of the cytoskeleton is myosin. Myosin is regulated by activated myosin light 

chains, which results in the assembly of myosin into bipolar filaments, forming stress fibres 
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and focal adhesions, which are found at the leading edge of the cell, and are critical for cell 

motility. However, disassembly is equally important. MLCK inactivates myosin light chains 

resulting in a decrease in activated myosin light chain and disassembly of focal adhesions and 

stress fibres. In the resting state, PAK1 inhibits MLCK and its ability to phosphorylate myosin 

light chains, resulting in reduced focal adhesions and stress fibres (189). Kaneko and colleagues 

showed through the use of MLCK inhibitors, that myosin is important for the invasion and 

metastasis of pancreatic cancer but PAK1 was not examined and PAK1-MLCK has not been 

studied in pancreatic cancer (106).  

PAK1 and PAK4 may play a role in pancreatic cancer metastasis through the regulation of 

LIMK. Activated LIMK activates cofilin, an actin-binding protein, and reduces its ability to 

depolymerise F-actin, hence modulating actin dynamics and cell motility (44). PAK1 has been 

shown to activate LIMK in breast and prostate cancer and PAK4 has been shown to regulate 

cofilin by protein kinase D isoforms (43, 47, 150). LIMK is involved in pancreatic cancer 

metastasis and also, interestingly, in cancer cell-induced angiogenesis (222). The role of PAK1 

or PAK4 in relation to LIMK-cofilin has not been examined in pancreatic cancer. 

The Arp2/3 protein complex is a regulator of actin filament nucleation and organisation (156). 

Vadlamudi and colleagues found that PAK1 interacts with p41-Arc, a regulatory component 

of Arp2/3 (216). They demonstrated that in breast cancer, PAK1 can activate a subunit of 

Arp2/3, Arpc1b, which results in increased motility. Rauhala and colleagues showed that 

silencing of Arp2/3 in pancreatic cancer resulted in a disruption of cell motility (181). 

However, as Arpc1b was expressed at low levels compared to the other subunits in pancreatic 

cancer, PAK1 might regulate pancreatic cancer cell migration through the interaction with p41-

Arc rather than Arpc1b but requires confirmatory studies. 
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Paxillin localises to focal adhesions and acts as a scaffold for the binding of other structural 

proteins and signalling kinases such as PAKs, which can then activate paxillin resulting in 

increased turnover of focal adhesions and migration (88). In pancreatic cancer, it has been 

found that paxillin, through c-Jun N-terminal kinase (JNK) signalling, is important for cell 

migration (231). PAKs can activate JNKs by inducing lamellipodia and membrane ruffling 

(115, 233). JNKs represent a second class of MAPKs, sometimes referred to as stress-activated 

protein kinases and is responsible for a variety of cellular process such as cell growth, 

differentiation, survival, apoptosis, and motility (221). However, JNK activation by PAKs is 

tissue specific, as PAK1 over-expression resulted in enhanced JNK activity in some cases and 

impaired JNK activity in others (21, 184, 206). Also, PAKs can activate JNK indirectly, 

through the MAPK pathway where over-expression of MAPK has been linked with JNK 

activation (249). As noted above, JNK signalling is implicated in cell migration and invasion 

in pancreatic cancer, but a connection between PAK and JNK signalling has not been 

demonstrated yet (219, 231). 

Rac and Cdc42 activate PAKs, which can then phosphorylate cytoskeletal proteins leading to 

changes in the actin cytoskeleton and cell mobility. Rac and Cdc42 are increased in pancreatic 

cancer and linked to the phosphatase and tensin homolog (PTEN) mutation in pancreatic 

tumours (132). PTEN, which dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) is a direct negative regulator of AKT, a kinase of the PI3K pathway. Deletion of PTEN 

in pancreatic cancer cells resulted in increased motility and higher levels of Rac and Cdc42 

(192). When either Rac or Cdc42 was activated, the formation of actin rich membrane ruffles 

and filopodia, respectively, was induced implying possible signalling through PAKs utilising 

JNK, MLCK and LIMK pathways (69).  
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1.3.3 PAKs, the EMT and Embryonic Pathways in Pancreatic Cancer  

The zinc-finger transcription factor, Snail, is a master regulator of the epithelial-mesenchymal 

transition (EMT) (227). Snail represses specific target genes especially those important for cell 

adherence and cell polarisation. PAK1 can directly phosphorylate Snail on Ser246 in breast 

cancer, resulting in its accumulation in the nucleus and thus, increased cell motility (242). 

PAK1 can also indirectly activate Snail by activating E-cadherin, occludin and aromatase 

promoters. Slug, a member of the Snail family of transcription factors, has been shown to play 

a role in metastasis in pancreatic cancer with expression of Slug, E-cadherin and MMP-9 

associated with pancreatic lymph node metastases (252). Slug was found to promote cell 

migration and invasion by relocating MMP-9, which has been found to be a PAK1 downstream 

signalling target, to the leading edge. These observations highlight a possible role for 

PAK1/Slug and/or PAK1/Snail in pancreatic cancer metastasis.  

Fibronectin is an important extracellular matrix protein and a mesenchymal marker which can 

aid cancer cells to become non-adherent resulting in pancreatic cancer metastasis (125). PAK1 

has been found to increase fibronectin transcription through interaction with the p65 subunit of 

NFκB, in pancreatic cancer cell lines (102). Using promoter luciferase studies, it was found 

that PAK1 activated and translocated the p65 subunit to the nucleus where it activated 

fibronectin transcription. NFκB signalling regulates a number of effector functions and will be 

discussed in more detail in Chapter 1.3.4. Only a selected number of pathways have been 

selected and discussed but there may be many more pathways that PAK1 is implicated in 

pancreatic tumour migration and invasion.  

Pancreatic cancer is characterised by the re-emergence of embryonic signalling pathways 

which are normally quiescent in the adult pancreas (187). Unlike other cancers, reactivation by 

a single embryonic pathway, such as Wnt, Hedgehog or Notch, is not sufficient to drive 

pancreatic cancer development. The Wnt signalling pathway is one of the most common 
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embryonic signalling pathways, which re-emerges in pancreatic cancer (159). In the canonical 

Wnt signalling pathway, Wnt binds to a Frizzled receptor which can then activate β-catenin to 

permit its binding to T-cell factor 4 with subsequent activation of the transcription of target 

genes (187). β-catenin has been shown to be downstream of PAK1 and PAK4 in colorectal and 

cervical cancer, phosphorylating β-catenin directly at Ser675 resulting in the cytoplasmic 

accumulation and nuclear translocation of β-catenin, which in turn activates signal transduction 

cascades important in proliferation, morphogenesis and differentiation (122, 260). On the other 

hand, PAK1 has also been shown to antagonise the Wnt pathway through an alternative Wnt 

receptor, Ror, in human embryonic kidney cells, with the study concluding that PAKs could  

have a dual role depending on their activation mechanism, cellular type and even the 

subcellular compartment in which they were activated (67). Thus, the role of PAKs in the Wnt-

signalling pathway in pancreatic cancer has not been investigated and should be studied to 

determine how and the effect of PAKs on Wnt signalling.  

Other embryonic signalling pathways that have re-emerged in pancreatic cancer include the 

Hedgehog and Notch signalling pathways (187). Interestingly, these two pathways have been 

linked to the KRAS mutation, further highlighting the possible role of PAKs. The KRAS 

mutation can suppress, through the MAPK and PI3K pathway, GLI1 protein degradation which 

results in activation of the Hedgehog signalling pathway (104, 152). Furthermore, Hedgehog 

signalling is activated early during pancreatic precursor lesions such as in PanINs in which 

KRAS mutations are said to be an early and driving mutation. Although no studies have yet 

linked PAKs to the Hedgehog pathway, the above observations do suggest that PAKs may have 

a role in the activation of the KRAS/MAPK/Hedgehog pathway. 

The Notch signalling pathway involves the interaction of the membrane-bound Notch 

receptors, Notch1-4, and Notch ligands, such as Delta-like and Jagged, and is important for 

cell differentiation and homeostasis (11). Notch signalling is usually present at low levels in 
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normal adult pancreas, but in the early stages of pancreatic carcinogenesis abnormal  expression 

of Notch ligands, a Notch1 mutant oncoprotein, and abnormal transcription of Notch signalling 

targets have been observed (131). The Notch signalling pathway has not been completely 

elucidated in pancreatic cancer and whether PAKs are involved are yet to be demonstrated (36, 

77).  

1.3.4 PAKs and Pancreatic Cancer Cell Proliferation and Survival  

PAK1 can regulate a number of pathways important for tumour proliferation, survival and 

apoptosis. The Polo-like kinase 1 (Plk1) interacts with Aurora kinases to regulate key mitotic 

transitions such as centrosome maturation, spindle assembly, anaphase onset and cytokinesis. 

PAK1 and Plk1 co-localise on the spindle poles where they are important in establishing a 

functional bipolar spindle during mitosis in HeLa cells (140). Plk1 is up-regulated in pancreatic 

cancer and, interestingly, its expression has been linked with gemcitabine resistance (200). 

Under cellular stress such as gemcitabine treatment, Plk1 is depleted, preventing DNA 

replication, but increased Plk1 activity allows mitosis to be maintained resulting in resistance. 

Although the interaction between PAK1 and Plk1 has not been demonstrated in pancreatic 

cancer, PAK1 may mediate DNA replication through Plk1 and may also play a role in 

gemcitabine resistance.  

Many pathways regulating motility are also involved in mitosis, especially those that require 

the structural reorganisation of cells such as spindle formation and cytokinesis. For example, 

the Arp2/3 subunit, Arpc1b, is involved in the assembly and reorganisation of actin filaments 

but can also interact with the Aurora kinase, Aurora-A, an important regulator of mitosis  which 

also regulates centrosome maturation, duplication and cell cycle progression (155). Aurora-A 

is often upregulated in cancer and has been found to be amplified in pancreatic cancer (254). 

In pancreatic cancer, an Aurora-A inhibitor, CYC3, has shown promising anti-proliferative 

results in vitro (124). Although PAK1 can directly interact with Arpc1b, as mentioned in 
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Chapter 1.3.2, leading to changes in cell migration and cell proliferation, it is unclear if this 

interaction is involved in pancreatic carcinogenesis. 

Cyclin D1 is an important regulator of the cell cycle and a known indicator of proliferative 

stage. Over-expression of PAK1 in the mammary gland has been shown to induce the 

transcription of cyclin D1 by the activation of NFκB (12). In pancreatic cancer, mutations in 

the tumour-suppressor gene p16 have been found in 95% of pancreatic tumours (137). The p16 

gene encodes for a cyclin-dependent kinase inhibitor which interacts with CDK4 and 

subsequently cyclin D1 to inhibit the cell cycle (194). However, when p16 is lost such as in the 

case of pancreatic cancer due to mutation, cyclin D1 is not inhibited and cell proliferation 

increases. Due to the implication of PAK1 in activating NFκB pathway in pancreatic cancer, 

there is a high probability that PAK1 upregulates cyclin D1 via NFκB but warrants 

confirmatory investigation.  

The NFκB signalling pathway plays an important role in maintaining homeostasis by regulating 

gene transcription (80). NFκB is involved in many cellular processes such as survival, tumour 

invasion, the stress response and drug resistance (14). NFκB is constitutively expressed in 

pancreatic cancer and can drive tumour progression (72). Furthermore, NFκB is activated by 

the KRAS mutation in pancreatic cancer (126). PAK1 and PAK4 can also activate NFκB 

indirectly to increase cell survival (58, 121). Both PAK1 and PAK4 has been shown to activate 

NFκB in pancreatic cancer, however the individual isoforms have resulted in different effector 

functions showing that more studies are needed to examine how PAK signalling influences and 

mediates NFκB-associated effector functions (102, 210). 

PAKs can promote cell survival through multiple pathways. One of these pathways is through 

the interaction of PAKs with Bad, which in the resting state is a cell death agonist, but following 

binding with PAKs can protect cells from apoptosis (193). Bad belongs to the Bcl-2 family 
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which is responsible for maintaining the balance of pro-survival and pro-apoptotic signals 

during homeostasis. Inactivated Bad binds to and inactivates pro-survival proteins from the 

Bcl-2 family such as Bcl-2 or Bcl-xL, and thus promotes apoptosis. In cancer, PAK1 and PAK4 

can directly phosphorylate and activate Bad, causing dissociation of Bad from Bcl-2 and/or 

Bcl-xL, and thus activating these pro-survival proteins resulting in tumour cell survival (66). 

There has been much interest in manipulating the Bcl-2 family of proteins through therapeutics 

to increase apoptosis and decrease gemcitabine resistance (54). The fact that gemcitabine-

resistant cells have an altered expression of the Bcl-2 family of proteins further highlights their 

importance (196). Whether this is the mechanism involved with studies finding that PAK1 and 

PAK4 inhibition results in gemcitabine sensitivity requires further investigation (103, 158).  

BimL is another pro-apoptotic protein which inhibits Bcl-2 in a similar fashion to Bad. Dynein 

light chain 1 (DLC1) is bound to BimL and following apoptotic stimuli, BimL is released 

allowing it to bind and inactivate Bcl-2 (214). PAK1 can phosphorylate both DLC1 and BimL 

resulting in their degradation. The resultant blockade of the pro-apoptotic signal of BimL 

leaves Bcl-2 activated. This interplay of BimL and Bcl-2 has been studied in pancreatic cancer 

where it can regulate proliferation at the expense of apoptosis (3). However, the effect of PAK1 

on the BimL pathway in pancreatic cancer has not yet been elucidated. 

The transforming growth factor β (TGF-β) pathway is involved in many cellular processes 

including cell cycle and migration through the transcriptional regulation of specific genes 

(235). TGF-β binds to its receptor which activates receptor-regulated SMADs (rSMADs). Once 

activated, SMAD4 binds to these rSMADs to form complexes (rSMAD-SMAD4) which are 

translocated into the nucleus where they bind to promoters to regulate gene transcription. 

SMAD4 is important in cellular stress where it upregulates pro-apoptotic genes such as the p53 

upregulated modulator of apoptosis (PUMA), through suppression of PAK1 which normally 

inhibits and destabilises PUMA (118). Thus, PAK1 acts as an intrinsic inhibitor of SMAD4-
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induced apoptosis in pancreatic cancer. SMAD4 mutations, which deregulate the TGF-β 

pathway, have been found in 55% of pancreatic tumours (199). The TGF-β pathway plays a 

crucial role in pancreatic cancer growth and metastasis through the transcription of many pro-

cancer genes including those that interact with PAK1.    

1.3.5 Pancreatic Cancer Stroma and PAKs 

A key characteristic of pancreatic cancer is the presence of a dense stroma that arises from the 

desmoplastic response. The density of this stroma results in a hypoxic environment which 

prevents the delivery of therapeutic agents (129, 151). The stroma is a dynamic milieu 

comprised of several different cell types including immune cells, endothelial cells, cancer-

associated fibroblasts (CAFs) and pancreatic stellate cells (PSCs) (52, 164). However, targeting 

the stromal components of pancreatic cancer as a strategy to increase therapeutic response has 

thus far been unsuccessful with no clinically approved therapies (50). The stroma interaction 

is not fully understood and has been a growing area of research in the pancreatic cancer field.   

The stroma can act as a barrier to prevent the invasion of immune cells, to allow the tumour to 

escape immune surveillance, and thus promote tumour survival (230). The stroma can also 

mediate an inflammatory response that supports tumour formation and survival. An example 

is CAFs’ ability to mediate an inflammatory response through activation of the NFκB pathways 

in squamous cell carcinoma (48, 100). As previously noted, PAK1 and PAK4 can both activate 

NFκB, but PAKs have not been examined in pancreatic CAFs.  

PSCs play an important role in the generation of fibrosis and release various stimuli which 

support carcinogenesis (45, 174). In the normal adult pancreas, stellate cells reside within the 

pancreatic parenchyma in a quiescent state. Activation of PSCs can have profound effects on 

tumour cells, from EMT to induction of a stem cell-like phenotype (74, 78, 176). PAK1 has 

been found to be upregulated in rat hepatic stellate cells in response to injury by activation of 
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the JNK pathway, but the status of PAKs in PSCs has not been studied (except for in Chapter 

5) (258).  

1.3.6 PAKs, miRNAs and HSPs in Pancreatic Cancer 

MiroRNAs (miRNAs) are a family of highly conserved 18-24 nucleotide RNA molecules that 

regulate the stability or translational efficiency of complementary target mRNAs (96). miRNAs 

have been of much interest in cancers because their genes are enriched at sites in the human 

genome that are often targets of amplification or chromosomal breakpoints and also due to their 

abnormal expression in cancer (130, 248). Furthermore, recent studies have found that 

circulating miRNAs could be used as a diagnostic and prognostic marker in pancreatic cancer 

and thus, have been a growing area of interest (46). In pancreatic cancer, several miRNAs, such 

as miRNA-21, -26a, -125b, -141a, , -145, -148a, -155, -200c, -216, -217, -221, -222, -365, -

891b, have been found to be unregulated, and the list continues to increase (9, 73, 163, 191, 

202, 253, 262). In other cancers, direct links have been observed between PAKs and a number 

of miRNAs. The list includes miRNA-31, which is a direct target of PAK1 in colorectal cancer; 

miRNA-145, which impairs the β-catenin-dependent translocation of PAK4 in colorectal 

cancer; and miRNA let-7, which is a direct target of PAK1 in breast cancer (92, 201, 240). 

Recently, miRNA let-7 was found to be implicated in pancreatic cancer such that miRNA let-

7 inhibited Notch and decreased pancreatic cancer progression, however PAK1’s involvement 

was not investigated (168). The association between PAKs and miRNAs in pancreatic cancer 

is unclear and warrants further studies to enhance our understanding of the pancreatic cancer 

biology. 

Heat shock proteins (HSPs) are chaperone proteins which are synthesised in response to 

cellular stress (109). HSPs are classified into different families based on their molecular weight 

and sequence homology. Only a few specific HSPs have been implicated in pancreatic cancer. 

HSP70 is up-regulated in pancreatic cancer and plays a role in inhibiting apoptosis and 
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increasing carcinogenesis (4). Targeting HSP70 has resulted in the development of an inhibitor, 

minnelide, which reduces pancreatic tumour growth and spread (31, 190). Similarly, 

demonstration of the involvement of HSP90 in pancreatic tumour growth and angiogenesis has 

resulted in the development of inhibitors, NVP-AUY922 and Y306zh (162, 239). Furthermore, 

the observations that HSP90 and HSP27 play a role in gemcitabine resistance make them ideal 

therapeutic targets (64, 117). HSP47 is over-expressed in the stroma of pancreatic cancers and 

may therefore be a therapeutic target for enhancing drug delivery (136). The evidence for a 

connection between PAKs and HSPs is limited. Rac, and presumably PAKs, can activate 

HSP70 through PI3K and/or JNK pathways in response to cyclic stress (20). HSP90 has been 

shown to involve AKT and MAPK signalling pathways and suggests possible PAK 

involvement (239). Furthermore activation of HSP27 by PAKs regulates actin dynamics in 

smooth muscle (62). The relationship between PAKs and HSPs in pancreatic cancer has not 

been studied and may provide insight into PAK signalling for therapeutic intervention. 

1.4 Targeting PAKs as a Therapy for Pancreatic Cancer 

The position of PAKs at a point of convergence of multiple signalling pathways makes them 

an appealing therapeutic target. The negative PAK regulators, as described in Chapter 1.2.1, 

provides some insight into how to target PAKs and can guide future therapeutic development. 

The PAK endogenous inhibitors have been linked to pancreatic cancer and provides insight 

into their deregulation and subsequent upregulation. Merlin, a known negative PAK1 regulator, 

has been found to be deregulated in pancreatic cancer (Figure 1.2.1). Merlin was found to be 

decreased in human pancreatic tumour specimens and cell lines and regulated pancreatic cancer 

pathogenesis though β-catenin signalling, which is a known PAK1 target (83, 178). 

Furthermore, overexpressing merlin inhibited pancreatic cancer cell proliferation, migration 

and adhesion (257). Furthermore, it has been suggested that merlin may be involved as a 

feedback loop for NFκB and PAK1-mediated MET activation, illustrating the importance of 
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merlin in PAK1 regulation and possibly in pancreatic cancer (259). Thus, upregulating merlin 

to indirectly inhibit PAK1 may be an effective therapeutic strategy in pancreatic cancer. 

Another PAK negative regulator that may play a role in pancreatic cancer is LKB1 (Figure 

1.2.1). Interestingly, LKB1/STK11 mutations have been found in Peutz-Jeghers syndrome, a 

syndrome which has a >100-fold increase risk of pancreatic cancer (84, 146). Not only can the 

loss of LKB1 result in the increased risk of developing pancreatic cancer, but LKB1 loss has 

been found to synergise with oncogenic KRAS signalling to drive pancreatic cancer in vivo 

(161). The study also found that LKB1 is lost in 20% of human pancreatic tumours and is 

associated with poorer prognosis. Although the study did not link LKB1 to PAK1, the evidence 

that LKB1 can block PAK1 activation suggests that the loss of LKB1 may cause the 

upregulation of PAK1. Although two endogenous PAK1 inhibitors, merlin and LKB1, have 

been implicated in pancreatic carcinogenesis, suggestive of possible mechanisms of which 

PAK1 becomes deregulated and subsequently elevated, direct evidence is lacking and studies 

are needed, as insight into the events leading to the deregulation of PAK1, may guide 

therapeutic interventions for pancreatic cancer.  

To date, a number of PAK inhibitors have been successfully discovered and created using 

dominant-negative mutants, RNA interference, and a number of small molecule inhibitors. 

However the major challenges exists in developing an effective therapeutic (33). Several small 

molecule inhibitors such as CEP1347, and the SRC and ETK tyrosine kinase inhibitors AG879 

and FK228, respectively, have been shown to inhibit PAK activity (82, 87, 165). The inhibitor 

OSU-03012, a derivative of the cyclooxygenase inhibitor, celcoxib, was developed as a PDK1 

inhibitor but was later found to inhibit PAK1 activity in an ATP-competitive fashion with an 

IC50 of around 1µM (175). Screening of a small library of organo-ruthenium compounds led to 

the identification of another inhibitor FL172, which blocks the PAK1 active site with an IC50 

of 100nM, but interestingly has little affinity for group 2 PAKs (138). More recently, an 
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octahedral ruthenium-based kinase inhibitor OS-2 was found with high specificity for PAK1 

(IC50 of 350nM) over other kinases (55). However, the affinity of OS-2 for group 2 PAKs was 

not reported. The discovery of FL172 and OS-2 illustrates the usefulness of using octahedral 

metal complexes as scaffolds in developing highly selective and potent kinase inhibitors. 

The reported ATP-competitive inhibitor FRAX597 selectively inhibits group 1 PAKs (123). 

This oral inhibitor, which was found using a structure-activity relationship approach through 

high-throughput screening of a library of small molecules, inhibited proliferation in 

neurofibromin 2-associated schwannomas. FRAX597 is specific to group 1 PAKs, with IC50 

values for PAK1, PAK2, and PAK3 of 8nM, 13nM, and 19nM, respectively, and the IC50 value 

for PAK4 is greater than 10mM. Another ATP-competitive inhibitor is LCH-7749944, which 

binds to PAK4 with an IC50 of 15µM (251). This inhibitor was developed using structure-

informed design and has been found to block the effects of PAK4 downstream targets such as 

LIMK1, cofilin, MAPK and EGFR. PF-3758309 is a pyrrolopyrazole PAK4 inhibitor designed 

by Pfizer (71). Although it has the highest affinity for PAK4 (IC50 2.7nM), it has been shown 

to inhibit both group 1 and group 2 PAKs, perhaps due to the similarities in active sites. 

Unfortunately, a phase 1 trial of PF-3758309 was stopped due to undesirable pharmacokinetic 

characteristics (1). Thus, ATP-competitive inhibitors are useful and potent, but often do not 

discriminate between specific PAK isoforms due to the similarities in the active site.  

An alternative to ATP-competitive kinase inhibitors is the class of allosteric inhibitors, which 

bind to sites other than the ATP-binding pocket. A major advantage of allosteric inhibitors is 

the potential to achieve greater specificity compared to the ATP-competitive inhibitors. By 

developing a screen for allosteric inhibitors targeting PAK1 activation, IPA-3 (inhibitor of p21-

activated kinase-3), was identified (38). IPA-3 is specific to group 1 PAKs, with an IC50 of 

2.5µM for PAK1, and limited inhibitory capacity towards group 2 PAKs. IPA-3 binds 

covalently to the regulatory domain of PAK1, and blocks the binding of Cdc42 (220). However, 
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IPA-3 is unlikely to be a useful tool for inhibiting PAK1 activity in biological systems as, 

although the exact nature of the bonds is unknown, the reaction is reversible in target cells and 

therefore IPA-3 has not been pursued further (255). Nevertheless, it does highlight the 

advantage of targeting activating mechanisms rather than kinase sites. 

Alternative approaches include the use of dominant-negative forms or fragments of PAKs to 

prevent activity. These molecules take the place of PAKs in complexes with other proteins and 

thereby prevent the activation of downstream signalling pathways (112). Potential problems 

with this technique are that the molecules may affect both kinase-dependent and -independent 

functions, and also may not be isoform specific since PAKs share many common interactions. 

Another approach is the use of RNAi (RNA interference) to inhibit PAKs. Group 1 PAKs have 

been depleted using shRNA to inhibit proliferation and cancer progression in 

neurofibromatosis type 2 (244). This method provides better specificity but its clinical utility 

is questionable and would require a vehicle to traffic and enter pancreatic tumours.  

In summary a handful of PAK inhibitors have been developed, but have not been successful in 

the clinical setting. Although many approaches have been outlined to discovering PAK 

inhibitors, none have yet resulted in a safe, specific and effective inhibitor. Furthermore, the 

complex regulatory mechanisms and multiple effector functions of PAKs make the 

development of ATP-competitive inhibitors difficult, and may favour the development of 

allosteric PAK inhibitors.  

1.5 Summary and Research Aims 

Pancreatic cancer is a human malignancy with a poor prognosis that has not improved 

significantly over the past few decades. Improvement of our current management will require 

a comprehensive understanding of the underlying biological mechanisms. PAKs, with their 

ability to activate many cellular processes, have thus far been shown to have a significant role 
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in a number of pancreatic cancer signalling pathways, however, their comprehensive role is 

still needed and the indirect and connecting evidence have been discussed. Studies have found 

that upregulation and/or hyper-activation of PAK1 and PAK4 are involved in pancreatic cancer 

growth and metastasis, and chemosensitivity. In particular, the effect of PAKs on multiple 

pathways makes PAK-directed therapy an attractive option, after further refinement, for the 

treatment of pancreatic cancer.  

Thus, more research is required to unravel its role and evaluate the clinical effectiveness of 

PAK inhibitors on pancreatic cancer. PAK’s involvement in chemosensitivity provides 

evidence for combinational therapy with the addition of PAK inhibitors to standard treatments 

to increase sensitivity and reduce resistance. The effect of PAK inhibitors on the pancreatic 

cancer stroma is also needed and may assist in unravelling the complexity of the tumour-stroma 

interaction and lead to more effective and targeted therapies. The overall objective of this 

project is to determine the role of PAK1 in pancreatic cancer and evaluate the therapeutic 

potential of inhibiting PAK1. 

The specific hypotheses are as follows: 

1. PAK1 and PAK4, together, play a role in pancreatic cancer growth and 

migration/invasion and dual inhibition increases murine survival (Chapter 3) 

2. PAK1 plays a role in pancreatic cancer growth, migration/invasion, and 

chemosensitivity and PAK1 inhibition with gemcitabine increases murine survival 

(Chapter 4). 

3. PAK1 plays a role in PSCs proliferation, apoptosis and stellate cell activation and is 

involved in the interaction between PSCs and pancreatic cancer cells (Chapter 5).  
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The specific aims are as follows: 

1. To evaluate the effects of an indirect PAK inhibitor, glaucarubinone, alone and in 

combination with standard chemotherapy agent, gemcitabine, on pancreatic cancer 

growth, migration/invasion, expression and activation of PAK1 and PAK4 in vitro and 

in vivo, and murine survival in vivo (Chapter 3) 

2. To examine the effects of reducing PAK1 activity, with the group 1 PAK inhibitor, 

FRAX597, or PAK1 expression by shRNA knockdown, alone and in combination with 

gemcitabine, on pancreatic cancer growth and migration/invasion in vitro, and in vivo, 

and murine survival in vivo (Chapter 4). 

3. To evaluate the effect of reducing PAK1 activity with a group 1 PAK inhibitor, 

FRAX597, on PSC activation, activity, proliferation and apoptosis, in vitro and evaluate 

the role of PAK1 in the interaction between PSCs and pancreatic cancer cells  in vitro 

and in vivo (Chapter 5). 
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Chapter 2: General Material and Methods   
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2.1 Introduction 

To investigate the role of PAKs in pancreatic cancer, pancreatic cancer cell lines and mouse 

models were utilised. Human and mouse pancreatic cancer cell lines were used for in vitro 

experiments. Studies presented in Chapter 3, 4, and 5 utilised PAK inhibitors to demonstrate 

the effect of inhibiting PAK1 on these cell lines and their effect on pancreatic cancer cells using 

assays to measure proliferation, survival, toxicity, migration/invasion and signalling protein 

changes. In addition, Chapter 4 utilised PAK1 stable knockdown cell lines to further evaluate 

the effect of targeting PAK1. Chapter 3, 4 and 5 implemented identical orthotopic preclinical 

mouse models where murine pancreatic cancer cell lines were implanted into the pancreas of 

immunocompetent (C57Bl/6) mice. Methods specific to individual studies can be found within 

each chapter. 

All mouse experiments were performed in strict accordance with the guidelines of the National 

Health & Medical Research Council of Australia Code of Practice for the Care and use of 

Animals for Experimental Purposes in Australia. The protocol was approved by the Austin 

Health Animal Research Ethics Committee (A2013/04898). Mice were acclimatised prior to 

all experimental procedures. Continuous monitoring was included throughout the length of the 

study, as per animal ethics guidelines. Mice were scored based on weight, coat and body 

condition and physical response to handling during routine husbandry (Appendix i). 

Human tissue experiments involved the collection, processing and analysis of human samples. 

The protocol was approved by the Austin Health Human Research Ethics Committee 

(H2013/04953). Fresh tissue was obtained from residual specimens of patients undergoing 

surgical resection. This included patients undergoing surgical resection for primary pancreatic 

adenocarcinoma or pancreatic liver metastases, and partial or total pancreatectomy for other 

reasons such as chronic pancreatitis. The tissue, tumour and normal, were cut into blocks and 

fixed for hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining, snap frozen 



CHAPTER 2 

29 

 

for Western blot analysis, or cryopreserved in cell freezing media for later experimentation 

such as stellate cell isolation in Chapter 5. Tissues were coded to maintain patient 

confidentiality and privacy as per human ethics guidelines. 

2.2 Cells and Reagents 

The human PANC-1, MiaPaCa-2, AsPC-1 and BxPC-3 (American Type Culture Collection, 

Manassas, USA) and the murine Pan02 (Division of Cancer Treatment and Diagnosis Tumour 

Repository, NCI, Frederick, USA) and LM-P (obtained from Andrew Lowy (Moores Cancer 

Center, University of California, San Diego, USA) (209)) pancreatic cancer cell lines were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-

inactivated FBS (foetal bovine serum; Hyclone Laboratories Inc., Scoresby, Australia). Normal 

immortalised human pancreatic duct epithelial (HPDE) cells (originally derived from M.S Tsao 

(Ontario Cancer Institute, Ontario, Canada) (179)) were cultured in Keratinocyte serum-free 

medium supplemented with bovine pituitary extract (BPE) and epidermal growth factor (EGF). 

All cells were cultured in a 37°C incubator with 5% CO2. Cells were tested regularly for 

mycoplasma contamination and were not passaged more than 30 times or for more than 6 

months after revival.  

Human pancreatic stellate cells (hPSC) were prepared by the outgrowth method (10). Human 

tumour samples were cut into fragments and placed into a culture dish, cultured in 20% FBS 

in DMEM with penicillin/streptomycin. After 5-10 days, tumour fragments were transferred to 

a fresh culture dish where outgrowth of PSCs occurred from the fragments. Fragments were 

then removed after 2-4 weeks and PSCs allowed to grow to confluence. Medium was changed 

every 3 days. The human pancreatic stellate cell line, hPSC1 (ScienCell Research Laboratories, 

Carlsbad, CA, USA), which was isolated and established from human pancreas, was cultured 

in DMEM supplemented with 10% FBS. hPSC1 cells were found to be similar to the other 
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isolated hPSCs in morphology and staining markers. Cells were cultured in a 37°C incubator 

with 5% CO2 and not passaged more than 6 times.  

Normal mouse PSCs (nmPSC) were isolated from 5 pooled pancreata using the density gradient 

centrifugation method, based on the rat PSC isolation method (7). The pooled pancreases were 

isolated and placed in ice-cold saline. Adipose, connective tissue and any large blood vessels 

were removed and the pancreases minced and digested with enzyme solution which consisted 

of protease, collagenase P and DNAse (Sigma Aldrich, Castle Hill, Australia) on a shaker at 

37°C. Digested tissue was then spun down at 1700rpm for 10 minutes at 4°C and resuspended 

in nycodenz (Histodenz, Sigma Aldrich) with a final concentration of 11.4% and spun down at 

2900rpm for 20 minutes at 4°C. The band just above the interface was harvested and contained 

PSCs. nmPSC were cultured in 20% FBS in Iscove’s modified Dulbecco’s medium (IMEM) 

with penicillin/streptomycin. Cells used for experiments were between passage 3 and 6.  

Gemcitabine hydrochloride was purchased from Sigma-Aldrich (Castle Hill, Australia), 

reconstituted in saline and stored at 4°C, was used for all in vitro experiments. Gemzar® (Eli 

Lilly) purchased from Austin Health Pharmacy (Heidelberg, Australia), the clinical 

formulation of gemcitabine, was used for all in vivo experiments. This formulation included 

hydrochloric acid, sodium hydroxide, mannitol and sodium acetate, was diluted with saline and 

was stored at 4°C. 

Glaucarubinone, given by Dr. John Beutler (NIH, Fredrick, USA), was dissolved in saline and 

stored at 4°C. 

FRAX597 was purchased from SYNthesis (Parkville, Australia), dissolved in saline and stored 

at 4°C. 
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2.3 shRNA Transfection 

To obtain PAK1 knockdown (KD) clones, cells were transfected with SureSilencing shRNA 

plasmids for human PAK1 (SABioscience, Doncaster, Australia), or with a scrambled 

sequence as a negative control (NC), using Lipofectamine2000 (Invitrogen, Mulgrave, 

Australia). 4μg of plasmid DNA, or NC, was mixed with DMEM and added to the 

Lipofectamine2000/DMEM mixture and incubated for 20 minutes at room temperature. The 

DNA/Lipofectamine2000 mixture was then added to the cells for 6 hours and geneticin (G418) 

was added to the cells the following day after transfection. When confluent, cells were passaged 

at low concentration for colony selection. Stable clones were then selected by scraping colonies 

with a pipette tip and transferring them to a 24-well plate where they were allowed to grow. 

Once confluent, they were tested for PAK1 protein expression by Western blot where 2 NC 

clones and 2 positive PAK1 KD clones were chosen from each cell line. 

2.4 Cell Proliferation, Survival and Toxicity Assays 

Cell proliferation, survival and toxicity was measured using 3H-thymidine assays. For cell 

proliferation, cells were seeded at a density of 5 x 103 cells/well in DMEM containing 10% 

FBS and allowed to adhere for 24 hours. A haemocytometer was used for the counting of cells. 

To determine the level of DNA synthesis, 1μCi/well [methyl-3H]-thymidine (Perkin Elmer; 

Boston, USA) was added for 24 hours with treatment. Cells were then harvested using a NUNC 

cell harvester and the radioactivity was measured in duplicate by liquid scintillation 

spectrometry with a β-counter (Packard; Connecticut, USA). For combinational effect on 

proliferation, cells were pre-treated with a PAK inhibitor, 4 hours after seeding. 20 hours 

afterwards, media was removed and increasing concentrations of gemcitabine with 1μCi/well 

[methyl-3H]-thymidine was added. 24 hours later, cells were harvested and detected as per 

above. For cell proliferation over a number of time periods, cell growth curves were fitted 
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based on a log-scale using MATLAB (MathWorks, Natick, MA) and expressed as a growth 

rate (%/hr). 

For cell survival and cell toxicity, cells were seeded as above however 1μCi/well [methyl-3H]-

thymidine was also added and cultured for 24 hours. Free, unincorporated, 3H-thymidine was 

then removed and cells were washed with PBS. Cells were then cultured with 10% serum – to 

determine toxicity – or without 10% serum – to determine survival - for a further 24 hours. The 

cells were harvested and detected as described above. Measurements were calculated as a ratio 

to the 10% serum control. 

Cell proliferation was also measured using the MTT assay. This was done with 5-FU treatment 

since 5-FU inhibited the synthesis of thymidine nucleotides and thus, 3H-thymidine assay could 

not be used. Like with the 3H-thymidine assay, cells were seeded at a density of 5 x 103 

cells/well in DMEM containing 10% FBS and allowed to adhere for 24 hours. A 

haemocytometer was used for the counting of cells. Increasing concentrations of 5-FU was 

added. 24 hours later, 10μl of 5mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was added to each well and incubated for 3 hours. Cellular 

metabolic enzymes reduce MTT to its insoluble formazan crystals which has a purple colour. 

Media was removed and 100μl acidified isopropanol was added and placed on a moving 

platform for 5 mins, protected from light. This dissolves the purple crystals and resulting purple 

solution is spectrophotometrically measured by reading at an absorbance of 570nm with a 

reference filter of 620nm on a 550 microplate reader (Bio-Rad, Australia). For combinational 

effect on proliferation, cells were pre-treated with FRAX597, 4 hours after seeding. 20 hours 

afterwards, media was removed and increasing concentrations of 5-FU was added. 24 hours 

later, MTT was added and read as per above. 
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2.5 Combination Index 

The combined effects of a PAK inhibitor and gemcitabine were evaluated using a combination 

index (CI). The collated proliferation values from Chapter 2.4 for PAK inhibitor alone, 

chemotherapy alone, and the combination were used. The CalcuSyn program (T.C. Chou and 

M.P. Hayball; Biosoft; Cambridge, UK) were used to calculate and analyse the CI using the 

Chou-Talalay method (the isobologram equation was used mutually non-exclusive (α=1)) (29). 

The CI for each fraction-affected value (Fa) represents the percentage of proliferation 

inhibition. The combination index is interpreted as: <1.0, synergistic; 1.0, additive and >1.0, 

antagonistic. 

2.6 Sphere Formation Assay 

Sphere formation assay determines clonogenic growth potential for the subset of cancer stem 

cells. Cells were seeded at a density of 5, 10, 20 x 103 cells/well in serum-free DMEM 

containing 10 ng/ml bFGF (Wako Pure Chemical Industries, Japan), 10 µg/ml human insulin 

(Cell Science and Technology Institute, Japan), 100 µg/ml human transferrin (Roche Life 

Science, Castle Hill, Australia) and 100 µg/ml BSA (Sigma-Aldrich) in 24-well Ultra Low 

Attachment plates for 10 days. Wells were then counted for sphere formation, in a blinded 

manner, using the microscope at 40x magnification. Wells were also imaged using an EVOS 

cell imaging system (Thermo Fisher Scientific) and representative images chosen. 

2.7 Cell Apoptosis Assay 

Cell apoptosis was assessed using the annexin V-FITC apoptosis detection kit (BioVision, 

Milpilas, CA, USA). Annexin V binds to cell surface phosphatidylserine which translocates 

from the inner face of the plasma membrane to the cell surface when apoptosis is initiated. PI 

binds to necrotic cells, differentiating cells undergoing apoptosis and necrosis. Cells were 

seeded in 6-well plates for 24 hours. Cells were then collected, spun down and resuspended in 
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500μl of 1X binding buffer. 5μl of annexin V-FITC and 5μl of propidium iodide (PI) was added 

and incubated at room temperature for 5 minutes in the dark. Cells were then analysed by flow 

cytometry where PI vs FITC was plotted following gating based on cell size. 

2.8 Migration/Invasion Assay 

Cell migration/invasion was measured using the Transwell Boyden Chamber assay. 

Membranes (8-μm pore size, Falcon®, Corning, Tewksbury, USA) were coated with 3μg of 

human fibronectin on the lower surfaces and placed into a 24-well plate containing serum-free 

DMEM with 0.1% bovine serum albumin (BSA). 5 x 104 cells were added to the upper 

chambers and incubated for 24 hours. Non-penetrated cells were removed by wiping with a 

cotton swab from the upper surface. The membranes were fixed, stained with Quick-Dip 

(Fronine; Sydney, Australia), cut, mounted in an organic mountant, DPex (VWR International 

Ltd; QLD, Australia), cover-slipped and allowed to dry overnight. The cells that had migrated 

to the lower surface of the membranes were counted on 48 fields, at 400 times the magnification 

using a NIKON Coolscope (Coherent Scientific; Adelaide, Australia). 

2.9 Hypoxia Treatment of Cells for Western Blot 

Protein expression was determined in cells cultured under normoxic or hypoxic (1% O2) 

conditions. For hypoxia incubated cells, cells were seeded in 24-well plates and placed into a 

sealed humidified chamber containing 94% N2, 5% CO2 and 1% O2 for 24 hours before protein 

extraction. Oxygen concentrations were automatically adjusted by an electronic oxygen 

controller (ProOx Model 110; Biospherix, Parish, USA). For normoxia, cells were similarly 

seeded and proteins extracted concurrently with the hypoxia incubated cells but were incubated 

in normal incubator conditions. Protein extraction and Western blot followed as described 

below. 
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2.10 Western Blot 

Proteins were extracted from cells seeded in 24-well plates for at least 24 hours with ~80% 

confluency. For treated cells, single agent treatment was added 24 hours prior to extraction or 

in the case of double agent treatment, PAK inhibitor was incubated for 6 hours, removed and 

incubated with gemcitabine for 20 hours before extraction. For protein extraction, media was 

removed, cells washed and 2x SDS (sodium dodecyl sulphate) sample buffer was added. 

Samples were collected, heated at 95°C for 5 minutes and stored at -20°C until needed. 

For Western blot, samples were electrophoresed on 10% SDS-polyacrylamide gel by standard 

electrophoresis methods at 150V. Resolved protein was transferred onto Hybond-C Extra 

nitrocellulose membrane (GE Healthcare, Rydalmere, Australia) at 100V for 1 hour. 

Membranes were blocked for 1 hour in 5% skim milk in TBST (tris-base saline plus 0.1% 

Tween 20) then washed with TBST and incubated overnight with primary antibody (see Table 

2.10 for primary antibodies and dilutions) at 4°C on a moving platform. Primary antibody was 

removed, membranes were washed with TBST and incubated with the appropriate HRP-

(horseradish peroxidise) conjugated secondary goat antibody (1:10000; Biorad, Gladesville, 

Australia) for 1 hour at room temperature on a moving platform. Membranes were thoroughly 

washed with TBST and protein bands were visualised in a LAS 3000 Image Reader (Fujifilm, 

Brookvale, Australia), with the chemiluminescence reagent, ECL Advance Western Blotting 

Detection Kit (GE Healthcare, Buckinghamshire, UK). The band densities were analysed using 

Multigauge computer software (Berthold, Bundoora, Australia) and calculated to the 

corresponding GAPDH band. 
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Table 2.10: Primary Antibodies used for Western Blotting 

Target Protein Antibody Supplier (catalogue number) Dilution 

AKT Monoclonal Rabbit Cell Signaling Tech. (4685) 1:2500 

αSMA Monoclonal Rabbit Abcam (ab32575) 1:2500 

β-catenin Polyclonal Rabbit  Cell Signaling Tech. (9587S) 1:5000 

Collagen I Polyclonal Rabbit Abcam (ab34710) 1:5000 

cyclinD1 Monoclonal Rabbit Cell Signaling Tech. (2978S) 1:1000 

desmin Polyclonal Rabbit Santa Cruz (sc-14026) 1:1000 

ERK1/2 Polyclonal Rabbit  Cell Signaling Tech. (9102L) 1:2500 

GAPDH Monoclonal Rabbit Cell Signaling Tech. (2118L) 1:5000 

HIF1α Monoclonal Mouse BD (610958) 1:1000 

MMP9 Polyclonal Rabbit Ana-Spec (29579) 1:250 

PAK1 Polyclonal Rabbit  Cell Signaling Tech. (2602S) 1:2500 

PAK2 Monoclonal Rabbit Cell Signaling Tech. (2615S) 1:2500 

PAK4 Polyclonal Rabbit Cell Signaling Tech. (3242S) 1:5000 

pAKT Polyclonal Rabbit Cell Signaling Tech. (9271S) 1:2500 

pERK Polyclonal Rabbit Cell Signaling Tech. (9101S) 1:2500 

pPAK1/2 Polyclonal Rabbit Cell Signaling Tech. (2601S) 1:1000 
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pPAK4/5/6 Polyclonal Rabbit Cell Signaling Tech. (3241S) 1:1000 

VEGF Polyclonal Rabbit Santa Cruz (sc-507) 1:1000 

Vimentin Polyclonal Rabbit Santa Cruz (sc-5565) 1:250 

 

2.11 Experimental animals 

SCID mice (6 weeks old) were purchased from Animal Resource Centre (Perth, Australia) for 

the xenograft flank model (Chapter 2.12). C57Bl/6 mice (8-10 weeks old) were either 

purchased from Walter and Eliza Hall (Parkville, Australia) or inbred at the Austin Bio-

resource Facility (Heidelberg, Australia) for the orthotopic murine model (Chapter 2.13). 

Animals were housed in groups of up to five in the standard cages in a room maintained at 

constant temperature and humidity with 12-hour light and dark cycles, and fed with regular 

autoclaved chow diet with water ad libitum. None of the mice exhibited any lesions and were 

pathogen-free before commencement of any experimentation.  

2.12 Subcutaneous Flank Murine Model 

The flanks of mice were shaved and tumour cells were implanted subcutaneously into each 

flank using a 26-gauge needle. Tumour dimensions were measured every other day using 

micro-callipers, and volumes (V) calculated using the formula:  

𝑉 = 𝑊2 𝑥 
𝐿

2
 

where W and L are the shortest and longest tumour diameters, respectively. 

Mice were sacrificed at the endpoint, tumours extracted, weighed, and harvested for 

histological analysis. 
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2.13 Orthotopic Pancreatic Cancer Murine Model 

Established murine models of pancreatic cancer involving the orthotopic implantation of 

murine cancer cells into the pancreatic head or tail was utilised for preclinical evaluation (166). 

As previously characterised, pancreatic head murine model was utilised for survival studies 

and pancreatic tail murine model was utilised for tumour growth studies.  

Mice were anesthetised with an intraperitoneal (i.p.) injection of ketamine (100mg/kg; Pfizer; 

West Ryde, Australia) and xylazine (10mg/kg; Troy Laboratories Pty Ltd; Glendenning, 

Australia) solution at a dose of 100µl per 1g of body weight. Carprofen (50mg/ml; Rimadyl®; 

5mg/kg; Pfizer), an analgesic for pain alleviation, was given subcutaneously at the back of the 

neck. Before, during and after surgery, Polyvinc eye gel (Alcon Laboratories (Australia) Pty 

Ltd, Frenchs Forest, Australia) was administered for eye protection. Body temperature was 

maintained during surgery by performing all procedures on heat pads and following surgery by 

recovering animals in cages warmed by heat pads.  

The abdomen and below the left costal margin was shaved and a small left transverse, 

abdominal flank incision was made to expose the pancreas. For the pancreatic head model, the 

head of the pancreas was identified by locating the duodenum, grasped and rotated to expose 

the posterior aspect of the pancreatic head. For the pancreatic tail model, the tail of the pancreas 

was identified by finding the left end of the pancreas, in contact with the spleen. Murine cells 

were directly injected into the pancreas using a calibrated syringe (Hamilton Syringe; Sigma-

Aldrich) and a 27-gauge needle. Tumour cell leakage into the abdominal cavity during injection 

was prevented by using a cotton swab held over the site of injection following injection and 

only those that had no tumour cell leakage was used for experimentation. For rehydration 

following surgery, animals were given 1ml of saline i.p.. The abdominal muscle and skin layers 

were sutured separately using 4.0 silk sutures (Ethicon Inc., Johnson & Johnson, New 

Brunswick, USA). The wound was sterilized using 0.05% aqueous chlorhexidine solution. 
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Post-surgery, mice were allowed to recover in cages warmed on heat pads with access to 

raspberry jelly, irradiated rodent pellets and water. The surgical procedure was well tolerated 

with minimal (<5%) procedure or anaesthesia-related deaths. Mice were monitored by daily 

weighing and health scored (appendix i) for the first week following surgery then 3 times a 

week thereafter. 

For the pancreatic head model, mice were monitored for signs of deteriorating health and were 

monitored closely, given a ‘wet’ diet, and/or sacrificed if the health score was reached. Day 1 

was considered the day of surgery/pancreatic induction. At the endpoint, all mice were 

sacrificed and the mice were visually inspected for tumours, obvious metastasis, and its organs 

harvested for histological analysis. Survival was presented using the Kaplan-Meier method, 

with collation when necessary (SPSS; IBM, New York, USA). 

For the pancreatic tail model, mice were monitored for up to 40-50 days (depending on the 

study). At the endpoint, mice were sacrificed and were visually inspected for obvious 

metastasis, the primary tumour was located and a single investigator measured the dimensions 

of the tumour using micro-calipers, in a double-blinded manner. Organs were then harvested 

for histological analysis. Tumour volume (V) was calculated using the formula for ellipsoid 

tumours:  

𝑉 = 𝐿 𝑥 𝑊 𝑥 𝐻 𝑥 
𝜋

6
 

where L was the longest distance from right to left; W, the largest dorsal/ventral diameter; 

and H, the largest rostral/caudal diameter. 

2.14 Tissue Processing 

Harvested organs were fixed in 10% phosphate buffered formalin (Sigma-Aldrich) at room 

temperature for 24 hours and then transferred to 70% ethanol. Organs were placed between 
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70% ethanol soaked biopsy pads (Grale Scientific, Ringwood, Australia) in tissue processing 

cassettes (Simport, Beloeil, Canada). The cassettes were then immersed in 70% ethanol and 

processed by the Biomedical Sciences Histology Facility (Level 2, School of Biomedical 

Sciences, The University of Melbourne, Parkville, Australia) and embedded in paraffin wax 

blocks using an overnight processing schedule. This processing schedule allowed tissues to 

undergo dehydration through an increasing series of graded ethanol solutions. Tissues were 

then immersed in three changes of xylene. Samples were then vacuum-embedded in paraffin 

wax to produce formalin fixed paraffin embedded (FFPE) tissue blocks. The FFPE blocks were 

then cut into 4µm sections using a microtome (Leica RM2245, Wetzlar, Germany) and 

mounted onto either a glass slide (Menzel Glaser®, Thermo Fisher Scientific, Scoresby, 

Australia) for H&E Staining, or a Superfrost plus slide (Menzel-Glaserslides, Braunschweig, 

Germany) for IHC. Sections were dried in a 37°C oven overnight prior to staining. 

Tumour protein expression was analysed from snap-frozen samples. Similar weights of tumour 

tissue were taken and the proteins extracted by liquid nitrogen grinding and homogenising. 

Samples were placed in foil and dipped in liquid nitrogen and a mortar used to grind and 

pulverise the samples into small pieces and then transferred to a tube with 1% Triton X100 

lysis buffer (50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 

5 g/ml aprotinin, 5 g/ml leupeptin and 1 mM PMSF). Tissue samples were homogenised 

(ultra-turrax T25, Janke and Kunkel, Ika® Labortechnik, Staufen, Germany) and then 

centrifuged for 10 minutes at 12000 rpm at 4ºC. The supernatant was collected and added to 

2x SDS sample buffer in a 1:1 ratio and stored at -20°C until needed. 

2.15 Haematoxylin and Eosin (H&E) Staining 

H&E was used to examine tissue morphology and determine cell type and tumour areas. Slides 

were placed into a staining rack and deparaffinised by immersion in two changes of histolene 
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(Fronine Pty Ltd; Scoresby, Australia) for 5 minutes each. Slides were rehydrated in decreasing 

grades of ethanol, washed in tap water and placed in Mayer’s Haematoxylin Solution (Sigma-

Aldrich) for 3 minutes. Excess Haematoxylin was washed off in running water and placed in 

Scott’s tap water for 2 minutes. Slides were immersed in 1% Eosin Y Solution (Simga-Aldrich) 

for 1 minute and dehydrated quickly (2-3 dips) in increasing grades of ethanol. Slides were 

then placed into fresh histolene for 10 minutes and mounted in an organic mountant, DPex, 

cover-slipped and allowed to dry. Slides were viewed using the NIKON Coolscope.   

2.16 Immunohistochemistry  

IHC was used to examine the presence, location and distribution of specific proteins in the 

tissues. Slides were placed into a staining rack and deparaffinised by immersion in two changes 

of histolene (Fronine Pty Ltd) for 5 minutes each. Slides were rehydrated in decreasing grades 

of ethanol, washed in distilled water and antigen retrieved using 10mM Citrate buffer (pH 6) 

using the water-bath method to uncover masked antigens. Slides were placed in a container 

filled with citrate buffer in a 99ºC water-bath for 30 minutes. Slides were then allowed to cool 

to room temperature. However, for Caspase 3, antigen retrieval using the microwave method 

was used where slides were heated to boiling point in a sharp Carousel TM R-350J microwave 

oven for 4 minutes on medium high and maintained at boiling point at a low setting for 12 

minutes. Slides were then allowed to cool to room temperature.  

Slides were washed in TBST using gentle agitation on a magnetic stirrer for 5 minutes. A H2O2 

peroxidase block solution (Envision Plus® System-HRP kit; Dako, Botany, Australia) was 

used for 10 minutes at room temperature in the dark to block endogenous peroxidases and 

slides were washed in TBST for another 5 minutes. Sections were incubated in 5% of the 

normal serum from the same animal species as the secondary antibody to prevent unrelated Ig-

protein interactions. For all antibodies, 5% goat serum was used, except for PAK1 where 5% 

horse serum was used, and Ki67 where Ultra V-block (Thermo Fisher Scientific) was used. 
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The primary antibody was applied to the sections (see Table 2.16) and incubated overnight at 

4ºC, except for Ki67 which was incubated for 2 hours in a 37°C oven in the dark. As a negative 

control, sections were incubated with normal Rabbit IgG (sc-2027; Santa Cruz Biotechnology, 

Texas, USA) at the same protein concentration as the primary antibody. This ensures that the 

positive stain is not due to non-specific interactions of immunoglobulin molecules with the 

section. 

Slides were washed in TBST to remove unbound antibody and incubated in peroxidase 

conjugated goat anti-rabbit secondary antibody (Envision Plus® System-HRP kit) for 1 hour. 

Slides were washed twice with TBST and incubated in DAB (diaminobenzidine) chromogen 

substrate solution (1 drop of DAB chromogen added to 1ml of DAB buffer (Envision Plus® 

System-HRP kit)) was applied to the slides until colour was observed for a maximum of 10 

minutes. Peroxidase enzyme catalyses the substrate reaction and converts the chromogen 

substrate to a dark brown insoluble precipitate indicative of positive staining. Slides were 

washed in tap water to prevent further reaction. Slides were counterstained with Mayer’s 

Haematoxylin Solution for 3 minutes, washed in running water, and immersed in Scotts tap 

water for 2 minutes. After washing in tap water, slides were dehydrated in increasing grades of 

ethanol. Slides were then placed into fresh histolene for 10 minutes and mounted in an organic 

mountant, DPex, cover-slipped and allowed to dry overnight. Slides were viewed using the 

NIKON Coolscope.   

For quantification, 24 random fields were taken of the tumour tissue at 400 x magnification.  

Cells were counted using the Image Pro-Plus 6.0 image analysis program (Media Cybernetics 

Inc., Silver Spring, MD) and the ratio of positive cells to the total number of cells in each field 

was calculated.   
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Table 2.16: Primary Antibodies used for Immunohistochemistry 

Target Protein Antibody Supplier (catalogue number) Dilution 

αSMA Monoclonal Rabbit Abcam (ab32575) 1:200 

Caspase 3 Polyclonal Rabbit  R&D Systems (AF835) 1:500 

desmin Monoclonal Rabbit Abcam (ab32362) 1:200 

Ki67 Monoclonal Rabbit  Neomarker (MA5-14520) 1:200 

PAK1 Polyclonal Rabbit Santa Cruz (sc-882) 1:200 

 

2.17 Picrosirius Red Staining 

Picrosirius red staining was used to visualise the extracellular matrix protein, collagen I. Slides 

were placed into a staining rack and deparaffinised by immersion in two changes of histolene 

(Fronine Pty Ltd) for 5 minutes each. Slides were rehydrated in decreasing grades of ethanol, 

washed in distilled water and incubated in picrosirius red solution (0.1% sirius red (Sigma-

Aldrich) in saturated aqueous solution of picric acid (Sigma-Aldrich)) for 1 hour. This 

enhances the birefringence of collagen fibres by sirius red. Slides were then washed in two 

changes of acidified water (0.5% acetic acid glacial (Sigma-Aldrich) in distilled water) to 

prevent the loss of dye, tapped dry, and dehydrated in increasing grades of ethanol. Slides were 

then placed into fresh histolene for 10 minutes and mounted in an organic mountant, DPex, 

cover-slipped and allowed to dry overnight. Slides were viewed using the NIKON Coolscope 

with collagen I fibres appearing ‘red’.   
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2.18 Statistical Analysis 

All quantitative data are expressed as means + standard error of the mean (SEM). Experiments 

were done in duplicate and data collated from three independent experiments. Results were 

analysed using student’s t-test or one-way ANOVA (SPSS). Survival was analysed using the 

Cox regression analysis, with study stratification when necessary (SPSS).     Differences 

between two means with p<0.05 were considered significant. 
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Chapter 3: Glaucarubinone Reduces Pancreatic 

Cancer Growth and Increases Survival by Inhibition 

of PAK1 and PAK4 
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3.1 Introduction 

Therapies for pancreatic cancer are limited and are ineffective. There is a need to explore 

targeted therapeutic agents and understand the mechanisms that underlie the disease in the hope 

to find effective therapies to improve pancreatic cancer patient outcomes. Glaucarubinone has 

been shown to possess anti-cancer activity in solid tumours but has not been investigated in 

pancreatic cancer previously (56, 217). The natural product, glaucarubinone, a quassinoid first 

isolated from the seeds of Simarouba glauca, and later from numerous other species in the 

Simaroubaceae family, was originally developed as an antimalarial drug (157). It was found 

that glaucarubinone may act, at least in part, via inhibition of pathways involving PAK1 where 

suppression of PAK1 resulted in the death of malaria parasites (197). Glaucarubinone has also 

been found to extend the lifespan of C. elegans by downregulating PAK1 (241). 

Glaucarubinone (Figure 3.1) was first discovered to have cancer growth inhibition properties 

in murine leukemia cells in 1977 (63). Following this discovery, studies have investigated the 

effects of glaucarubinone on a number of cancers including breast, ovarian, and 

neurofibromatosis type 2 (NF2)-deficient Schwannomas (142, 212). Elucidation of the 

mechanisms involved have found two transcription factors: activator protein-1 (AP-1) and 

NFκB as likely targets of glaucarubinone, both have been shown to require PAK1 (15, 41). 

Increased PAK1 activity has been found to increase AP-1 DNA binding activity in breast 

cancer cells (213) and AP-1 has been found to be involved in PAK1-mediated tissue factor 

(TF) expression, a cell-surface glycoprotein responsible for initiating the coagulation cascade 

(188). Furthermore, recent implication of PAK1 pathways by glaucarubinone was reported in 

colorectal cancer cells where PAK1-downstream products: hypoxia-induced factor 1a (HIF-

1α) and β-catenin was downregulated following treatment with glaucarubinone (94). 

Glaucarubinone has been well studied for its anti-cancer properties and studies have linked and 

suggested a possible mechanism of action through PAK1-mediated pathways. 
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Figure 3.1 Chemical structure of glaucarubinone. Taken from (141). 

 

The high prevalence of KRAS mutations in pancreatic cancer, evidence that PAK1 is activated 

by and acts downstream of KRAS, and evidence that PAK1 and PAK4 is upregulated in 

pancreatic cancer suggests a possible role of PAK1 and PAK4 in pancreatic cancer. Thus, to 

characterise the role of PAK1 and PAK4 in pancreatic cancer, this study investigated the effects 

of a non-specific PAK inhibitor, glaucarubinone alone and in combination with standard 

chemotherapy, gemcitabine, on the expression and activation of PAK1 and PAK4 in vitro. Pre-

clinical models were utilised to investigate their role in pancreatic tumour growth in xenograft 

models, and murine survival in orthotopic pancreatic tumour models.  
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3.2 Methods 

The proliferation, combination index, migration/invasion, and Western blot assays; orthotopic 

pancreatic cancer murine implantation, tissue processing and immunohistochemical staining 

procedures have been described in Chapter 2. 

3.2.1 Subcutaneous Flank Xenograft Murine Study 

5 x 106 PANC-1 and MiaPaCa-2 cells in 100l DMEM were implanted subcutaneously into 

each flank as described in Chapter 2.11. Mice were divided into four groups (5 mice per group) 

as follows:  

1. Control: intraperitoneal (i.p.) injection of saline every other day;  

2. Glaucarubinone alone: glaucarubinone (1mg/kg for first week then 2mg/kg 

thereafter) i.p. every other day; 

3. Gemcitabine alone: gemcitabine (20mg/kg) i.p. twice weekly; or 

4. Combination of glaucarubinone and gemcitabine: following the treatment as 

described above. 

Treatment started 7 days after tumour implantation. Mice were sacrificed on day 43, tumours 

extracted, weighed, and snap-frozen for protein extraction and analysis or fixed and PPFE for 

IHC staining as described in Chapter 2.14. 

3.2.2 Orthotopic Pancreatic Cancer Murine Study Design 

Pan02 (2.5 x 105 cells) were suspended in 50μL of MatrigelTM matrix solution (BD Biosciences, 

Franklin Lakes, USA) and implanted into the pancreatic head of C57Bl/6 mice as described in 

Chapter 2.13. Leakage occurred in less than 5% of mice, and only mice without leakage during 

injection were included in experiments. Mice were monitored based on health score for up to 

45 days and euthanised when a poor health score was reached. Two studies were undertaken: 
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in the first study, 48 mice were implanted with Pan02 cells and groups of 12 mice were 

randomly allocated to one of four groups:  

1. Control: i.p. saline injection every other day;  

2. Glaucarubinone alone: glaucarubinone (2mg/kg) i.p. every other day;  

3. Gemcitabine alone: gemcitabine (40mg/kg) i.p. twice weekly; or 

4. Combination of glaucarubinone and gemcitabine: following the treatment as 

described above.  

In the second study, 30 mice were implanted with Pan02 cells, with 13 mice randomly allocated 

to either the gemcitabine alone or combination treatment group, with the remaining 4 mice 

allocated to the control group. A collated Kaplan-Meier survival curve was plotted (SPSS). 

Treatment started 7 days after tumour implantation, at a time when discrete tumours had 

formed. Identical experiments were undertaken using the other murine pancreatic cancer cell 

line, LM-P, (1 x 106 cells) which were suspended in 50μL of MatrigelTM matrix solution and 

implanted into 48 mice. Mice were divided into control, glaucarubinone alone, gemcitabine 

alone, and combination of glaucarubinone and gemcitabine treatment groups, in the same 

manner as the first study using Pan02 cells.  
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3.3 Results 

This study was a continuation of work completed as part of an Honours degree. As such, in 

vitro data of the effects of glaucarubinone and gemcitabine on PANC-1, MiaPaCa-2 and Pan02 

cell proliferation, migration/invasion will not be presented here, but the IC50 values will be 

included for comparison.  

3.3.1 Glaucarubinone alone and gemcitabine alone inhibited pancreatic cancer cell 

proliferation  

The effect of the inhibitors, glaucarubinone and gemcitabine, as single treatment agents was 

tested on pancreatic cancer cell proliferation. Glaucarubinone inhibited the proliferation of the 

additional three pancreatic cancer cell lines tested: AsPC-1, BxPC-3, and LM-P; in a dose-

dependent manner (Fig. 3.3.1A). The IC50 values were 265nM for AsPC-1, 60nM for BxPC-3, 

and 1465nM for LM-P in addition to the other three pancreatic cancer cell lines: 340nM for 

PANC-1, 65nM for MiaPaCa-2, and 965nM for Pan02 (Table 3.3.1).  

Similarly, gemcitabine inhibited the proliferation of the additional three pancreatic cancer cell 

lines tested in a dose-dependent manner (Fig. 3.3.1B). The IC50 values were 20nM for AsPC-

1, 5nM for BxPC-3, and 15nM for LM-P in addition to the other three pancreatic cancer cell 

lines: 40nM for PANC-1, 4nM for MiaPaCa-2, and 100nM for Pan02 (Table 3.3.1). 
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Figure 3.3.1 Glaucarubinone and gemcitabine inhibited pancreatic cancer proliferation 

in a dose dependent manner. Human pancreatic cancer cell lines: AsPC-1 and BxPC-3; and 

the murine pancreatic cancer cell line: LM-P, were treated with glaucarubinone (A) or 

gemcitabine (B) and proliferation measured using 3H-thymidine incorporation assay. 
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Table 3.3.1: Proliferation IC50 values for glaucarubinone and gemcitabine 

 IC50 (nM) 

 BxPC-3 MiaPaCa-2 AsPC-1 PANC-1 LM-P Pan02 

Glaucarubinone 60 + 10 65 + 20 265 + 15 340 + 90 1465 + 65 965 + 290 

Gemcitabine 5 + 2 45 + 3 20 + 3 40 + 6 15 + 2 100 + 2 

 

3.3.2 Glaucarubinone inhibited pancreatic cancer cell migration/invasion 

The effect of glaucarubinone on pancreatic cancer cell migration/invasion of the additional 

murine pancreatic cancer cell line, LM-P, was tested. Glaucarubinone inhibited the migration 

and invasion of LM-P cells in a dose-dependent manner (Fig. 3.3.2). The IC50 value was 120nM 

for LM-P in addition to 44nM for MiaPaCa-2, 210nM for PANC-1, and 220nM for Pan02 

(Table 3.3.2). 

 

Figure 3.3.2 Glaucarubinone inhibited pancreatic cancer migration/invasion in a dose 

dependent manner. Murine pancreatic cancer cell line, LM-P, were treated with 

glaucarubinone and migration/invasion measured using the Transwell Boyden Chamber assay. 
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Table 3.3.2: Migration and invasion IC50 values for glaucarubinone 

 IC50 (nM) 

 MiaPaCa-2 PANC-1 LM-P Pan02 

Glaucarubinone 44 + 23 210 + 20 120 + 10 220 + 130 

 

3.3.3 Inhibition of glaucarubinone correlated with PAK1 activity 

The six pancreatic cancer cell lines had varying expression of phosphorylated PAK1 (pPAK1), 

PAK1, active form of PAK4 (pPAK4), and PAK4 (Fig. 3.3.3A-B). The IC50 values for 

inhibition of proliferation by glaucarubinone varied among the six pancreatic cancer cell lines. 

BxPC-3 and MiaPaCa-2 was most sensitive to glaucarubinone with the lowest IC50 values, 

while Pan02 and LM-P was least sensitive to glaucarubinone with the highest IC50 values 

(Table 3.3.1). Trends were observed in the active form of PAK1 (pPAK1) to the IC50 values as 

BxPC-3 and MiaPaCa-2 had the lowest expression of the active form of PAK1 (pPAK1), while 

Pan02 and LM-P had the highest expression of pPAK1 with an R-square value of 0.9839 (Fig. 

3.3.3C). No observable trend was found with PAK1, pPAK4 or PAK4 expression. The 

matching trend of IC50 values with PAK1 activity suggests that glaucarubinone may be acting 

through PAK1 mediated pathways. 
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Figure 3.3.3 PAK1 and PAK4 is expressed in all pancreatic cancer cell lines tested and 

glaucarubinone inhibition correlated with PAK1 activity. Varying expressions of active 

form of PAK1 (pPAK1) (A), PAK1 (A), active form of PAK4 (pPAK4) (B), and PAK4 (B) 

was found in the 6 pancreatic cancer cell lines tested: 4 human pancreatic cancer cell lines: 

BxPC-3, MiaPaCa-2, AsPC-1, and PANC-1; and 2 murine pancreatic cancer cell lines: LM-P 

and Pan02. Glaucarubinone proliferation inhibition IC50 correlated significantly with pPAK1 

expression (C). 
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3.3.4 Glaucarubinone and gemcitabine synergistically inhibited LM-P pancreatic cancer 

cell growth 

The combined effect of glaucarubinone and gemcitabine on proliferation were measured by 

incubation of LM-P cells with increasing concentrations of gemcitabine, alone or in 

combination with glaucarubinone, at a concentration close to the IC50 value given in Table 

3.3.1. A further reduction of proliferation was observed when the cells were treated with the 

combination of glaucarubinone and gemcitabine, compared to gemcitabine alone (Fig. 3.3.4A). 

The combined effect of glaucarubinone and gemcitabine was shown to be synergistic 

(combination index < 1) using the Chou-Talalay method (Fig. 3.3.4B). This was similar to the 

results from the MiaPaCa-2, PANC-1, and Pan02 cell lines. These results demonstrated that 

glaucarubinone and gemcitabine synergistically inhibited pancreatic cancer cell growth. 

 

Figure 3.3.4 Glaucarubinone synergised with gemcitabine to inhibit LM-P proliferation. 

The effects of gemcitabine alone (Gem, solid bars), and gemcitabine after 20 hours pre-

treatment with glaucarubinone (Gem + Glau, striped bars), on proliferation of LM-P murine 

pancreatic cancer cells were assessed by 3H-thymidine incorporation assay (A). The 

concentration of glaucarubinone used was based on the IC50 value determined in Chapter 3.3.1. 

The combination index (CI), calculated by the Chou-Talalay method, was used to determine 

the mechanism of action of glaucarubinone and gemcitabine (B). A CI value < 1 indicates 
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synergistic inhibition. * p<0.05, *** p<0.001, compared to untreated cells. # p<0.05, ## p<0.01 

compared to the corresponding gemcitabine treatment. 

 

3.3.5 Inhibition of pancreatic cancer cell growth by glaucarubinone and gemcitabine 

associated with a reduction in active PAK1 and PAK4 

The effects of the glaucarubinone and gemcitabine on the expression and activity of PAK1 and 

PAK4 were determined as a possible mechanism for the observed inhibition of pancreatic 

cancer cell growth. The human pancreatic cancer cell line MiaPaCa-2 was treated with 

increasing concentrations of glaucarubinone and the total amounts of active (pPAK1 and 

pPAK4) and total (PAK1 and PAK4) protein expression was measured by Western blotting. 

Glaucarubinone significantly decreased the active amount of PAK1 and PAK4 at 50nM and 

100nM with no effect on the corresponding total protein expression (Fig. 3.3.5A-B).  

The human pancreatic cancer cell lines, PANC-1 and MiaPaCa-2, were treated with 

gluacarubinone and/or gemcitabine at a concentration close to their IC50 value (Table 3.3.1). 

The total amounts of active (pPAK1 and pPAK4) and total (PAK1 and PAK4) protein 

expression was measured. In MiaPaCa-2 cells glaucarubinone significantly decreased the 

amount of both pPAK1 (Fig. 3.3.5C) and pPAK4 (Fig. 3.3.5D) without affecting the expression 

of either PAK1 or PAK4 while gemcitabine and had no effect on the amount of either active 

or total PAK1 or PAK4. However, the combination of glaucarubinone and gemcitabine further 

decreased the amounts of both pPAK1 and pPAK4 (Fig. 3.3.5C-D). Similar results were 

obtained in PANC-1 cells, however, single treatment of glaucarubinone did not reach 

significance in reducing active PAK1 or PAK4, although was significant in the combination 

treatment of glaucarubinone and gemcitabine (Fig. 3.3.5E-F). These data suggested that 
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glaucarubinone and gemcitabine synergistically reduced pancreatic cancer cell growth by 

reducing the amounts of active PAK1 and PAK4. 



CHAPTER 3 

 

58 

 

 



CHAPTER 3 

 

59 

 

Figure 3.3.5 Glaucarubinone and gemcitabine synergistically reduced the amounts of 

active PAK1 and PAK4 in vitro. The effects of glaucarubinone (Glau) or gemcitabine (Gem) 

alone, or in combination (GG), on the amounts of active PAK1 (orange graphs) or PAK4 (blue 

graphs) were determined in MiaPaCa-2 (A, B, C, D) or PANC-1 (E, F) cells by Western 

blotting. Glaucarubinone dose-dependently decreased PAK1 and PAK4 activity (A, B). The 

combination of glaucarubinone and gemcitabine further reduced PAK1 and PAK4 activity in 

MiaPaCa-2 cells (C, D) and PAK1 activity in PANC-1 cells (E). Although glaucarubinone and 

gemcitabine treatment did not decrease PAK4 activity in PANC-1 cells, the combination of 

glaucarubinone and gemcitabine resulted in a significant decrease compared to control (F). The 

concentration of glaucarubinone used was based on the IC50 value determined in Chapter 3.3.1 

which was 50nM and 300nM for MiaPaCa-2 and PANC-1 cells, respectively. The 

concentration of gemcitabine used was based on the IC50 value determined in Chapter 3.3.1 

and was 50nM for both MiaPaCa-2 and PANC-1 cells. The values from untreated control cells 

(0 or CT) were taken as 100%. * p<0.05, ** p<0.01, *** p<0.001 compared to control. # p<0.05 

compared to glaucarubinone treatment. 

 

3.3.6 Glaucarubinone and gemcitabine inhibited pancreatic cancer xenograft growth in 

vivo by decreasing proliferation.  

The effect of glaucarubinone and gemcitabine on pancreatic cancer growth in vivo was 

investigated by injecting MiaPaCa-2 and PANC-1 cells subcutaneously into the flank of SCID 

mice. The tumour take rate was 100% for both cell lines. The mice were treated with 

glaucarubinone and gemcitabine either alone or in combination as described in Chapter 3.2.1. 

There was no reported toxicity in any of the mice throughout the study. From day 17, the 

tumour volume of the MiaPaCa-2 xenografts was significantly decreased by treatment with 

either glaucarubinone alone or gemcitabine alone or combination (p<0.05 for alone treatment, 
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p<0.01 for combination treatment, Fig. 3.3.6A). From day 28, the combination treatment of 

glaucarubinone and gemcitabine decreased tumour volume significantly more than the 

gemcitabine treatment alone (p<0.01), but not more than glaucarubinone treatment alone. 

Similarly, by the end of the endpoint, the tumour weights of MiaPaCa-2 xenografts were 

significantly reduced by glaucarubinone or gemcitabine alone to 28% and 44%, respectively, 

of control tumours (Fig. 3.3.6B). The combined treatment with glaucarubinone and 

gemcitabine also reduced the tumour weight to 20% of control, and the reduction was 

significantly greater than for gemcitabine-treated tumours (p=0.035), but not for 

glaucarubinone-treated tumours. For PANC-1 xenografts, neither glaucarubinone nor 

gemcitabine alone had any significant effect on the tumour growth or tumour weight (Fig. 

3.3.6C-D). However, the combined treatment of glaucarubinone and gemcitabine significantly 

reduced the tumour volume from day 32 (p<0.05) and at the endpoint, the tumour weight was 

37% of control tumours (p=0.013).  

Proliferation and apoptosis of the MiaPaCa-2 xenograft tumours were measured by IHC. 

Proliferation in tumours treated with the combination of glaucarubinone and gemcitabine was 

significantly reduced compared to untreated control tumours (75% of control, p=0.020) 

although there was no significant difference in proliferation between untreated control tumours 

and tumours treated with single treatment of either glaucarubinone or gemcitabine (Fig. 

3.3.6E). There was no significant difference in apoptosis between tumours from the treatment 

groups compared to control (Fig. 3.3.6F). These results indicate that glaucarubinone and 

gemcitabine synergistically inhibited pancreatic cancer growth in vivo by reducing 

proliferation rather than inducing apoptosis. 
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Figure 3.3.6 Glaucarubinone and gemcitabine synergistically inhibited pancreatic cancer 

tumour growth in vivo by decreasing proliferation. MiaPaCa-2 and PANC-1 cells were 

injected subcutaneously into flanks of SCID mice. The animals were treated with saline (CT), 

glaucarubinone (Glau), gemcitabine (Gem), or the combination (Glau + Gem). Both single 

treatment of glaucarubinone and gemcitabine inhibited the growth of MiaPaCa-2 tumours and 

weight (A, B), but not in PANC-1 tumours (C, D). The combination of glaucarubinone and 

gemcitabine further decreased the growth and weight of MiaPaCa-2 tumours, and also inhibited 

the growth and of PANC-1 tumours. Proliferation and apoptosis in the excised tumours was 

measured by Ki67 and caspase 3 immunohistochemistry, respectively, and the ratios of 

positively stained cells to total cells were calculated. Anti-rabbit IgG was used as an isotype 

control. The combination of glaucarubinone and gemcitabine decreased tumour cell 

proliferation with decreased Ki67 staining compared to control (E). Treatments did not 

significant change tumour cell apoptosis with no difference in caspase 3 staining in any of the 

treatment groups (F). * p<0.05, ** p<0.01 compared to control (at endpoint for A&C). # 

p<0.05, ## p<0.01 compared to glaucarubinone treatment (at endpoint for A&C). ^  ̂ p<0.01 

compared to gemcitabine treatment (at endpoint for A&C). 

 

3.3.7 Glaucarubinone and gemcitabine decreased the amounts of active PAK1 and PAK4 

in vivo 

The effects of glaucarubinone and gemcitabine on the expression and activity of PAK1 and 

PAK4 on the xenograft tumours was investigated. As with the results from Chapter 3.3.5, 

glaucarubinone alone decreased the amounts of active PAK1 (pPAK1) in both MiaPaCa-2 and 

PANC-1 tumours, without affecting the expression of total PAK1 (Fig. 3.3.7A&C). Combined 

treatment with glaucarubinone and gemcitabine further reduced the amounts of active PAK1 

in both MiaPaCa-2 and PANC-1 tumours. However, in contrast to the in vitro results, only 
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treatment with glaucarubinone and gemcitabine in combination significantly reduced the 

amounts of active PAK4 in both MiaPaCa-2 and PANC-1 tumours (Fig. 3.3.7B&D). Neither 

glaucarubinone nor gemcitabine alone affected the amount of active PAK4 in MiaPaCa-2 

tumours (Fig. 3.3.7B). Interestingly, gemcitabine reduced the amount of active PAK4 in 

PANC-1 tumours, while glaucarubinone had no significant effect on the amount of active 

PAK4 in PANC-1 tumours (Fig. 3.3.7D). These results suggested that glaucarubinone and 

gemcitabine synergistically reduced pancreatic cancer growth in vivo, at least partially through 

a reduction in the amounts of active PAK1 and PAK4. 
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Figure 3.3.7 Glaucarubinone and gemcitabine synergistically reduced the amounts of 

active PAK1 and PAK4 in vivo. MiaPaCa-2 and PANC-1 cells were injected subcutaneously 

into flanks of SCID mice. The animals were treated with saline (CT), glaucarubinone (Glau), 

gemcitabine (Gem), or the combination (GG). The amounts of active PAK1 (orange graphs) or 

PAK4 (blue graphs) were determined in excised MiaPaCa-2 (A, B) or PANC-1 (C, D) tumours 

by Western blotting. The combination of glaucarubinone and gemcitabine further reduced 

PAK1 and PAK4 activity in MiaPaCa-2 cells (A, B) and PANC-1 cells (C, D). The values from 

untreated control tumours (CT) were taken as 100%. * p<0.05, ** p<0.01 compared to control. 

# p<0.05 compared to glaucarubinone treatment. 
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3.3.8 Glaucarubinone and gemcitabine treatment improved survival compared to 

gemcitabine alone 

The effect of glaucarubinone on murine survival was investigated in an immunocompetent 

orthotopic murine model. In this syngeneic model, murine pancreatic cancer cells were 

implanted into the head of the murine pancreas, with formation of tumours and metastases 

representative of the clinical situation. Uncontrolled tumour growth in this model results in 

jaundice, duodenal obstruction and liver metastases. 

Pan02 cell lines grew in 100% of cases and were used for survival analysis. The results of two 

separate studies using Pan02 cells were collated and survival curves plotted (Fig. 3.3.8). There 

was no reported toxicity in any of the mice throughout the studies. The median survival for the 

untreated control animals was 19 days. No significant improvement of survival was observed 

with treatment of glaucarubinone alone. Gemcitabine treatment alone resulted in improved 

survival compared to both the control and glaucarubinone treatment groups, with an increased 

median survival of 33 days (p<0.05) and 24% survival at 45 days following tumour induction. 

The combination of glaucarubinone and gemcitabine had the greatest improvement on survival 

with 51% of animals surviving to 45 days following tumour induction. The combination 

treatment significantly improved survival compared to gemcitabine alone with an odds ratio of 

2.1 (95% confidence 1.0-4.4; p=0.046; Table 3.3.8). Drug specific toxicity was not observed 

in this study at the doses tested. These results indicate that glaucarubinone and gemcitabine 

synergistically increased pancreatic cancer murine survival in vivo. 
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Figure 3.3.8. Glaucarubinone combined with gemcitabine significantly improved survival 

in a syngeneic orthotopic murine model. Pan02 cells were implanted in the head of the 

pancreas of C57Bl/6 mice, and treatment commenced seven days thereafter. The survival 

curves of the animals group are presented using the Kaplan-Meier method (A). Control animals 

(CT) had a median survival of 20 days and no significant improvement in survival was noted 

when compared to glaucarubinone (Glau) treatment alone. Treatment with gemcitabine (Gem) 

or the combination (Gem+Glau) significantly improved survival compared to the control 

group. The combination treatment group itself had significantly improved survival compared 

to the gemcitabine alone group. Stratified cox regression survival analysis: ** p<0.01 

compared to control, ### p<0.001 compared to glaucarubinone treatment,  ̂p<0.05 compared 

to gemcitabine treatment.  
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Table 3.3.8: Cox regression survival analysis of treatment of glaucarubinone and gemcitabine 

in a mouse orthotopic pancreatic cancer model 

Treatment Rates Ratio 95% CI p-value 

Control 5.03 1.92 – 13.21 0.001 

Glaucarubinone 6.23 2.28 – 17.17 <0.001 

Gemcitabine 2.10 1.01 – 4.36 0.046 

Glaucarubinone + 

Gemcitabine 

1.00 (ref)   

The overall statistics for the stratified Cox regression analysis were: χ2 (3) = 17.5, p=0.001 

 

3.3.9 LM-P murine pancreatic cancer cells failed to grow in C57Bl/6 mice  

Similar to Chapter 3.3.8, LM-P cells were implanted into the head of pancreas of C57Bl/6 mice 

and treated with glaucarubinone and gemcitabine. No LM-P tumours were observed at the 

endpoint in the C57BL/6 mice, in control or treated animals. No surgical-related morality was 

observed and no drug specific toxicity was noted with gemcitabine, glaucarubinone or 

combined injections. To investigate the failure of growth in LM-P cells, the cells were 

subcutaneously implanted into the flank of 3 C57BL/6 mice and tumours measured. LM-P cells 

failed to grow above 100mm3 and started to regress after 13 days after implantation (Fig. 

3.3.9A). LM-P cells were subcutaneously implanted into 4 SCID mice, and growth was 

observed reaching 200mm3 by day 19 (Fig. 3.3.9B). As a control, 2 SCID mice was implanted 

subcutaneously with established colorectal cancer cell line, HCT 116 and 1 SCID mouse with 

DLD-1. This indicated that LM-P cells may not be completely syngeneic to C57Bl/6 mice. 
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Figure 3.3.9 LM-P tumours failed to grow in C57Bl/6 mice but grew in SCID mice. LM-

P murine pancreatic cancer cells were implanted subcutaneously into C57Bl/6 mice. Tumours 

started to regress after 13 days and were completely regressed after 30 days (A). LM-P cells 

were also implanted subcutaneously into SCID mice and growth was observed at a rate 

comparable to established colorectal cancer cell lines: HCT116 and DLD-1 (B).   
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3.4 Discussion 

All six pancreatic cancer cell lines tested had PAK1 and PAK4 activity and suggests a possible 

role of PAK1 and PAK4 in pancreatic carcinogenesis. Among the six pancreatic cell lines 

tested, BxPC-3 and MiaPaCa-2 was the most sensitive, and Pan02 and LM-P the least sensitive, 

to glaucarubinone (Table 3.3.1). It may be more than coincidental that BxPC-3 and MiaPaCa-

2 cells had the lowest expression of active PAK1 and Pan02 and LM-P cells the highest (Fig. 

3.3.3C). Thus, the results suggest that the anti-proliferative effect of glaucarubinone acts on 

PAK1, based on the IC50. 

The activity of glaucarubinone has been established to involve PAK1 pathways but there is 

limited to no data on its involvement of PAK4. Our studies found that treatment with 

glaucarubinone reduced the amounts of both active PAK1 and PAK4 in human pancreatic 

cancer cells (Fig. 3.3.5) indicating that glaucarubinone reduced pancreatic cancer cell 

proliferation (Fig. 3.3.1), migration and invasion (Fig. 3.3.2) at least partly through inhibition 

of pathways involving PAK1 and PAK4. The mechanisms by which glaucarubinone regulates 

the amounts of active PAK1 has been well studied but the mechanisms involving PAK4 is 

limited and clearly warranted. Although gemcitabine itself did not affect the amounts of either 

active PAK1 or PAK4, when combined with glaucarubinone, it resulted in significantly greater 

reduction of the amounts of active PAK1 and PAK4 than that observed in the glaucarubinone 

alone treatment (Fig. 3.3.5). This reduction likely contributes to the synergistic inhibition of 

pancreatic cancer cell growth that results from combined treatment with gemcitabine and 

glaucarubinone. 

The synergistic reduction in xenograft flank pancreatic cancer growth is due to the inhibition 

of pathways involving PAK1 and PAK4. The in vivo xenograft model showed that 

glaucarubinone alone and gemcitabine alone inhibited the tumour growth of MiaPaCa-2, but 

not PANC-1 cells. Furthermore, the combination of glaucarubinone with gemcitabine further 
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decreased the tumour growth of MiaPaCa-2 cells, and suppressed the tumour growth of PANC-

1 cells as well (Fig. 3.3.6). This reduction in tumour growth was mediated by the decrease in 

proliferation where Ki67 staining was decreased in the tumours of mice treated with 

glaucarbuinone and gemcitabine. Although the positive stain is high (>60%), other methods 

should be examined to confirm the results such as BrdU injection prior to culling the mice or 

other proliferative markers such as PCNA or MCM-2. As in the in vitro study, glaucarubinone 

reduced the activity of PAK1 in both MiaPaCa-2 and PANC-1 tumours and the addition of 

gemcitabine further enhanced the reduction in PAK1 activity (Fig. 3.3.7). Although 

glaucarubinone alone did not significantly affect PAK4 activity, the combination of 

glaucarubinone with gemcitabine decreased the amount of active PAK4 in both MiaPaCa-2 

and PANC-1 tumours. Although PAK4 has been shown to be a predictive marker for 

gemcitabine sensitivity, which may help explain the result observed, the exact mechanism 

which PAK4 is reduced only in the combination treatment of glaucarubinone and gemcitabine 

is unclear (158). These data demonstrate the clinical advantage of combining glaucarubinone 

to gemcitabine. 

As pancreatic tumours are highly hypoxic and exhibit a high stroma content, it was important 

to use a clinically relevant orthotopic murine model to test the effects of glaucarubinone. As 

HIF-1α expression was found to be regulated by PAK1-dependent pathways in glaucarubinone 

treated colorectal cancer cells (94) and increased HIF-1α expression has been found in the 

pancreatic tumour stroma (99), it is highly likely that PAK1 may have an important role in both 

epithelial and stromal components of pancreatic cancer. Characterisation of the orthotopic 

murine pancreatic cancer model used has been published by our group (166). The tumours 

develop a dense stroma and grow and metastasize like the human pancreatic cancer. Tumours 

implanted within the pancreatic head cause bile duct obstruction and duodenal obstruction and 

produce liver and peritoneal metastases. The fact that tumours develop in a relatively short 
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period of time, compared to de novo genetically engineered models, minimises the need for 

extended periods of drug administration. This model was utilised to assess the effects of 

glaucarubinone and gemcitabine on survival, as this model is more representative of the clinical 

situation than the subcutaneous model that was examined in Chapter 3.3.6.  

Glaucarubinone alone had no significant impact on survival but in combination with 

gemcitabine, significantly improved overall survival by approximately 2-fold compared to 

gemcitabine alone, without increased toxicity (Fig. 3.3.8). The mechanisms for the synergistic 

effects of gemcitabine and glaucarubinone is uncertain. One possibility is that glaucarubinone 

may lead to alterations in the pancreatic stroma that improve the delivery of chemotherapy. 

Alternatively, glaucarubinone, by inhibition of PAK, may lead to alterations in the tumour cells 

that increase sensitivity to chemotherapy. For example, a recent study found that PAK4 

knockdown increased the expression of the human equilibrative nucleoside transporter 1 

(hENT1), which is responsible for cellular gemcitabine uptake (158). This sensitisation may 

not be gemcitabine chemotherapy specific and glaucarubinone treatment and more specifically, 

PAK inhibition, may result in sensitisation of chemotherapy as suggested by a study where 

glaucaurbinone sensitised oral squamous cell carcinoma to the chemotherapy, paclitaxel (107). 

As such, it may be plausible that glaucarubinone may have sensitised cancer cells to 

gemcitabine through increased expression of hENT1, particularly given that PAK4 is reduced 

when treated with glacuarubinone and gemcitabine in vitro (Chapter 3.3.5) and in vivo (Chapter 

3.3.7). 

Although both murine pancreatic cancer cell lines tested showed inhibition by glaucarubinone 

and gemcitabine treatment in vitro, the two cell lines differ in terms of genetic background, 

histological classification and derivation method and may explain the failure of LM-P cells to 

grow in C57Bl/6 mice. Pan02 cells have a SMAD4 mutation and a single nucleotide 

polymorphism (SNP) in the KRAS gene, whereas LM-P cells have KRAS and TP53 mutations 
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(209, 228). Pan02 cells was derived from pancreatic tumours induced by implanting 3-methyl-

cholanthrene (3-MCA)-saturated threads of cotton in the pancreas of C57BL/6 mice and 

classified as pancreatic cancer cells based on histological analysis (35). However, Pan02 cells 

lack strong clinical significance when compared to human pancreatic cancer with absence of 

the mutational spectrum and ductal characteristics (208). As such, LM-P cells were obtained 

and were planned for use. LM-P cells were derived from liver metastases from the genetically 

engineered mice pancreatic cancer model: KrasG12D;Trp53R172H;Pdx1-Cre (KPC) mice (209). 

Spontaneous pancreatic tumours, primary and metastatic, result in these mice and recapitulate 

the clinical, histopathological and genomic features of human pancreatic cancer. The failure of 

LM-P cells to grow as tumours in C57Bl/6 mice (Fig. 3.3.9A) is most likely due to an immune 

mediated phenomenon, given that discrete tumours developed in SCID mice (Fig. 3.3.9B). The 

original KPC mice have a mixed 129/SvJae x C57Bl/6 background and a previous orthotopic 

model which reported consistent growth of the LM-P cells, implanted them in B6/129 mice 

(209). This suggests that the cells most likely possess histocompatibility antigens, derived from 

their 129/SvJae background, resulting in a histocompatibility mismatch when implanted into 

mice from a pure C57Bl/6 background. 
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3.5 Conclusion 

The two isoform of PAK, PAK1 and PAK4, that had been implicated in pancreatic cancer were 

confirmed and found to be expressed in all six pancreatic cancer cell lines tested. Treatment 

with either glaucarubinone or gemcitabine reduced pancreatic cancer proliferation, 

migration/invasion and the combination of the two agents was found to be synergistic in vitro. 

The inhibition by glaucarubinone was found, in part, acting on pathways involving PAK1 and 

PAK4 with further reduction observed when combined with gemcitabine although gemcitabine 

alone did not inhibit PAK1 or PAK4. The combination of glaucarubinone and gemcitabine 

treatment significantly reduced pancreatic tumour growth and improved murine survival 

compared to gemcitabine treatment alone, in vivo, with no apparent increase in toxicity. 

Although the mechanism of synergy is unclear, the results indicate the advantage of targeting 

PAKs in pancreatic cancer and how PAK inhibitor combination therapy can improve the 

outcomes of pancreatic cancer patients. 
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Chapter 4: FRAX597, a PAK1 Inhibitor, 

Synergistically Reduces Pancreatic Cancer Growth 

when Combined with Gemcitabine 
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4.1 Introduction 

Following the findings from the previous chapter, PAK1 was investigated further using more 

direct mechanisms. PAK1 shRNA knockdown (KD) cells and a group 1 PAK inhibitor (with 

greatest inhibitory function to PAK1), FRAX597, were utilised to investigate the effect of 

reducing PAK1, elucidating PAK1-mediated pathways, and the clinical benefit of targeting 

PAK1.  

FRAX597 (Figure 4.1) is a small-molecule pyridopyrimidinone that targets group 1 PAKs 

through binding to the ATP-binding site. Licciulli and colleagues discovered and characterised 

FRAX597 (123). It was designed through a traditional structure-activity relationship approach 

from the chemical series identified from a high throughput screen of 12000 member kinase-

focused library against PAK1. Although it preferentially targets group 1 PAKs, FRAX597 has 

been found to also inhibit other kinases such as RET, YES1, TEK, and CSF1R (123). Of the 

group 1 PAKs, FRAX597 selectively inhibits PAK1 with a kinase IC50 of 8 nM, compared to 

13 nM and 19 nM with PAK2 and PAK3, respectively with no observable inhibition of the 

group 2 PAKs (30). The group also found that FRAX597 inhibits proliferation in 

neurofibromatosis type 2 (NF2)-associated schwannomas in vitro  and in vivo (123). 

 

Figure 4.1 Chemical structure of FRAX597. Taken from (123) 



CHAPTER 4 

 

76 

 

 

Since its discovery, FRAX597 has been tested on a number of cancers to investigate PAK1 

signalling. FRAX597 was used to examine the effects of PAK1 on RAS-driven skin cancer 

(30). The study concluded that PAK1 was signalling through the ERK pathway in KRAS-

driven squamous cell carcinomas as tumour regression was observed when FRAX597 and a 

MEK inhibitor but not an AKT inhibitor was administered in vivo. FRAX597 was tested to 

investigate PAK1 as a therapeutic target in acute myeloid leukemia and myelodysplastic 

syndrome (172). Treatment with FRAX597 resulted in reduced growth, induction of apoptosis, 

reduced leukemic colony formation, and reduced leukemia stem cell-enriched populations in 

vitro. Finally, FRAX597 has been used to investigate PAK1 signalling as a downstream 

effector of KRAS in the Crk pathway in non-small cell lung cancer (160). The combination of 

KRAS prenylation inhibitors with FRAX597 was used to show that disruption of KRAS and 

PAK1 pathways resulted in altered cell morphology, reduced motility and reduced proliferation 

in vitro.  

FRAX597 has also been used to investigate pancreatic acinar cells in response to 

gastrointestinal hormones and neurotransmitters (167). However, the study used FRAX597 as 

an inhibitor of PAK2 rather than PAK1 as the authors found that only PAK2 was present in 

pancreatic acinar cells and was required for enzyme-secretion and ERK1/2 activation. The 

study concluded that PAK2 is important in mediating cholecystokinin’s effect on the activation 

of signalling pathways in response to the onset of pancreatitis. FRAX597, as a group 1 PAK 

inhibitor, has been examined in a number of cancers and in the acinar cells of the pancreas, but 

has not been examined in pancreatic cancer. This study investigated the role of PAK1 in 

pancreatic cancer by examining the effects of reducing PAK1 activity with the selective 

inhibitor, FRAX597, or PAK1 expression by shRNA KD in vitro and in vivo, alone and in 

combination with gemcitabine.   
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4.2 Methods 

The proliferation, survival, toxicity, combination index, sphere formation, migration and 

invasion, hypoxia treatment of cells, and Western blot assays; orthotopic pancreatic cancer 

murine implantation, tissue processing, immunohistochemical staining procedures, and 

picrosirius red staining have been described in Chapter 2. 

4.2.1 shRNA Transfection 

PAK1 knockdown (KD) clones were obtained from PANC-1 and MiaPaCa-2 cells as described 

(Chapter 2.3). For PANC-1, 2 mg/ml of G418 was added, while for MiaPaCa-2, 1 mg/ml of 

G418 was added to the cells the following day after transfection.  

4.2.2 Orthotopic Pancreatic Cancer Murine Study Design 

Pan02 (2.5 x 105 cells) were suspended in 50μL of MatrigelTM matrix solution (BD Biosciences) 

and implanted into the pancreatic tail or pancreatic head of C57Bl/6 mice as described in 

Chapter 2.13. Leakage occurred in less than 5% of mice, and only mice without leakage during 

injection were included in experiments. Mice were monitored based on health score for up to 

30 days for the pancreatic tail model or for up to 45 days for the pancreatic head model and 

euthanised when a poor health score was reached.  

In the pancreatic tail model, assessment of tumour growth and metastasis was undertaken 

where 28 mice were implanted with Pan02 cells and groups of 7 mice were randomly allocated 

to one of four groups:  

1. Control: i.p. saline injection every other day;  

2. FRAX597 alone: glaucarubinone (3mg/kg) i.p. every other day;  

3. Gemcitabine alone: gemcitabine (40mg/kg) i.p. twice weekly; or 
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4. Combination of FRAX597 and gemcitabine: following the treatment as described 

above.  

Treatment started 7 days after tumour implantation, at a time when discrete tumours had 

formed. At the endpoint, tumours were isolated, measured (as described in Chapter 2.13), 

extracted, and harvested for histological analysis as described in Chapter 2.14. 

In the pancreatic head model, assessment of murine survival was undertaken over two studies. 

In the first study, 24 mice were implanted with Pan02 cells and groups of 12 mice were 

randomly allocated to either control or gemcitabine treatment alone as described above.  In the 

second study, 30 mice were implanted with Pan02 cells, with 12 mice randomly allocated to 

either gemcitabine alone or combination treatment and remaining 4 mice allocated to the 

control group as described above. Treatment started 7 days after tumour implantation, at a time 

when discrete tumours had formed. A collated Kaplan-Meier survival curve was plotted 

(SPSS). At the endpoint, tumours were isolated, extracted, and harvested for histological 

analysis as described in Chapter 2.14. 
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4.3 Results 

4.3.1 PAK1 is upregulated in human pancreatic cancer and pancreatic cancer cell lines 

PAK1 staining was observed in pancreatic ductal adenocarcinoma cells in all 20 human 

pancreatic cancer samples tested (Fig. 4.3.1A). Corresponding normal pancreas samples had 

no PAK1 staining in acinar and ductal epithelial cells but islet cells did stain for PAK1. Low 

levels of PAK1, and of the active form of PAK1 (pPAK1) protein expression was detected in 

the normal human pancreatic duct epithelial (HPDE) cells and was significantly lower 

compared to all the pancreatic cancer cell lines tested (Fig. 4.3.1B).  
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Figure 4.3.1 PAK1 is upregulated in pancreatic cancer specimens and pancreatic cancer 

cell lines. Acinar and ductal cells in normal pancreas are not stained for PAK1 by 

immunohistochemistry (IHC), but islet cells (denoted by the arrow) are positive (A). 

Magnification: 200x. Pancreatic ductal adenocarcinoma cells in pancreatic cancer samples 

stain positive for PAK1. Magnification: 100x. The normal human pancreatic duct epithelial 
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cell line, HPDE, expressed low levels of active PAK1 (pPAK1) and PAK1 as detected by 

Western blotting. All pancreatic cancer cell lines, MiaPaCa-2, PANC-1, BxPC-3, Pan02 and 

LM-P expressed pPAK1 and PAK1. The data represent mean + SEM, summarised from three 

independent experiments. * p<0.05, ** p<0.01 compared to all other pancreatic cancer cell 

lines.  

 

4.3.2 Inhibition of PAK1 by shRNA knockdown decreased proliferation and survival of 

pancreatic cancer cells 

The PAK1 protein levels in two PANC-1 PAK1 knockdown (KD) clones (2.05 and 2.10), 

transfected with shRNA, were decreased to 22% and 24%, respectively, compared to the 

corresponding NC cells, which had been transfected with scrambled sequences (Fig. 4.3.2A). 

Similarly, the PAK1 protein levels in two MiaPaCa-2 PAK1 KD clones (3.09 and 3.12) were 

decreased to 11% and 9%, respectively, of the PAK1 protein expression of the corresponding 

NC cells (Fig. 4.3.2B). As a transfection control, PAK2 expression was checked, as PAK2 has 

similar sequence homology compared to PAK1. The PAK2 expression of the PAK1 KD clones 

were not significantly different compared to the NC cells (Fig. 4.3.2C-D). This result indicates 

that the knockdown of PAK1 by shRNA transfection was successful and specific to PAK1. 

The proliferation rate was significantly reduced in both PANC-1 (Fig. 4.3.2E) and MiaPaCa-2 

(Fig. 4.3.2F) PAK1 KD cells compared to the corresponding NC cells. The growth rate of two 

clones of PANC-1 PAK1 KD cells (1.9%hr-1 and 2.1%hr-1) was significantly less than the NC 

cells (2.4%hr-1 and 2.6%hr-1) (Table 4.3.2). Similarly, the growth rate of the two clones of 

MiaPaCa-2 PAK1 KD cells (2.0%hr-1 and 2.1%hr-1) was significantly less than the NC cells 

(2.9%hr-1 and 2.7%hr-1). Cell survival was significantly decreased in PANC-1 (Fig. 4.3.2G) 

PAK1 KD cells compared to NC cells. No difference was observed in MiaPaCa-2 (Fig. 4.3.2H) 
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PAK1 KD cells. These results suggest that PAK1 is involved in pancreatic cancer cell 

proliferation and may also be involved in cell survival but is cell line specific as PANC-1 and 

MiaPaCa-2 had different PAK1 expression initially prior to the knockdown so the cell’s 

reliance on PAK1-dependent pathways may differ. 
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Figure 4.3.2 PAK1 shRNA knockdown (KD) was specific to PAK1 and PAK1 KD reduced 

cell proliferation and survival. PANC-1 (A) and MiaPaCa-2 (B) PAK1 KD cells were 

generated using shRNA transfection. As detected by Western blot, clones 2.05 and 2.10; and 

clones 3.09 and 3.12 for PANC-1 and MiaPaCa-2, respectively, expressed significantly less 

PAK1 than negative control (NC) clones, which had been transfected with a scrambled shRNA. 

There was no change in PAK2 expression in the PANC-1 (C) or MiaPaCa-2 (D) PAK1 KD 

clones showing specificity of the knockdown. The proliferation rate of the KD clones for both 

PANC-1 (E) and MiaPaCa-2 (F), measured by thymidine incorporation, was significantly 

lower after 96 hours. Survival of PAK1 KD cells was measured using thymidine-withdrawal 

as a percentage of the thymidine level in the absence (lighter bars) of serum to the thymidine 

level in the presence (darker bars) of serum as described in Chapter 2.14. Survival in PANC-1 

PAK1 KD clones (A) were significantly lower compared to the NC cells but no difference was 

observed in MiaPaCa-2 PAK1 KD clones (B).  * p<0.05, ** p<0.01, *** p<0.001 compared to 

either NC clone (where the higher p value of the two is presented).  
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Table 4.3.2: PAK1 knockdown (KD) inhibited cell growth  

 Growth Rate (%hr-1) 

PANC-1 MiaPaCa-2 

NC1 2.4 2.9 

NC2 2.6 2.7 

KD1 1.9 * 2.0 ** 

KD2 2.1 * 2.1 ** 

NC1 and NC2 indicate PANC-1 NC clones NC1 and NC2; and MiaPaCa-2 NC clones NC2 

and NC8 respectively. KD1 and KD2 indicate PANC-1 KD clones 2.05 and 2.10; and 

MiaPaCa-2 KD clones 3.09 and 3.12 respectively. * p<0.05, ** p<0.01, compared to either NC 

clone (where the higher p value of the two was used). 

 

4.3.3 Inhibition of PAK1 by shRNA knockdown sensitised pancreatic cancer cells to 

gemcitabine 

Proliferation of PANC-1 (Fig. 4.3.3A) and MiaPaCa-2 (Fig. 4.3.3B) PAK1 KD cells treated 

with gemcitabine was inhibited to a greater extent than the corresponding NC cells at 

concentrations of 20nM and 50nM. The IC50 values of two clones of PANC-1 PAK1 KD cells 

(20nM and 21nM) (Table 4.3.3), were significantly less than the values for NC cells (26nM 

and 39nM). Similarly, the IC50 values of two clones of MiaPaCa-2 PAK1 KD cells (26nM and 

25nM) (Table 4.3.3) were significantly less than the values for NC cells (29nM and 28nM).  

These results indicate that PAK1 inhibition increased sensitivity of gemcitabine on pancreatic 

cancer proliferation. 
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Figure 4.3.3 PAK1 knockdown (KD) increased gemcitabine sensitivity. Sensitivity of the 

PAK1 KD clones to gemcitabine was significantly increased with significant reduction in 

proliferation observed at 20 nM and 50 nM for PANC-1 (A) and at 50nM and 100nM for 

MiaPaCa-2 (B). The data represent mean + SEM, summarised from three independent 

experiments. * p<0.05 compared to either NC clone (only the higher p value of the two is 

presented). 
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Table 4.3.3: PAK1 knockdown (KD) decreased gemcitabine IC50. 

 Gemcitabine IC50 (nM) 

 

PANC-1 MiaPaCa-2 

NC1 26 ± 2 29 ± 1 

NC2 39 ± 1 28 ± 1 

KD1 20 ± 2 ** 26 ± 1 * 

KD2 21 ± 2 * 25 ± 2 * 

NC1 and NC2 indicate PANC-1 NC clones NC1 and NC2; and MiaPaCa-2 NC clones NC2 

and NC8 respectively. KD1 and KD2 indicate PANC-1 KD clones 2.05 and 2.10; and 

MiaPaCa-2 KD clones 3.09 and 3.12 respectively. * p<0.05; ** p<0.01, compared to either NC 

clone (where only the higher p value of the two was used). 

 

4.3.4 Inhibition of PAK1 by shRNA knockdown decreased clonogenic growth  

Tumour sphere formation ability was measured in PANC-1 parent, NC and PAK1 KD cells. 

PANC-1 PAK1 KD cells had significantly reduced number of colonies compared to the parent 

and NC cells at all cell seeding numbers tested (Fig. 4.3.4). A significant decrease in tumour 

colonies for NC cells compared to the parent cells was also observed which may be in part due 

to the transfection and selection process. The sphere formation assay is an indirect measure of 

tumourigenicity, so the results suggest that reducing PAK1 decreases tumourigenicity.    
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Figure 4.3.4 PAK1 knockdown (KD) cells had decreased sphere formation.  

Tumourigenicity was measured in PANC-1 parent, NC and PAK1 KD cells at a seeding 

number of 5000, 10000, and 20000.  Total number of colonies were counted for each well after 

10 days. NC cells had significantly decreased number of colonies compared to the parent 

PANC-1 cells at all seeding numbers. Both PAK1 KD cells had significantly reduced number 

of colonies compared to the NC cells indicating reduced tumourigenicity. The data represent 

mean + SEM, summarised from three independent experiments. * p<0.05; ** p<0.01, *** 

p<0.001 compared to PANC-1 parent; # p<0.05; ## p<0.01, ### p<0.001 compared to NC1. 

 

4.3.5 Inhibition of PAK1 by shRNA knockdown reduced AKT activity and HIF-1  

expression 

PAK1-mediated signalling pathways have been well studied in other cancers. PAK1 has been 

known to mediate cross-talk between the PI3K pathway (AKT) and the MAPK pathway (ERK) 

in colorectal cancer as well as survival under hypoxic conditions (HIF1α). PAK1 has been 
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linked to β-catenin and VEGF activation in colorectal and breast cancer growth and 

transformation. PAK1 is also involved in migration and EMT so markers: MMP9 and Vimentin 

was also assessed.  

AKT activity was significantly reduced in both PANC-1 PAK1 KD cells, by 22% and 31% 

(Fig. 4.3.5A), and in both MiaPaCa-2 PAK1 KD cells by 24% and 33% (Fig. 4.3.5B). HIF1α 

expression was significantly reduced in both clones of PANC-1 (Fig. 4.3.5C) and MiaPaCa-2 

(Fig. 4.3.5D) PAK1 KD cells compared to the NC cells under normoxia and hypoxia. ERK 

activity was not significantly changed in either PANC-1 (Fig. 4.3.5E) or MiaPaCA-2 (Fig. 

4.3.5F) PAK1 KD cells compared to the NC cells. Both PANC-1 and MiaPaCa-2 PAK1 KD 

cells had reduced VEGF expression compared to NC (Fig. 4.3.5G-H). Cell line specific protein 

changes were observed with PANC-1 PAK1 KD cells having reduced MMP9 and β-catenin 

expression (Fig. 4.3.5G) and MiaPaCa-2 PAK1 KD cells with reduced vimentin expression 

(Fig. 4.3.5H). 



CHAPTER 4 

 

90 

 



CHAPTER 4 

 

91 

 

 

 

Figure 4.3.5 PAK1 knockdown (KD) inhibited AKT activity and HIF1α expression.  

Expression of active form of AKT (pAKT) was significantly reduced in the PAK1 KD clones: 

2.05 and 2.10 (PANC-1 (A)); and 3.09 and 3.12 (MiaPaCa-2 (B)), compared to the negative 

controls (NC), as assessed by Western blot. HIF1α expression was reduced in PANC-1 (C) and 

MiaPaCa-2 (D) PAK1 KD clones under normoxia and hypoxia (1% O2) conditions. ERK1/2 

was unchanged in PAK1 KD clones for both PANC-1 (E) and MiaPaCa-2 (F) cells. PANC-1 
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PAK1 KD cells had reduced MMP9, β-catenin and VEGF expression (G) and MiaPaCa-2 had 

reduced vimentin and VEGF expression (H). The data represent mean + SEM, summarised 

from three independent experiments. * p<0.05, ** p<0.01 compared to either NC clone (only 

the higher p value of the two is presented). 

 

4.3.6 Inhibition of PAK1 by shRNA knockdown was transient in murine pancreatic 

cancer cell lines 

PAK1 KD cells were attempted in the two murine pancreatic cancer cell lines: Pan02 and LM-

P. shRNA transfection and selection were completed successfully with early passaged PAK1 

KD clones having significantly decreased PAK1 expression found in clones 3.01 and 3.03 for 

Pan02, and clones 2.22 and 3.20 for LM-P (Fig. 4.3.6A&C). This knockdown was not 

maintained as 3 passages later, the clones had similar PAK1 levels as the NC cells for both 

murine pancreatic cancer cell lines (Fig. 4.3.6B&D). The transfection was repeated a number 

of times however, a stable knockdown could not be obtained as the PAK1 expression would 

increase to parent cell expression after a few passages, regardless of the initial knockdown 

expression.  
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Figure 4.3.6 PAK1 knockdown (KD) of murine pancreatic cancer cells was transient.  

Pan02 (A-B) and LM-P (C-D) PAK1 KD cells were generated using shRNA transfection. As 

detected by Western blot, clones 3.01 and 3.03; and clones 2.22 and 3.20 for Pan02 (A) and 

LM-P (C), respectively, expressed reduced PAK1 compared to negative control (NC) clones, 

which had been transfected with a scrambled shRNA. However, after three passages, the PAK1 

expression returned to normal levels compared to NC for both Pan02 (B) and LM-P (D) clones.  

 

4.3.7 FRAX597 decreased proliferation and migration/invasion in pancreatic cancer cell 

lines 

FRAX597 inhibited proliferation in all pancreatic cancer cell lines in a dose-dependent manner 

(Fig. 4.3.7A), with IC50 values ranging from 0.6μM for BxPC-3 cells to 2.0μM for PANC-1 

cells (Table 4.3.7). Similarly, FRAX597 inhibited migration and invasion in all pancreatic 

cancer cell lines in a dose-dependent manner (Fig. 4.3.7B), with IC50 values ranging from 

105nM for MiaPaCa-2 cells to 605nM for Pan02 cells (Table 4.3.7). FRAX597 inhibited 

survival of LM-P cells in a dose-dependent manner with an IC50 value of 1.10μM (Fig. 4.3.7C). 

Significant inhibition of survival of PANC-1, MiaPaCa-2, BxPC-3, and Pan02 cells was only 

observed at concentrations greater than 1μM. 
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Figure 4.3.7 FRAX597 inhibited pancreatic cancer proliferation, migration/invasion and 

survival in a dose dependent manner. The group 1 PAK inhibitor, FRAX597, inhibited cell 

proliferation (A), cell migration/invasion (B) and cell survival (C) on the human pancreatic 

cancer cell lines: PANC-1, MiaPaCa-2, BxPC-3; and the murine pancreatic cancer cell lines: 

Pan02, LM-P, measured using the thymidine-incorporation method, the Transwell Boyden 

chamber assay, and the thymidine-withdrawal method, respectively. The values for the 

untreated cells were taken as 100%. The data represent mean + SEM, summarised from three 

independent experiments. Significance is not shown for clarity. 
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Table 4.3.7: Proliferation and migration/invasion IC50 values for FRAX597 

 BxPC-3 MiaPaCa-2 PANC-1 LM-P Pan02 

Proliferation IC50 (μM) 0.6 + 0.1 1.4 + 0.4 2.0 + 0.2 1.1 + 0.2 1.4 + 0.1 

Migration/Invasion IC50 (nM) 330 + 45 105 + 10 290 + 70 150 + 25 605 + 80 

 

4.3.8 FRAX597 and gemcitabine synergistically inhibited pancreatic cancer cell growth 

The combined effects of FRAX597 and gemcitabine on proliferation were measured by 

incubation of pancreatic cancer cells with increasing concentrations of gemcitabine, alone or 

in combination with FRAX597, at a concentration close to the IC50 value given in Table 4.3.7. 

A further reduction of proliferation was observed when treated with the combination of 

FRAX597 and gemcitabine, compared to gemcitabine alone in all pancreatic cancer cell lines 

tested (Fig. 4.3.8A-E). The combined effect of FRAX597 and gemcitabine was shown to be 

synergistic (CI < 1) when analysed using the Chou-Talalay method for all pancreatic cancer 

cell lines tested (Fig. 4.3.8F). These results demonstrated that FRAX597 and gemcitabine 

synergistically inhibited pancreatic cancer cell growth. 
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Figure 4.3.8 FRAX597 synergises with gemcitabine to inhibit pancreatic cancer 

proliferation. The effects of gemcitabine alone (Gem, solid bars), and gemcitabine with 

FRAX597 (Gem + FRAX, striped bars), on proliferation of PANC-1 (A), MiaPaCa-2 (B), 

BxPC-3 (C), Pan02 (D), and LM-P (E) cells were assessed by thymidine incorporation. The 

concentration of FRAX597 used was based on the IC50 value determined in Chapter 4.3.7. The 

combination index (CI), calculated by the Chou-Talalay method, was used to determine the 
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mechanism of action of FRAX597 and gemcitabine (F). A value < 1 indicated synergistic 

inhibition. The data represent mean + SEM, summarised from three independent experiments. 

* p<0.05, ** p<0.01, *** p<0.001, compared to control or untreated cells. # p<0.05, ## p<0.01, 

### p<0.001 compared to the corresponding gemcitabine treatment. 

 

4.3.9 FRAX597 and 5-FU synergistically inhibited MiaPaCa-2 and PANC-1 pancreatic 

cancer cell growth 

The combined effects of FRAX597 and 5-FU on proliferation were measured by incubation of 

PANC-1 and MiaPaCa-2 cells with increasing concentrations of 5-FU, alone or in combination 

with FRAX597, at a concentration close to the IC50 value given in Table 4.3.7. 5-FU alone, 

inhibited proliferation in a dose dependent manner with an IC50 value of 100μM for MiaPaCa-

2 and 130μM for PANC-1 (Table 4.3.9). A further reduction of proliferation was observed 

when treated with the combination of FRAX597 and 5-FU, compared to 5-FU alone (Fig. 

4.3.9A-B). The combined effect of FRAX597 and 5-FU was shown to be synergistic (CI < 1) 

when analysed using the Chou-Talalay method for PANC-1 and MiaPaCa-2 (Fig. 4.3.9C). 

These results demonstrated that FRAX597 and 5-FU synergistically inhibited pancreatic cancer 

cell growth. 
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Figure 4.3.9 FRAX597 synergises with 5-FU to inhibit pancreatic cancer proliferation. 

The effects of 5-FU alone (5-FU, solid bars), and 5-FU with FRAX597 (5-FU + FRAX, striped 

bars), on proliferation of PANC-1 (A) and MiaPaCa-2 (B) cells were assessed by MTT assay. 

The concentration of FRAX597 used was based on the IC50 value determined in Chapter 4.3.7. 

The combination index (CI), calculated by the Chou-Talalay method, was used to determine 

the mechanism of action of FRAX597 and 5-FU (C). A value < 1 indicated synergistic 

inhibition. The data represent mean + SEM, summarised from three independent experiments. 

** p<0.01, *** p<0.001, compared to control or untreated cells. ## p<0.01 compared to the 

corresponding 5-FU treatment. 
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Table 4.3.9: Proliferation IC50 values for 5-FU 

 IC50 (μM) 

 MiaPaCa-2 PANC-1 

5-FU 100 + 20 130 + 35 

 

4.3.10 Inhibition of pancreatic cancer cell growth by FRAX597 and gemcitabine is 

associated with reduced amounts of active PAK1 

The total amount of PAK1 and the amount of active PAK1 (pPAK1) was measured using 

Western blot after treatment with FRAX597 or gemcitabine, or the combination of FRAX597 

and gemcitabine. The amount of active PAK1 was significantly reduced when treated with 

FRAX597 alone compared to control in all pancreatic cancer cell lines without affecting the 

amount of total PAK1 (Fig. 4.3.10A-E). No effect on PAK1 expression was observed when 

treated with gemcitabine alone. For MiaPaCa-2 cells (Fig. 4.3.10B) and BxPC-3 cells (Fig. 

4.3.10C), combined treatment with FRAX597 and gemcitabine resulted in significant further 

reduction of active PAK1 compared to the FRAX597 treatment alone. In contrast, in the other 

cell lines PANC-1 (Fig. 4.3.10A), Pan02 (Fig. 4.3.10D) and LM-P (Fig. 4.3.10E), no further 

reduction in active PAK1 expression was observed following the combination treatment. These 

data suggested that FRAX597 and gemcitabine synergistically reduced pancreatic cancer cell 

growth by reducing the amount of active PAK1. 
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Figure 4.3.10 FRAX597 and gemcitabine reduced PAK1 activity. Expression of active 

PAK1 (pPAK1) and total PAK1 was measured in PANC-1 (A), MiaPaCa-2 (B), BxPC-3 (C), 

Pan02 (D), and LM-P (E) cells in the presence of FRAX597 (FRAX), gemcitabine (Gem), or 
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the combination of FRAX597 and gemcitabine (Gem + FRAX) using Western blot. Variations 

in protein loading were corrected by GAPDH expression, and the values for untreated control 

cells were taken as 100%. FRAX597 treatment reduced PAK1 activity in all pancreatic cancer 

cell lines compared to untreated cells where a further reduction of PAK1 activity was observed 

in MiaPaCa-2 (B) and BxPC-3 (C) cells when gemcitabine was added to FRAX597. The data 

represent mean + SEM, summarised from three independent experiments. ** p<0.01, *** 

p<0.001 compared to control or untreated cells. ~ p<0.05, ~~ p<0.01 compared to FRAX597 

treatment.  

 

4.3.11 FRAX597 and gemcitabine inhibited pancreatic tumour growth and improved 

survival in orthotopic murine models 

The tumour taken rate was 100% for both pancreatic head and pancreatic tail models. The 

survival rate following surgery was 100% for the pancreatic tail model and over 95% for the 

pancreatic head model. There was no reported toxicity in any of the mice throughout the study. 

No difference in tumour volume was observed for mice treated with control or FRAX597 alone 

(Fig. 4.3.11A). Mice treated with gemcitabine alone had significantly reduced tumour volume 

when compared to control or FRAX597 alone, and a further significant reduction in tumour 

volume was observed for the mice treated with the combination of FRAX597 and gemcitabine. 

A similar trend was found when mice were evaluated for the presence of peritoneal 

carcinomatosis. 43% of mice in the combined treatment group had peritoneal carcinomatosis 

compared to 71% of mice in the gemcitabine treatment group, and all (100%) mice in the 

control and FRAX597 treatment groups (Fig. 4.3.11B).  

Survival of mice in the combination treatment group was significant increased compared to the 

control group, as assessed by stratified Cox regression analyses (Fig. 4.3.11C). A rates ratio of 
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7 was calculated, indicating that mice in the control group had a mortality rate 7 times greater 

than mice in the combination treatment group (Table 4.3.11). The gemcitabine alone group had 

a rates ratio of 2.7, compared to mice in the combination treatment group, however, was not 

statistically significant (p = 0.09). These results indicate that FRAX597 and gemcitabine 

synergistically reduced pancreatic cancer growth and metastasis and increased pancreatic 

cancer murine survival in vivo. 

 

Figure 4.3.11 FRAX597 combined with gemcitabine inhibited tumour volume and 

increased survival in orthotopic murine models. Pan02 murine pancreatic cancer cells were 

injected orthotopically into the tail (A-B) or head (C) of the pancreas of C57Bl/6 mice. Mice 

were treated with saline (control; CT), FRAX597 (FRAX), gemcitabine (Gem), or FRAX597 

and gemcitabine (Gem + FRAX). Mice were euthanased after 30 days for the orthotopic 

pancreatic tail model and tumour volumes were measured (A), and scored for the presence of 
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peritoneal carcinomatosis, or peritoneal spread (B). For assessment of survival, mice were 

euthanased after achieving a poor health score and the time to euthanasia plotted as a collated 

Kaplan-Meier curve (C). The data represent mean + SEM. * p<0.05, *** p<0.001 compared to 

control. # p<0.05 compared to gemcitabine treatment. ^^^ p<0.001 compared to combination 

treatment using stratified Cox regression analysis.  

 

Table 4.3.11: Cox regression survival analysis of treatment of FRAX597 and gemcitabine in a 

mouse orthotopic pancreatic cancer model 

Treatment Rates Ratio 95% CI p-value 

Control 7.0 1.8 – 27.0 0.005 

Gemcitabine 2.7 1.0 – 8.7 0.09 

Gemcitabine + FRAX597 1.00 (ref)   

The overall statistics for the stratified Cox regression analysis were: χ2 (2) = 9.9, p=0.007 

 

4.3.12 FRAX597 and gemcitabine reduced tumour growth in orthotopic murine tumours 

by inhibiting proliferation 

Proliferation of the orthotopic tumours were measured by Ki67 IHC staining. Quantitative 

analysis was not undertaken due to the differences in tumour size and tumour cells could not 

be differentiated with stroma cells but qualitative comparisons were made. Little to no positive 

staining was observed in tumours treated with the combination of FRAX597 and gemcitabine 

compared to untreated control tumours and FRAX597-treated tumours which had higher 

amounts of positive staining (Fig. 4.3.12). Tumours treated with the combination of 
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gemcitabine and FRAX597, and gemcitabine alone had qualitatively, very similar staining 

pattern, showing that gemcitabine treatment decreased proliferation. These results indicate that 

FRAX597 and gemcitabine synergistically inhibited pancreatic cancer growth in vivo by 

reducing proliferation. 

 

Figure 4.3.12 FRAX587 and gemcitabine inhibited tumour proliferation. Pan02 tumours 

from the orthotopic pancreatic tumour model treated with saline (control; CT), FRAX597 

(FRAX), gemcitabine (Gem), or FRAX597 and gemcitabine (Gem + FRAX) were fixed and 

stained with Ki67. Gemcitabine alone and combination treated tumours had reduced Ki67 

staining, with very little positive staining, compared to control. FRAX597 treated tumours had 

similar Ki67 staining compared to control tumours. 3 representative images were taken from 

each treatment group at 100x magnification. 
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4.3.13 FRAX597 and gemcitabine reduced collagen deposition in orthotopic murine 

tumours by decreasing activated stellate cells 

The stroma was examined using picrosirius red staining which visualises the collagen 

deposition. A decrease in collagen staining was observed in both FRAX597-treated tumours 

and the combination treated tumours compared to untreated and gemcitabine-treated tumours 

where dense and numerous collagen fibres was observed near the leading edge of the tumour 

(Fig. 4.3.13). Stellate cell markers, αSMA and desmin, had less intense positive staining in the 

combination treated tumours compared to the untreated, FRAX597 alone and gemcitabine 

alone tumours. These results suggest that FRAX597 and gemcitabine reduced the fibrotic 

content in the tumours by inactivating stellate cells resulting in reduced pancreatic cancer 

growth and improved survival in vivo. 

 

Figure 4.3.13 FRAX587 and gemcitabine reduced collagen deposition by inactivating 

stellate cells. Pan02 tumours from the orthotopic pancreatic tumour model treated with saline 

(control; CT), FRAX597 (FRAX), gemcitabine (Gem), or FRAX597 and gemcitabine (Gem + 

FRAX) were fixed and stained for collagen by picrosirus red staining and IHC staining with 
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stellate cell markers: αSMA and desmin. FRAX597 alone and combination treated tumours 

had decreased collagen staining compared to untreated and gemcitabine-treated tumours. The 

combination treated tumours had decreased and less intense αSMA and desmin staining 

compared to the untreated, FRAX597 alone and gemcitabine alone tumours. A representative 

image was taken from each treatment group at 200x magnification.  
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4.4 Discussion 

The finding that PAK1 is expressed in pancreatic cancer cells is in agreement with other studies 

(75, 102). PAK1 was confirmed to not be expressed in normal pancreatic acinar or ductal cells, 

which are the likely progenitors of pancreatic cancer (261). It was also confirmed that islet cells 

stained positive for PAK1 where PAK1 has been implicated in insulin secretion in homeostatic 

conditions (229). PAK1 was expressed in the tumour tissue, in which the pancreatic cancer 

cells stained positive (Fig. 4.3.1A). Examination of the histopathological and patient data did 

not reveal any conclusive correlation with the intensity and amount of PAK1 staining, however, 

larger numbers and more comprehensive analyses are needed. All pancreatic cancer cell lines 

showed upregulation of PAK1 compared to the normal pancreatic ductal epithelial cell line, 

HPDE. The upregulation of PAK1 in the BxPC-3 and Pan02 cell lines, which are KRAS 

wildtype, indicates that PAK1 may be activated by KRAS-independent mechanisms. Further 

investigation will be required to elucidate the details of those mechanisms (39, 228). The 

increase in PAK1 expression implies that PAK1 is involved in pancreatic carcinogenesis, 

however, its role and therapeutic potential has not been fully elucidated. 

Reduction of PAK1 expression by shRNA knockdown inhibited proliferation, sensitised cells 

to chemotherapy, and inhibited clonogenic growth of the PANC-1 and MiaPaCa-2 pancreatic 

cancer cell lines (Fig. 4.3.2-4). The two human cell lines were chosen based on the PAK1 

activity where PANC-1 had ‘high’ activity whilst MiaPaCa-2 had ‘low’ activity (Fig. 4.3.1B). 

This difference in PAK1 activity may explain the contrasting results in cell survival where a 

reduction was observed in PANC-1 PAK1 KD cells (Fig. 4.3.2G) but not in MiaPaCa-2 PAK1 

KD cells (Fig. 4.3.2H) indicating that ‘high’ PAK1 expressing cells may be driving cell 

survival via PAK1 but not in ‘low’ PAK1 expressing cells. It may also explain the difference 

in signalling proteins that were altered in the different PAK1 KD cell lines compared their 
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corresponding NC cells (Fig. 4.3.5G-H). Nevertheless, both PAK1 KD cell lines, regardless of 

their original PAK1 activity, observed a decrease in proliferation, further reduction in 

proliferation when treated with gemcitabine, and reduced tumourigenicity demonstrating the 

importance of PAK1 in those key cancer functions. 

PAK1 KD cells had reduced tumourigenicity, which associates PAK1 signalling to stem-like 

properties in pancreatic cancer. PAK1 has been shown to be involved in resisting anoikis 

programing in breast epithelial cells through AKT signalling and also in hepatoma cells by 

hepatitis B virus X protein where resistance to anoikis represents a molecular basis for cancer 

progression, drug resistance and overall malignancy/tumourigenicity (147, 237). Furthermore, 

constitutively active PAK1 mutant renal carcinoma cells gained the ability to maintain sphere 

growth via PAK1-NFκB signalling (263). PAK1 has been shown to regulate NFκB signalling 

in pancreatic cancer (102). Together, this is the first study to demonstrate a role of PAK1 in 

stem-like properties and tumourigenicity in pancreatic cancer and indirect evidence suggests 

the involvement of the PAK1-NFκB signalling pathway. 

The reduction in cell growth in PAK1 KD cells was associated with a decrease in AKT activity 

(Fig. 4.3.5A-B), but not in ERK activity (Fig. 4.3.5E-F). Our group has previously found that 

PAK1 stimulated growth of colorectal cancer cell lines via both ERK and AKT pathways (95), 

while another group has found that PAK1 signalled preferentially through the ERK pathway to 

control skin cancer growth (30). Thus, PAK1 signalling through AKT and ERK pathways is 

dependent on the cancer type, and our study suggests that PAK1 stimulates pancreatic cancer 

cell growth preferentially through the AKT pathway rather than the ERK pathway.  

PAK1 may play a role in the resistance of pancreatic cancer to hypoxia through regulation of 

HIF1α. The transcription factor HIF1α regulates oxygen delivery and metabolic adaptation to 

hypoxia and has been found to be a prognostic marker for pancreatic cancer (89). Pancreatic 
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tumours are known to be highly hypoxic, as they feature a dense stroma (desmoplastic 

reaction), which may contribute to pancreatic cancer invasion, metastasis, and resistance to 

therapy (247). Thus, mediators of survival in response to a hypoxic challenge are attractive 

therapeutic targets for pancreatic cancer. Although as far as we are aware, this is the first study 

to examine HIF1α as a downstream effector of PAK1 in pancreatic cancer, PAK1 has 

previously been linked to HIF1α in colorectal cancer (128). The ability of PAK1 to contribute 

to pancreatic carcinogenesis via multiple signalling pathways enhances its potential as a 

therapeutic target. 

PAK1 knockdown also enhanced the sensitivity of PANC-1 and MiaPaCa-2 cells to 

gemcitabine (Fig. 4.3.3), as revealed by comparison of the IC50 values for inhibition of 

proliferation between control and knockdown clones (Table 4.3.3). Gemcitabine remains a 

standard monotherapy treatment for pancreatic cancer patients and there is interest in 

combining treatments with gemcitabine with the goal of decreasing chemotherapy-associated 

cytotoxicity, chemo-resistance and increasing survival (37). Previous studies have found that 

AKT and HIF1α, both shown to be PAK1 downstream effectors (Fig. 4.3.5), could play a role 

in gemcitabine resistance through NFκB which limits gemcitabine uptake by decreasing 

nucleoside transporters such as hENT and hCNT (37). PAK1 has been shown to regulate NFκB 

signalling in pancreatic cancer and more recently, gemcitabine has been found to bind to the 

PAK1 active site to increase PAK1 activity resulting in gemcitabine resistance (102, 103). 

Synergism was observed with 5-FU, another chemotherapy, using the group 1 PAK inhibitor, 

FRAX597 (Fig. 4.3.9), suggesting that PAK1 sensitisation is not necessary specific to 

gemcitabine. Although, other chemotherapeutics such as nab-paclitaxel should also be tested, 

it does suggest a general sensitisation to chemotherapy. Together, the data supports the use of 

a PAK1 inhibitor combined with chemotherapy, most commonly gemcitabine, to limit 

chemotherapy cytotoxicity and chemo-resistance. 
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The group 1 PAK inhibitor, FRAX597, inhibited proliferation, migration/invasion, and 

survival in all pancreatic cancer cell lines tested (Fig. 4.3.7). Although FRAX597 has been 

found to also inhibit other kinases such as RET, YES1, TEK, and CSF1R, the similar results 

obtained in the PAK1 knockdown experiments suggest that in this case PAK1 is indeed the 

relevant target (123). Furthermore, the IC50 values for proliferation are similar to the values 

observed in NF2-null Schwann treated cells (123). However, the IC50 values for either 

proliferation or migration/invasion did not significantly correlate with the amount of active 

PAK1 in the pancreatic cancer cells (data not shown). This observation suggests that there may 

be a barrier (e.g. uptake at the cell membrane) that prevents realisation of the full potential for 

inhibition in intact cells. The presence of such a barrier could have contributed to the failure to 

detect any difference in tumour volume between the FRAX597-treated mice and the control 

mice in the in vivo study (Fig. 4.3.11A). The stroma may have also prevented the drug’s uptake 

to the tumour, however, FRAX597-treated tumours had decreased collagen deposition 

suggesting an effect on the stroma with possible depletion and inactivation of stellate cells but 

no effect on tumour volume at that time-point (Fig. 4.3.13). This finding is the basis for 

investigating PAK1 in the stroma which will be explored and discussed in more detail in 

Chapter 5. These observations illustrate the importance of the microenvironment in assessment 

of a drug’s efficacy, as the in vitro cell culture conditions may not fully mimic the clinical 

setting.  

Combining the group 1 PAK inhibitor, FRAX597, with gemcitabine resulted in increased 

inhibition of PAK1 activity in some, but not all, of the pancreatic cancer cell lines tested (Fig. 

4.3.10A-E). In all the pancreatic cancer cell lines tested, PAK1 activity was significantly 

decreased after treatment with FRAX597 alone, and no change in activity was observed after 

treatment with gemcitabine alone. Thus, the combination treatment of FRAX597 and 

gemcitabine expected to inhibit PAK1 to the same extent as FRAX597 treatment alone, as was 
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observed for PANC-1, Pan02 and LM-P cells. However, significantly greater inhibition was 

observed in MiaPaCa-2 and BxPC-3 cells after combination treatment, providing clear 

evidence for synergy, although the mechanism for this is unclear. Interestingly, these two 

pancreatic cancer cell lines had the lowest PAK1 activity of all the pancreatic cancer cell lines 

tested (Fig. 4.3.1B). As suggested above, low PAK1 activity cells may not rely on PAK1 

signalling as found with the no difference in the survival of MiaPaCa-2 PAK1 KD cells, 

however, combining PAK1 inhibitors with gemcitabine, enhanced inhibitory effect of PAK1. 

This observation supports the use of PAK1 inhibitors with gemcitabine regardless of their 

active PAK1 status. 

Treatment with FRAX597 combined with gemcitabine significantly decreased tumour volume 

in vivo (Fig. 4.3.11A) and revealed a promising trend towards decreasing metastasis (Fig. 

4.3.11B) and increasing survival (Fig. 4.3.11C). Furthermore, Ki67 staining of the tumours 

indicated that the difference in tumour volume is due to inhibition of proliferation (Fig. 4.3.12). 

Although liver metastasis is often observed in the orthotopic pancreatic tail murine model over 

longer periods, only 3 mice from the control and FRAX treatment groups had liver metastases 

at sacrifice, and so no comparison could be undertaken (166). However, peritoneal 

carcinomatosis, or peritoneal spread, was present and was compared. As a difference in tumour 

volume was observed between animals treated with gemcitabine alone or with the combination 

of FRAX597 and gemcitabine, a decrease in peritoneal carcinomatosis and an increase in 

survival was expected, but significance was not reached. This may be due to the fact that the 

study was stopped early, before all mice developed advanced tumours. Although the potential 

clinical value of FRAX597 and the likely therapeutic benefit of targeting PAK1 are clearly 

established in vitro, longer studies are needed for a complete picture of the possible survival 

benefits of combination treatment.  
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4.5 Conclusion 

PAK1 is upregulated in human pancreatic cancer and pancreatic cancer cell lines compared to 

normal pancreatic epithelial cells. Inhibition of PAK1 by knockdown using shRNA 

transfection indicated that PAK1 is required for cell proliferation, survival and clonogenic 

growth of human pancreatic cancer cell lines through AKT- and/or HIF1α-dependent 

pathway(s). Furthermore, PAK1 knockdown sensitised pancreatic cancer cells to gemcitabine. 

A group 1 PAK inhibitor, FRAX597, inhibited proliferation, migration/invasion, and survival 

of human pancreatic cancer cell lines by inhibition of PAK1 activity. When combined with 

gemcitabine and 5-FU, FRAX597 synergistically inhibited proliferation. FRAX597 and 

gemcitabine inhibited pancreatic cancer growth, metastasis, and improved survival in vivo. 

This study suggests the promise of inhibiting PAK1 function and outlines its potential value as 

a target for pancreatic cancer therapy in combination with gemcitabine. 
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Chapter 5: Inhibiting PAK1 Suppresses Pancreatic 

Stellate Cell Activation and Increases Survival of 

Mice with Pancreatic Cancer. 
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5.1 Introduction 

A leading hypothesis for the poor clinical outcome in pancreatic cancer is due to the presence 

of the stroma. The pancreatic cancer stroma is characteristic of pancreatic cancer. It has recently 

been an area of interest as it could potentially improve outcomes for patients with pancreatic 

cancer as targeting the stroma may result in increased sensitivity to current treatments . 

However, current studies are divided as to its main role in pancreatic carcinogenesis and how  

to develop therapies against the stroma to prevent further progression and improve patient 

outcomes. 

The stroma, or desmoplastic reaction, is a dynamic milieu comprised of several different cell 

types (164). Pancreatic stellate cells (PSCs) are myofibroblast-like cells which produce the 

fibrosis that forms the majority of the stroma mass (97, 224, 225). Although the technique for 

isolation of quiescent PSCs from rats and humans is well documented, there is little evidence 

of successful isolation from mice (7, 10). PSCs stain positively for desmin, vimentin and glial 

fibrillary acidic protein (GFAP) (170). In homeostasis, PSCs are quiescent and vitamin A-

containing lipid droplets are present in their cytoplasm. Upon pancreatic injury or in association 

with pancreatic cancer, PSCs lose their ability to store vitamin A and start to express alpha-

smooth muscle actin (αSMA), transforming into an activated phenotype which has the ability 

to secrete excessive amounts of extracellular matrix (ECM) proteins such as collagen (49). In 

this study, the approach of measuring PSC activation by SMA expression and PSC function 

by expression of desmin was adopted.     

Targeting the stromal components of pancreatic cancer as a strategy to increase therapeutic 

response has thus far been unsuccessful with no clinically approved therapies (50). Stromal 

depletion by administration of IPI-926, which inhibits of the hedgehog pathway, resulted in 

depletion of tumour-associated stromal tissue, was investigated in mouse models and resulted 
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in increased mean vessel density with increased gemcitabine delivery and response, and a 

significant increase in median survival (169). These results was confirmed using another 

hedgehog inhibitor, AZD8542, in mouse models and led to the theory that the stroma was pro-

carcinogenic (98), However, the randomised phase 2 clinical trial with IPI-926 was stopped 

early due to worse survival and more aggressive tumours (173). Furthermore, more recent 

mouse studies have suggested that the stroma may actually be confining and restraining the 

tumour (186). Prolonged myofibroblast depletion in a transgenic mouse model with deleted 

αSMA myofibroblasts resulted in more frequent precursor lesions (PanINs), and tumours were 

more commonly metastatic and highly proliferative (171). Also, patients with resected tumours 

with high stromal density had better survival after surgery compared to those with low stromal 

density who had more aggressive disease (207). A number of stroma-targeted therapies have 

yielded promising results in the preclinical setting and are currently under evaluation in clinical 

trials including PEGPH20 (86), which depletes hyaluronan, a component of the stromal ECM; 

TH-302 (19), a hypoxia-activated chemotherapeutic; modified vitamin D (195), which targets 

the vitamin D receptor on PSCs resulting in stromal reprogramming; and losartan (26), an 

angiotensin II type 1 receptor inhibitor which inhibits PSC activity. Although the biology of 

the stroma has not been fully elucidated, a complete understanding of the stroma concurrently 

with the tumour biology will result in better targeted treatments with better therapeutic 

delivery, leading to improvements in patient survival for pancreatic cancer.  

The bidirectional interaction between PSCs and pancreatic cancers is complex (Fig. 5.1). PSCs 

can secrete a variety of paracrine factors, such as growth factors, cytokines, and chemokines, 

which promote pancreatic cancer growth by stimulating proliferation and inhibiting apoptosis, 

and stimulate invasion and metastasis by inducing an epithelial to mesenchymal transition 

(EMT) (78, 176). Furthermore, in vitro studies have found that although pancreatic cancer has 

similar chemosensitivity to other cancers, patients with pancreatic cancer are less responsive 
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to chemotherapies and tumour cells incubated with stroma cells were more resistant to 

chemotherapy (97, 129). These observations highlight the importance of the fibrosis which 

results in collapsed or compressed intratumoural vasculature, and hypoxia contributing to  

chemotherapeutic resistance (145). On the other hand, pancreatic cancer cells can also secrete 

numerous factors to activate PSCs and promote their growth (154). The close and dynamic 

interaction between PSCs and pancreatic cancer cells suggests a cautious approach in 

translating the findings from in vitro studies, as PSCs may exert different effects depending on 

disease stage and site and may explain the conflicting conclusions reached in past studies. 

 

Figure 5.1 Simplified schematic diagram of the bidirectional interaction between 

pancreatic stellate cells and pancreatic tumour cells. PAK1 has been studied in the 

pancreatic tumour cells but has not been studied in context of the pancreatic stellate cells or 

their interactions. 

 

The role of PAK1 has not, to our knowledge, been studied in the pancreatic cancer stroma or 

in PSCs. However, indirect evidence from studies investigating PAK1 in pancreatic cancer 
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cells have found the involvement of the MAPK and NFκB pathway, which has been implicated 

in PSC activation, PSC secretion of cytokines, and PSC proliferation (144, 246). Furthermore, 

results from Chapter 4.3.13, suggests that PAK1 may be involved in PSCs with a reduction in 

collagen deposition in the tumours treated with the group 1 PAK inhibitor, FRAX597 and 

combination of FRAX597 and gemcitabine. FRAX597 alone treated tumours had no tumour 

volume reduction compared to control, suggesting that FRAX597 may have impeded stellate 

cell activation or activity at earlier time points which was overcome at the endpoint explaining 

the decrease in collagen deposition but no difference in stellate cell markers. However, the 

combination treated tumours had reduced collagen deposition and reduced staining intensity of 

stellate cell markers, demonstrating the effect of combining a PAK1 inhibitor with gemcitabine 

on the stroma and is indicative that PAK1 plays a role in the pancreatic stroma. 

This study aimed to investigate the role of PAK1 in PSCs isolated from human pancreatic 

cancer specimens and to evaluate the potential of PAK1 as a therapeutic target in PSCs using 

the group 1 PAK inhibitor, FRAX597. The role of PAK1 in the interaction between PSCs and 

pancreatic cancer cells was investigated using conditioned media experiments, co-culture 

experiments, and orthotopic murine models in PAK1 knockout (KO) mice. 
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5.2 Methods 

The proliferation, hypoxia treatment of cells, and Western blot assays; orthotopic pancreatic 

cancer murine implantation, tissue processing, immunohistochemical staining procedures, and 

picrosirius red staining have been described in Chapter 2. 

5.2.1 Cells  

Human pancreatic stellate cells (hPSC) were prepared by the outgrowth method (10) and as 

described in Chapter 2.2. PSC purity was determined by IHC, as described in Chapter 2.16, for 

αSMA, GFAP and desmin, as well as morphology (spindle-shaped cells with cytoplasmic 

extensions). Only cells that were negative for cytokeratin 19 (CK19) were used, to exclude 

tumour contamination. 6 human tissue were obtained and PSC isolation attempted. 2 were 

unsuccessful with one expressing CK19 expression (epithelial contamination) and the other 

lost due to bacterial/fungal contamination.   

PAK1 KD cells was also attempted in hPSC1 cells but due to the nature of stellate cells, stellate 

cells do not survive following colony selection. As such, hPSC1 cells were transfected with 

one of the three SureSilencing shRNA plasmids for human PAK1 (IS2, IS3, and IS4), or with 

a scrambled sequence as a negative control (NC) as described in Chapter 2.3. 6μg of plasmid 

DNA, or NC, was added to the cells for 24 hours, then allowed to grow to confluency and 

tested for PAK1 protein expression by Western blot as described in Chapter 2.10.  

5.2.2 Cell Apoptosis Assay 

Cell apoptosis was assessed using the annexin V-FITC apoptosis assay as described in Chapter 

2.7. hPSC1 cells were seeded in 6-well plates and treated with FRAX597 at a single 

concentration based on the proliferation IC50 for 24 hours. Roughly 2 x 105 cells were then 
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collected, spun down and resuspended in 500μl of 1X binding buffer, annexin V-FITC and 

propidium iodide (PI) was added and cells analysed by flow cytometry. 

5.2.3 Cell Migration/Invasion Co-culture 

Tumour cell migration/invasion was measured in the presence of hPSC1 cells using a co-

culture Transwell Boyden Chamber assay, a variation of the Transwell Boyden Chamber assay 

as described in Chapter 2.8. hPSC1 cells were seeded in the lower chamber at increasing ratios 

to PANC-1 or PANC-1 KD cells for 1 hour before the upper insert was placed. PANC-1 and 

PANC-1 KD cells were seeded in the upper chamber at 2 x 104 cells, so hPSC1 cells were 

seeded at 0, 2 x 102 (for ratio of 0.01), 2 x 104 (for ratio of 1), and 1 x 106 (for ratio of 50). 

Cells were incubated for 24 hours before cells were fixed and stained as per described. 

5.2.4 Cell Proliferation using conditioned media 

Cell proliferation was measured as described in Chapter 2.4, except conditioned media from 

PANC-1 KD cells were used.  PANC-1 KD cells were seeded at similar concentrations in 24-

well plates for 48 hours. Media was then collected, spun down and the supernatant was directly 

added to hPSC1 cells, which had been seeded 24 hours prior in a 96-well plate, with 1μCi/well 

[methyl-3H]-thymidine. hPSC1 cells were then collected and harvested at 24-, 48-, and 72-hour 

time points and growth curves were fitted using a log-scale (MATLAB). 

5.2.5 Orthotopic Pancreatic Cancer Murine Study Design 

Pan02 (2.5 x 105 cells) were suspended in 50μL of MatrigelTM matrix solution (BD Biosciences) 

and implanted into the pancreatic head or pancreatic tail of C57Bl/6 mice or C57Bl/6 PAK1 

knockout (KO) mice as described in Chapter 2.13. Tumour leakage was not observed in any 

mice. Mice were monitored based on health score for up to 30 days for the pancreatic head 

model and for up to 37 days for the pancreatic tail model and euthanised when a poor health 

score was reached.  
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In the pancreatic head model, assessment of murine survival was undertaken over four studies. 

A total of 17 C57Bl/6 mice (WT) and 22 C57Bl/6 PAK1 KO (PAK1-/-) mice were used. A 

collated Kaplan-Meier survival curve was plotted (SPSS). 3 mice tumours from WT and PAK1 -

/- mice, that were euthanased at the same time point, were isolated, and their tissue processed 

as described in Chapter 2.14 for H&E and IHC staining and protein analysis. 

In the pancreatic tail model, assessment of tumour growth and metastasis was undertaken 

where 9 C57Bl/6 mice (WT) and 9 C57Bl/6 PAK1 KO (PAK1-/-) mice were implanted. Tumour 

volume was measured and calculated as described in Chapter 2.13. 

5.2.6 Subcutaneous Flank Pancreatic Cancer Murine Study  

To examine tumour growth in real time, Pan02 (2 x 106 cells) were subcutaneously implanted 

into the flank of 5 C57Bl/6 mice (WT) and 8 C57Bl/6 PAK1 KO (PAK1-/-) mice. Tumours 

were monitored as described in Chapter 2.12. Mice were sacrificed on day 50.  
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5.3 Results 

5.3.1 PAK1 is expressed in pancreatic cancer stroma and in isolated pancreatic stellate 

cells  

PAK1 staining was observed in the stromal component of human pancreatic cancer specimens 

(Fig. 5.3.1A). Stromal PAK1 staining could also be observed surrounding pancreatic precursor 

lesions: PanIN and IPMN. Myofibroblast-like cells were isolated from 6 specimens and 4 were 

successfully isolated from and confirmed to be PSCs by their positive staining for desmin, 

GFAP, and αSMA with strong PAK1 staining in the cytoplasmic compartment (Fig. 5.3.1B). 

The expression of PAK1, desmin and αSMA was compared by Western blotting to the human 

pancreatic stellate cell line, hPSC1. All cell lines expressed PAK1, αSMA and desmin, 

although the relative amounts varied (Fig. 5.3.1C). The data indicate that PAK1 is present in 

the pancreatic cancer stroma and in PSCs and is suggestive that PAK1 plays a role in PSCs. 
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Figure 5.3.1 PAK1 is expressed in the stroma of human pancreatic cancer specimens and 

in isolated pancreatic stellate cells. Representative images show the varying levels of PAK1 

staining in the microenvironment of human pancreatic cancer specimens at 200x (top 3 images) 

and 100x (bottom 3 images) magnification (A). The purity of pancreatic stellate cells (PSC), 

isolated from human pancreatic cancer specimens, was confirmed by morphology, and by 

immunocytochemical staining for desmin, GFAP (glial fibrillary acidic protein) and αSMA 
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(alpha-smooth muscle actin) at 400x magnification (B). The human pancreatic stellate cell line 

hPSC1 and PSC isolated from 4 different human pancreatic cancer specimens expressed 

varying levels (ratio to GAPDH) of PAK1, desmin and αSMA as detected by Western blot (C). 

The data represent mean + SEM, summarised from three independent experiments. 

 

5.3.2 Inhibition of PAK1 by FRAX597 inhibited stellate cell activation, function and 

proliferation, and increased apoptosis 

The group 1 PAK inhibitor, FRAX597, significantly decreased PAK1 expression and activity 

(Fig. 5.3.2A) and significantly decreased αSMA and desmin expression at 1μM and 2μM (Fig. 

5.3.2B) in the hPSC1 cell line. FRAX597 also decreased cyclin D1 expression and inhibited 

proliferation in a dose-dependent manner with an IC50 of 0.61 + 0.28 μM (Fig. 5.3.2C). At 1 

μM, FRAX597 induced PSC apoptosis with a 3.8-fold increase in apoptotic cells (from 2.7% 

in untreated cells to 10.2% in the FRAX597-treated cells) (Fig. 3.2.2D). These results indicated 

that inhibition of PAK1 by FRAX597 inhibited the activation of PSCs, decreased proliferation 

by inhibition of cyclin D1 expression, and increased apoptosis. 
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Figure 5.3.2 The group 1 PAK inhibitor, FRAX597, decreased PAK1 activity and 

expression and PSC activation and function, inhibited PSC proliferation, and increased 

apoptosis. FRAX597, a group 1 PAK inhibitor, reduced the active form of PAK1 (pPAK1) 

and total PAK1 expression (A), reduced stellate cell activation (αSMA expression) and 

function (desmin expression), and decreased expression of the cell cycle promoter, cyclin D1 

(B) in the hPSC1 cell line. FRAX597 inhibited proliferation in a dose dependent manner (C) 

and increased apoptosis (D). FRAX597 treatment increased the percentage of FITC+/PI- cells 

(apoptotic cells) compared to untreated (CT) cells. FITC-/PI- cells (lower left quadrant) are 

healthy cells, FITC+/PI- cells (lower right quadrant) are cells undergoing apoptosis, and PI+ 

cells (upper two quadrants) are dead cells. The data (mean + SEM, summarised from three 

independent experiments) are presented as a percentage to untreated cells, except for pPAK1 

expression, which is presented as a percentage of the PAK1 value for untreated cells. * p<0.05, 

** p<0.01, *** p<0.001 compared to untreated cells.  



CHAPTER 5 

 

126 

 

 

5.3.3 Hypoxia increased expression and activity of PAK1 in PSCs 

As found in Chapter 4.3.5, knockdown of PAK1 significantly reduced the hypoxia-induced 

HIF1α expression observed in pancreatic cancer cell lines on exposure to hypoxia, suggesting 

PAK1 may play a role in the resistance of pancreatic cancer to hypoxia through regulation of 

HIF1α. The effect of PAK1 on in PSCs under hypoxia was investigated. PAK1 expression and 

activity, and αSMA expression, were significantly increased in the hPSC1 cell line under 

hypoxia (Fig. 5.3.3A). At a concentration of 1μM, FRAX597 significantly inhibited PAK1 

expression and activity, and αSMA expression under both normoxia and hypoxia. HIF1α 

expression was elevated by hypoxia and this hypoxia-induced increment of HIF1 was 

significantly inhibited by FRAX597 at 1μM. The HIF1 expression was also decreased by 

FRAX597 under normoxia (Fig. 5.3.3B). These results demonstrated a positive relationship 

between the expression and activity of PAK1, and the activation of PSCs and HIF1α 

expression, in response to hypoxia. 
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Figure 5.3.3 Hypoxia increased expression and activity of PAK1 and FRAX597 decreased 

the expression of pPAK1, SMA and HIF1 Active form of PAK1 (pPAK1) and total 

PAK1 expression and αSMA expression were increased under hypoxia but were reduced after 

treatment with 1µM FRAX597 under both normoxia and hypoxia in the hPSC1 cell line (A). 

FRAX597 also reduced HIF1α expression under both normoxia and hypoxia (B). The data 

(mean + SEM, summarised from three independent experiments) are presented as a percentage 

of the corresponding value for untreated normoxic cells, except for pPAK1 expression, which 

is presented as a percentage of the PAK1 value for untreated normoxic cells. * p<0.05, ** 

p<0.01, *** p<0.001 compared to normoxic untreated cells. # p<0.05; ## p<0.01 as indicated 

in the figure. 

 

5.3.4 Inhibition of PAK1 by shRNA knockdown was unsuccessful in hPSC1 

PAK1 shRNA transfection was attempted in the stellate cell line, hPSC1. The transfection 

procedure was optimised for stellate cells with 6μg of shRNA added to the cells for 24 hours. 

The usual steps of colony selection and addition of antibiotics could not be undertaken, like in 
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the tumour cells (Chapter 4.2.1) as it resulted in rapid stellate cell death or senescence. As 

colony selection and antibiotic pressure could not be applied, the transfection was transient and 

could not be maintained over passages. Initial transfections resulted in decreased PAK1 protein 

expression in clone 2 and a substantial reduction observed in clone 3 (Fig. 5.3.4A). However, 

subsequent transfections were unsuccessful and failed to achieve significant reduction of PAK1 

protein expression. (Fig. 5.3.4B). Hence, inadequate number of cell passages were obtained to 

undertake functional experiments.  

 

Figure 5.3.4 PAK1 knockdown (KD) of pancreatic stellate cells was unsuccessful. hPSC1 

PAK1 KD cells were generated using shRNA as a transient transfection without selection or 

antibiotic pressure. As detected by Western blot, clone2 and clone3, resulted in reduction in 

PAK1 compared to negative control (NC) clones, which had been transfected with a scrambled 

shRNA at 6μg DNA and incubated for 24 hours (A). However, subsequent attempts could not 

mimic the reduction observed initially (B), so experimental data could not be confirmed or 

collected. 

 

5.3.5 PAK1 knockout quiescent murine pancreatic stellate cells had reduced proliferation  

Quiescent normal murine pancreatic stellate cells (nmPSCs) were successfully isolated from 

PAK1 KO and WT mice using the density gradient centrifugation method as described in 

Chapter 5.2.1. nmPSCs were confirmed with cell morphology, and desmin and GFAP 
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immunocytochemistry staining (Fig. 5.3.5A). PAK1 KO nmPSCs had negligible amounts of 

PAK1 staining by immunocytochemistry and PAK1 protein expression and activity by Western 

blot compared to WT nmPSCs (Fig. 5.3.5B). PAK1 KO nmPSCs had significantly reduced cell 

growth compared to WT nmPSCs by 72 hours (Fig. 5.3.5C). These results confirm that PAK1 

is involved in PSC proliferation as suggested by the anti-proliferative effects of FRAX597 

found in Chapter 5.3.2. 
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Figure 5.3.5 Isolated PSCs from PAK1 KO mice had reduced cell growth. Quiescent 

murine stellate cells (nmPSC) were successfully isolated from pancreases of PAK1 knockout 

(KO) mice and identity confirmed by desmin and GFAP (glial fibrillary acidic protein) 

immunocytochemistry staining (at 400x magnification) with negligible amounts of active 

PAK1 (pPAK1) and total PAK1 staining and protein expression (A-B). Growth of PAK1 KO 

nmPSCs was significantly less than WT nmPSCs at 72 hours (B). The data (mean + SEM, 

summarised from three independent experiments) are presented as a percentage to untreated 

cells, except for pPAK1 expression, which is presented as a percentage of the PAK1 value for 

untreated cells. * p<0.05 compared to WT. 

 

5.3.6 PAK1 knockout mice had increased survival in an orthotopic murine pancreatic 

cancer model 

Cells of the PAK1-positive mouse pancreatic cancer cell line, Pan02, were injected into the 

head of the pancreas of PAK1 KO or WT mice. Survival of PAK1 KO mice was significantly 

greater than PAK1 WT mice, with 44% of mice surviving to the 30-day endpoint compared to 

8% of mice in the WT group (Fig. 5.3.6A). Using WT mice as a reference, PAK1 KO mice had 

a hazard ratio of 0.41 (0.18 + 0.94), indicating a 59% survival benefit, with a p-value of 0.035 

(Table 5.3.6). Examination of the tumours at the endpoint of 30 days found that the PAK1 

expression and activity in the tumours from PAK1 KO mice was significantly less than in the 

tumours from PAK1 WT mice (Fig. 5.3.6B). PAK1 expression and activity levels in the 

tumours of PAK1 WT mouse were not significantly different compared to Pan02 cells. 

Expression of αSMA, desmin and collagen was similar between tumours from PAK1 KO and 

WT mice (Fig. 5.3.6C). The results demonstrated a survival improvement in depleting PAK1 
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in the pancreatic cancer stroma including PSCs and suggested the ability of PAK1 in the stroma 

to regulate the PAK1 expression in the tumour. 
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Figure 5.3.6 PAK1 KO mice had increased survival with reduced PAK1 expression in 

pancreatic tumours compared to PAK1 WT mice. PAK1-positive murine pancreatic cancer 

cell line, Pan02, were injected into the head of the pancreas of PAK1 KO (PAK1-/-) and WT 

mice. Survival of PAK1 KO mice was significantly greater than the WT mice (A). Active 

PAK1 (pPAK1) and total PAK1 expression (ratio to GAPDH) in the tumours collected at the 

endpoint from PAK1 KO mice was significantly less than in tumours from WT mice based on 

staining and protein expression (B). PAK1 expression from Pan02 cells was also included for 

comparison with no difference found between the PAK1 expression from Pan02 cells and WT 

mice. Expression of the stellate cell and fibrotic markers, αSMA (alpha-smooth muscle actin), 

desmin, and collagen, was assessed in pancreatic tumours with no significant difference 

detected in the immunohistochemistry staining pattern (at 200x magnification) or in protein 

expression by Western blot (C). The data represent mean + SEM. * p<0.05, ** p<0.01 

compared to WT. 

Table 5.3.6: Cox regression survival analysis of PAK1 knockout (PAK1-/-) mice and wild type 

(WT) mice in an orthotopic murine pancreatic cancer model. 

Genotype Rates Ratio 95% CI p-value 

WT 1.00 (ref)   

PAK1-/- 0.41 0.18 – 0.94 0.035 

The overall statistics for the stratified Cox regression analysis were: χ2 (1) = 4.7, p=0.031 
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5.3.7 PAK1 knockout mice had transient reduction in tumour growth 

Based on the survival improvement in PAK1 KO mice and the role of PAK1 in PSC growth in 

vitro, the tumour growth in a mouse model was investigated. Pan02 cells were injected into the 

tail of the pancreas of PAK1 KO or WT mice. At the endpoint of 37 days, tumours were 

extracted and measured and mice scored for the presence of metastasis. There was no 

significant difference in tumour volume between tumours from PAK1 KO or WT mice and 

both groups had 75% of mice with metastasis (Fig. 5.3.7A-B). To measure the tumours growth 

with time, Pan02 cells were injected subcutaneously in the flank of PAK1 KO and WT mice. 

Tumours were measured for up to 50 days. A significant decrease was observed in the tumour 

volume of PAK1 KO mice from 23 days up to 42 days where the reduction was lost (Fig. 

5.3.7C). These results suggested that depletion of PAK1 in the stroma does effect tumour 

volume but is only intermediate as the tumour growth reduction is overcome. 
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Figure 5.3.7 PAK1 KO mice reduced tumour growth but was intermittent. Pan02 cells 

were injected into the tail of the pancreas of PAK1 KO (PAK1-/-) and WT mice. At the endpoint 

of 37 days, there was no difference in tumour volumes (A) or percentage of mice with 

metastases (B) between PAK1 KO and WT mice. Pan02 cells were injected subcutaneously of 

the flank of PAK1 KO and WT mice. A significant reduction in PAK1 KO tumour volumes 

compared to WT tumour volumes between 23 and 41 days but was not significant at the 

endpoint (C). The data represent mean + SEM. * p<0.05 compared to WT. 
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5.3.8 Reduced PAK1 in pancreatic cancer cells by shRNA knockdown negatively 

regulated PSC and PSC proliferation  

To test the effect of modulation of PAK1 in tumour cells on surrounding PSCs, cells of the 

human pancreatic stellate cell line, hPSC1, were incubated with media conditioned either by 

PAK1 KD PANC-1 cells or PAK1 NC PANC-1 cells as generated in Chapter 4.3.2. PAK1 

expression and activity were significantly decreased in hPSC1 cells after 48-hour incubation 

with conditioned medium from either KD clone (Fig. 5.3.8A). Desmin expression was also 

significantly decreased in hPSC1 cells incubated with conditioned medium from either KD 

clone, but αSMA was unchanged (Fig. 5.3.8B). Stellate cell growth was reduced when 

incubated with media conditioned from either KD clone compared to the NC clone (Fig. 

5.3.8C) with a significant decrease in growth rate (Table 5.3.8). The results suggested that a 

reduction of PAK1 expression in pancreatic cancer cells suppressed the expression and activity 

of PAK1 in PSCs leading to reduced PSC proliferation, and hence indicated that PAK1 was 

important in the bidirectional signalling of PSCs and tumour cells. 
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Figure 5.3.8 PAK1 knockdown in pancreatic cancer cells negatively regulated PSCs and 

PSC proliferation. Pancreatic stellate cells, hPSC1, incubated in PANC-1 PAK1 knockdown 

(KD) conditioned media (CM) for 48 hours had significantly reduced PAK1 activity and 

expression compared to the stellate cells incubated with the scrambled sequence, negative 

control (NC), cells (A). Desmin expression was also significantly reduced when incubated with 

PANC-1 PAK1 KD CM but αSMA (alpha-smooth muscle actin) expression was unchanged 

(B). The proliferation rate of PSC was measured by thymidine incorporation in the presence of 

conditioned media from PANC-1 PAK1 KD or NC cells. Significant reduction was observed 

in the PSC cells incubated in PANC-1 PAK1 KD CM at 48 and 72 hours compared to PSC 

cells incubated in PANC-1 NC CM (C). The data (mean + SEM, summarised from three 

independent experiments) are presented as a percentage to NC CM cells, except for pPAK1 
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expression, which is presented as a percentage of the PAK1 value for NC CM. * p<0.05, ** 

p<0.01 compared to NC clone (where the higher p value of the two is presented if two NC is 

used).  

 

Table 5.3.8: PAK1 knockdown (KD) conditioned media inhibited pancreatic stellate cell 

growth  

PANC-1 

Growth Rate (%/hour) 

 

NC1 1.9 

NC2 1.7 

2.05 1.2 * 

2.10 1.1 * 

* p<0.05, compared to either NC clone (where the higher p value of the two was used). 

 

5.3.9 Inhibition of PAK1 in pancreatic tumour cells by shRNA knockdown reduced PSC-

driven migration/invasion  

The effect of PSCs on migration/invasion of PANC1 was measured as well as its effect on 

PANC-1 which had reduced PAK1 expression by shRNA knockdown, using the co-culture 

Transwell Boyden Chamber assay. Increasing ratio of stellate cells to tumour cells from 1:1 to 

50:1 significantly increased PANC-1 cell migration/invasion (Fig. 5.3.9A). Without PSCs 

(ratio of 0), PANC-1 PAK1 KD cells had reduced cell migration/invasion compared to the NC 

clone (Fig. 5.3.9B). At the ratio of 50:1, PSCs significantly enhanced the migration/invasion 



CHAPTER 5 

 

138 

 

of PANC-1 NC cells, but not in the PAK1 KD PANC-1 cells which was not significantly 

increased compared the tumour migration/invasion without stellate cells. These results 

demonstrated that stellate cells drive tumour cell migration/invasion with higher percentage of 

stellate cells having a greater effect and that this is mediated through PAK1 pathways in the 

tumour cells.  

 

Figure 5.3.9 Tumour migration/invasion was increased in the presence of PSCs and PSCs 

mediated tumour migration/invasion involved PAK1 pathways. PANC-1 tumour 

migration/invasion was significantly increased with increasing ratios of stellate-tumour cells 

where tumour cell numbers was kept constant and stellate cell numbers were increased (A). In 

the absence of stellate cells (stellate-tumour cell ratio of 0), tumour cell migration/invasion was 

reduced in the PANC-1 PAK1 KD tumour clones: 2.05 and 2.10 (B). At a stellate-tumour ratio 

of 50, the migration/invasion of PANC-1 PAK1 KD cells was significantly reduced, but was 

not significantly different from the values without stellate cells. The data (mean + SEM) are 

expressed as a percentage of the corresponding value for the NC1 clone at a stellate-tumour 

cell ratio of 0 (B). * p<0.05, *** p<0.001 compared to negative control or to stellate-tumour 

cell ratio of 0. ### p < 0.001 as indicated in the figure.  
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5.4 Discussion 

This is the first study, to our knowledge, to identify a role for PAK1 in the pancreatic stroma. 

Expression of PAK1 was detected in the pancreatic stroma of human pancreatic cancer 

specimens including stroma surrounding pancreatic precursor leasions: PanINs and IPMNs 

(Fig. 5.3.1A). PanIN- and IPMN-associated stroma has been identified with increasing fibrosis 

correlated with increasing grade (50, 105). This observation suggests that PAK1 is involved in 

the stroma of pre- and established pancreatic cancers and could be a potential therapeutic target.  

However, fibrosis can also be due to chronic pancreatitis which is a risk factor for pancreatic 

cancer and often diagnosed concurrently (234). The cause of fibrosis may be an interesting area 

of study as PAK1 may be used as a diagnostic or prognostic marker. Nevertheless, the results 

demonstrate the involvement of PAK1 in the pancreatic stroma and thus, its role and effect of 

therapeutic targeting was investigated. Although there are many cell types within the stroma, 

PSCs were chosen for further study as they are primarily responsible for the extensive fibrosis 

observed.  

Isolated human PSCs expressed PAK1. Higher αSMA expression (ie. more activated stellate 

cells) had higher PAK1 expression suggesting that PAK1 may play a role in the activation of 

stellate cells in pancreatic cancer. Although a major limitation of the outgrowth method which 

is used to isolate PSCs from pancreatic tumours is that it yields a heterogeneous population of 

cells comprising of different ages due to temporal differences in their growing out from the 

fibrotic tissue blocks (76). Thus, obtaining a pure PSC population is difficult and contamination 

is highly likely although none of the isolated PSCs used in this study exhibited the epithelial 

marker, CK19, and regular checking for quality and purity was undertaken. Due to the 

heterogeneous population of PSCs, conclusions from isolated PSCs should be done with 

caution and should be checked in pre-clinical models, hence, our use of orthotopic murine 

models. The exact mechanism and reason PAK1 is utilised by the stellate cells (ie. is PAK1 
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activity in stellate cells regulated by the pancreatic tumour or does the activation of stellate 

cells upregulate PAK1 and is necessary for its activity) is unclear and requires further 

elucidation. GAPDH is involved in glycolytic metabolism which has been found to be 

important in pancreatic cancer cells and stroma cells and its use as a housekeeping gene (Fig. 

5.3.1C) presents a limitation of the results presented (16). Examination of the histopathological 

and patient data (data not shown) did not reveal any correlation with the level of PAK1 

expression in hPSCs, however, larger numbers are needed to strengthen this conclusion. 

Moreover, the involvement of PAK1 in other stromal cell types such as immune cells and in 

neuroendocrine cells warrants further investigation (61, 108). 

FRAX597 switched stellate cells to a more quiescent phenotype by inhibition of the activation 

and function of hPSCs, inhibited stellate cell proliferation by reducing the expression of cyclin 

D1, and promoted apoptosis (Fig. 5.3.2). FRAX597 is selective for PAK1, and also inhibits 

PAK2 and PAK3, but has little effect on PAK4-6 (123). FRAX597 also targets other kinases 

including RET, YES1, TEK, and CSF1R (123). Although the ability of FRAX597 to inhibit 

PAK1 was confirmed, and there is no evidence to suggest that either PAK2 or PAK3 plays any 

role in the pancreas (81, 115). Nevertheless, our results are consistent with the hypothesis that 

PAK1 is involved in multiple pathways including those regulating PSC activation, function, 

cell cycle, apoptosis and proliferation. Furthermore, the depletion of stellate cells as shown by 

the induction of apoptosis (Fig. 5.3.2D) and reduction in PSC function (Fig. 5.3.2B) suggests  

that PAK1 therapy has the potential to both deplete and reprogram stellate cells. Further studies 

are needed to confirm if this dual strategy of depleting and reprogramming stellate cells is 

viable therapeutic strategy and results in improved outcomes for pancreatic cancer patients. 

Hypoxia increased PAK1 expression and activity and activated stellate cells (Fig. 5.3.3). 

Pancreatic tumours are known to be highly hypoxic and hypoxia has been found to induce PSC 

activity, migration, and activation (51, 143, 182). The expression of HIF1α, a master regulator 
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of the cellular response to hypoxia, was increased under hypoxia, and as shown in Chapter 

4.3.5, HIF1α is downstream of PAK1 in pancreatic tumour cells. Thus, PAK1 may be induced 

to increase HIF1α as a survival mechanism for PSCs under a hypoxic challenge. Hypoxia is 

known to be an activator of PSCs through stabilisation of HIF1α (119) with increases in PSC 

activation and HIF1α expression (Chapter 5.3.3). Under hypoxia, FRAX597 significantly 

decreased PSC activation and HIF1α, switching PSCs to the quiescent phenotype and reversing 

the effect of hypoxia-related survival. These observations further implicate PAK1 in key PSC 

mechanisms under hypoxia and highlight PAK1’s therapeutic potential.  

nmPSCs from PAK1 KO mice had impaired proliferative ability (Fig. 5.3.5). nmPSCs were 

successfully isolated from PAK1 KO mice and confirmed to be ‘normal’ PSCs with 

comparable cell morphology and desmin and GFAP staining compared to nmPSCs isolated 

from wildtype mice. The impaired proliferation of nmPSCs from PAK1 KO mice confirmed 

the role of PAK1 in PSC proliferation as also found when treated with the group 1 PAK 

inhibitor, FRAX597. Further elucidation of the role of PAK1 utilising the PAK1 KO nmPSCs 

is needed but illustrates the successful isolation of nmPSCs to investigate PAK1. 

Decreased activity and expression of PAK1 in the pancreatic orthotopic tumours in PAK1 KO 

mouse resulted in increased mouse survival (Fig. 5.3.6). The pancreatic tumours grown in 

PAK1 KO mice had reduced PAK1 staining although the tumour cells were originally PAK1 

positive at induction. This observation suggests that the stroma can regulate PAK1 expression 

in the tumours, possibly through the involvement of PAK1 negative regulators. Although the 

mechanism that resulted in the downregulation of tumoural PAK1 is unclear, the observed 

reduction does highlight the importance of stromal PAK1, the involvement of PAK1 in the 

complex interaction between PSCs and the tumour, and the potential therapeutic benefit of 

targeting PAK1 in the stroma to increase pancreatic cancer survival. However, a possible 

limitation of this murine survival study is the use of C57Bl/6 mice as WT mice which may 
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have a different genetic background compared to the PAK1 KO mice. For future experiments, 

PAK1 KO and PAK1 WT mice should be bred from PAK1 heterozygous KO mice to ensure 

similar genetic background. In conclusion, genetically engineered mice that can decrease 

PAK1 in the stroma or more specifically in the PSCs are needed to confirm these results. 

A decrease in tumour volume was not observed in an orthotopic murine model in PAK1 KO 

mice at the endpoint (Fig. 5.3.7A). Based on the results that PAK1 is involved in PSC 

activation, activity and proliferation, and the survival improvement resulting in a decrease in 

PAK1 expression in the tumours, it would be expected to observe some difference in tumour 

volume in the orthotopic tumours. The implantation location may be a factor as human resected 

pancreatic head compared to pancreatic tail tumours have different molecular characteristics, 

although confirmatory studies are needed (127). Real-time monitoring of mouse tumours and 

real-time imaging of the associated fibrosis is needed as it would provide a better contextual 

understanding. As an alternative, tumour growth was measured in subcutaneous flank tumours 

(Fig. 5.3.7C). Although there is an absence of certain stromal cells such as stellate cells, a 

transient decrease in tumour growth was noted and suggests the involvement of PAK1 in the 

immune response or other stromal components on pancreatic tumour growth. The results 

require additional investigations but highlight the dynamic and complex nature and the need 

for contextual understanding to guide therapeutic strategies.  

PAK1 plays an important role in the interaction between PSCs and tumour cells. PAK1 activity 

and expression in stellate cells was reduced resulting in a decrease in stellate cell growth (Fig. 

5.3.8) when PSCs were cultured with the media conditioned by tumour cells in which PAK1 

had been knocked down by transfection with shRNA. The decrease in cell proliferation 

suggests possible PAK1-dependent pathways that control stellate cell growth and confirms the 

importance of PAK1 in stellate cell growth as shown in the FRAX597 treatment and PAK1 

KO nmPSCs. The decrease in PAK1 expression suggests that PAK1-dependent pathways in 
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the tumour control the secretion of factors that regulate the expression of PAK1 in the stellate 

cells. Together with the in vivo results, this observation suggests that targeting PAK1 

expression in either PSCs or tumour cells results in downregulation of PAK1 in the other cell 

type. Knockdown of tumoural PAK1 also resulted in a decrease in stellate cell function. 

Although this result shows that PAK1 in the tumours is responsible for the secretion of factors 

which regulate stellate function, PAK1 is unlikely to be the main regulator as only a modest 

decrease was observed and many other pathways, which have been well studied, are also 

involved (144). Although this study only examines the unidirectional interaction, it does 

implicate the involvement of PAK1 pathways in the tumour in controlling the secretion of 

factors influencing PAK1 regulation in the stellate cells, their function and proliferation. 

PSC-driven migration and invasion of tumours are PAK1-dependent (Fig. 5.3.9). Increasing 

stellate-tumour cell ratios resulted in increased migration and invasion of tumour cells with a 

3-fold increase at a ratio of 50. This has been well studied with many studies observing an 

increase in proliferation and metastasis when PSC are co-cultured or implanted with tumour 

cells in mice, however a single ratio of stellate-tumour cells are used (74, 110, 224, 238). In 

the absence of PSCs, PAK1 KD tumour cells had reduced migration/invasion. When incubated 

with PSCs, migration/invasion of PAK1 KD tumour cells was further impaired, compared to 

controls. This result suggests that PSCs secrete factors that regulate the migration/invasion of 

tumour cells and must involve PAK1 pathways in the tumour. Hence patients with tumours 

with low PAK1 expression may benefit from stromal depletion therapy or stellate cell-targeted 

therapy as tumours have reduced metastatic ability regardless of the presence of PSCs, 

however, clinical validation is needed. 

  



CHAPTER 5 

 

144 

 

5.5 Conclusion 

PAK1 is expressed in the stroma of pancreatic cancer specimens, as well as in PSCs isolated 

from human pancreatic cancer patients. Hypoxia increased PAK1 activity and expression in 

the human pancreatic stellate cell line, hPSC1. A group 1 PAK inhibitor, FRAX597, inhibited 

proliferation through reducing the activity of PAK1 and cyclin D1 protein expression. 

FRAX597 also increased apoptosis, and reduced PSC activation, and HIF1α expression. PAK1 

was found to play a role in the complex interaction between PSCs and tumour cells. Depletion 

of stromal PAK1 using PAK1 KO mice increased mouse survival through the reduction of 

PAK1 activity and expression in pancreatic tumours generated by inoculation of murine Pan02 

cells, which were originally PAK1 positive. This result suggests that an indirect strategy to 

target the pancreatic tumours by modulation of the stroma would be effective, however further 

validation is needed. The regulation of PAK1 between PSCs and tumour cells was found to be 

bidirectional with the regulation of PAK1 in PSCs dependent on the PAK1 expression in the 

tumour cells using conditioned media from PAK1 KD tumour cells. PSC-driven migration and 

invasion of tumour cells was found to utilise PAK1 pathways since PAK1 KD tumour cells 

had impaired migration/invasion in the presence of PSCs and illustrated a case where stromal 

depletion may be beneficial and should not be disregarded as a therapy in selected cases. In 

conclusion, PAK1-directed therapy has the potential to not only disrupt the pancreatic cancer 

stroma, by depleting and reprogramming the PSCs resulting in reduced fibrosis, but also to 

reduce pancreatic tumour metastasis and hence increase survival in patients with pancreatic 

cancer. 
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Chapter 6: General Discussion and Future 

Directions 
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This general discussion reviews the broad findings and implications of this project and outlines 

the limitations of this project, challenges in investigating PAK1 in pancreatic cancer, and future 

directions. 

6.1 PAK1 plays an important role in pancreatic cancer 

Pancreatic cancer is a dismal disease with limited therapeutics available. In the hopes of 

improving pancreatic cancer patient outcomes, a more comprehensive understanding is 

required so therapeutics can be used in an effective manner. PAKs are well studied, known to 

have a role in carcinogenesis and act downstream of the KRAS mutation which have a high 

prevalence in pancreatic cancer. Although two isoforms of PAKs, PAK1 and PAK4, have been 

identified as either being hyper-activated or upregulated and both isoforms were confirmed to 

be present in the pancreatic cancer cell lines (Fig. 3.3.3), the main focus of this thesis was 

elucidating the role of PAK1.  

PAK1 expression was found to be upregulated in human pancreatic cancer compared to the 

progenitor cells: pancreatic acinar and ductal cells, and in pancreatic cancer cell lines compared 

to immortalised normal pancreatic epithelial cells (Fig. 4.3.1). The upregulated expression 

suggested that PAK1 played a role in pancreatic carcinogenesis and was explored.  

First, using a natural product, glaucarubinone, which had been found to inhibit, in part, through 

PAK1 signalling, was investigated. Treatment with glaucarubinone reduced pancreatic cancer 

proliferation (Fig. 3.3.1) and migration/invasion (Fig. 3.3.2). As two PAK isoforms had been 

identified in pancreatic cancer, both were examined under the treatment of glaucarubinone, 

although evidence for glaucarubinone acting on PAK4 was limited. It was found that 

glaurcaurbinone, in part, acted on pathways involving both PAK1 and PAK4 (Fig. 3.3.5 & 

3.3.7). At time of publishing these results, it was the first study to show a role of PAKs in 

pancreatic cancer and the possible clinical benefit of using an inhibitor to inhibit PAKs. 
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To further investigate the role of PAK1, inhibition of PAK1 by knockdown transfection and a 

group 1 PAK inhibitor, FRAX597, was used. Using PAK1 KD cells, PAK1 was found to be 

involved in cell proliferation, survival (Fig. 4.3.2) and clonogenic growth (Fig. 4.3.4) of human 

pancreatic cancer cell lines and mediated AKT and HIF1α pathways (Fig. 4.3.5). Furthermore, 

inhibition of PAK1 sensitised pancreatic cancer cells to gemcitabine (Fig. 4.3.3). Using the 

group 1 PAK inhibitor, FRAX597, the role of PAK1 was further confirmed to be implicated in 

cell proliferation, migration/invasion, and survival (Fig. 4.3.7). FRAX597 treated cells were 

also sensitised to gemcitabine (Fig. 4.3.8) and in addition, to 5-FU (Fig. 4.3.9), suggestive of a 

general sensitisation to chemotherapies. These results indicated the varied roles that PAK1 was 

involved in pancreatic cancer and outlined the benefit of inhibiting PAK1 function on 

pancreatic cancer outcomes using a PAK1 inhibitor in combination with standard 

chemotherapy. 

PAK1 was also found to play a role in the pancreatic stroma. PAK1 was expressed in the stroma 

of pancreatic cancer specimens, as well as in PSCs isolated from pancreatic cancer patients  

(Fig. 5.3.1). PAK1 was found to be involved in PSC activation, function, proliferation and 

apoptosis (Fig. 5.3.2) using the group 1 PAK1 inhibitor, FRAX597, and the role of PAK1 in 

proliferation was confirmed using PSCs isolated from PAK1 KO mice (Fig. 5.3.5). PAK1 was 

found to play a role in the complex interaction between PSCs and tumour cells. Depletion of 

stromal PAK1, including PSCs using PAK1 KO mice resulted in the reduction of PAK1 

activity and expression in pancreatic tumours which were originally PAK1 positive (Fig. 5.3.6). 

The regulation of PAK1 between PSCs and tumour cells was found to be bidirectional with the 

regulation of PAK1 in PSC dependent on the PAK1 expression in the tumour cells using 

conditioned media from PAK1 KD tumour cells (Fig. 5.3.8). Furthermore, PAK1 was 

implicated in PSC-driven tumour migration/invasion using co-culture experiments (Fig. 5.3.9). 

This was the first study to investigate the role of PAK1 in the pancreatic cancer stroma and 
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PSCs and found that PAK1 was involved in several important cellular process and interactions 

with tumour cells, helping unravel the complexity of this disease and highlighting aspects for 

therapeutic intervention. 

6.2 PAK1 inhibition combined with gemcitabine improved survival and decrease tumour 

growth in murine models 

The finding that PAK1 was involved in a number of signalling pathways makes it a likely 

therapeutic target for pancreatic cancer. PAK inhibitors: glacuarubinone and FRAX597, 

combined with the chemotherapy, gemcitabine, was used to examine the effect of targeting and 

inhibiting PAK1 on pancreatic cancer patient outcomes. Using orthotopic murine pancreatic 

cancer models, the combination of glaucarubinone and gemcitabine treatment significantly 

improved murine survival compared to gemcitabine treatment alone (Fig. 3.3.8). Also, 

FRAX597 combined with gemcitabine inhibited pancreatic cancer growth, metastasis, and 

improved murine survival (Fig. 4.3.11). In both studies, there was no apparent increase in 

toxicity compared to the gemcitabine treatment alone. This illustrated that inhibitors that target 

PAK1, combined with gemcitabine had the potential to inhibit pancreatic cancer growth and 

improve patient survival. 

Further investigation into the orthotopic tumours treated with the FRAX597 inhibitor revealed 

a decrease in collagen deposition, prompting the investigation in Chapter 5. The effect of 

depleting stromal PAK1 was examined using PAK1 KO mice with PAK1 KO mice found to 

have an increase in pancreatic cancer survival and a transient decrease in tumour growth (Fig. 

5.3.6). Furthermore, the tumours from the PAK1 KO mice had reduced PAK1 expression, 

highlighting a possible indirect mechanism for targeting PAK1 in the tumours. Although this 

may be an artificial system, as the stroma of these mice did not have PAK1, a clinical model 

where stromal PAK1 deletion occurs on established tumours is needed but it does illustrate the 
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potential of targeting stromal PAK1. PAK1 inhibition of PSCs results in both stellate cell 

depletion and inactivation of stellate cells which has not been evaluated in the clinical  setting 

but combined with other therapies, has the ability to increase drug delivery and improve the 

survival of pancreatic cancer patients. 

6.3 Limitations and future directions 

As with all pre-clinical experiments, there are a number of limitations and caution is needed 

before translating the conclusions directly. The heterogeneity of pancreatic cancer adds an extra 

dimension of difficulty of finding the right treatment to the right patient. With the increased 

availability of genetic sequencing techniques, two recent studies have identified 4 subclasses 

of pancreatic cancer patients which may assist in identifying certain patients with similar cancer 

biology who would most benefit from certain types of therapy (153, 226). PAKs were chosen 

due to the high prevalence of the KRAS mutation in pancreatic cancer but as seen in the staining 

of pancreatic cancer specimens, a range of PAK1 staining is observed in both tumour (Fig. 

4.3.1) and stroma (Fig. 5.3.1) components. Furthermore, the identification of PAK1 expression 

in KRAS-wildtype cell lines, BxPC3 and Pan02 (Fig. 4.3.1B) suggests that PAK1 expression 

may not necessarily be dependent on its KRAS mutational status. Further analysis and larger 

patient cohorts is needed to determine the PAK1 expression in the subtypes that have been 

recently identified from genomic sequencing which may determine the exact mechanism of 

upregulation of PAK1 and identify those patients who would most benefit from PAK1 therapy.   

Thorough investigation of pancreatic carcinogenic functions that involve PAK1 has been 

examined in this thesis. However, the exact mechanisms and elucidation of other pathways that 

involve PAK1, upstream and downstream, is needed. Together with other study’s findings, 

PAK1-mediated downstream signalling have found the involvement of AKT, HIF1α, NFκB 

and HGF/MET pathways (102, 259). Investigating downstream signalling pathways is difficult 
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as the heterogeneity of pancreatic cancer may lead to differences in PAK1-mediated pathways 

from one patient to another as observed with the difference in signalling protein expression in 

PAK1 KD cells of PANC-1 and MiaPaCa-2 (Fig. 4.3.5G-H). Whole proteomic analysis is 

required to further investigate PAK1-mediated signalling and may elucidate other key 

signalling pathways downstream of PAK1.  

Our results demonstrate the importance of PAK1 signalling in pancreatic cancer and the 

possible benefit of using a PAK1 targeted therapy in combination with other therapies to 

improve pancreatic cancer patient outcomes. However, a specific and effective PAK1 inhibitor 

is yet to be discovered with no PAK1 inhibitors currently in the clinical setting. The PAK 

inhibitors used in this thesis: glaucarubinone and FRAX597, have other targets but they were 

both confirmed to decrease PAK1 activity (Fig. 3.3.5 & 4.3.10). Although FRAX597 was 

developed to target group 1 PAKs, as an ATP-competitive inhibitor, it was also found to target 

other kinases: RET, YES1, TEK, and CSF1R, and their possible involvement cannot be 

disregarded in the FRAX597-treated results (123). Thus, investigation of the regulatory signals 

of PAK1 is needed with the hope that a more comprehensive understanding of the negative 

regulators of PAK1 may assist in PAK1 drug discovery and development. It would also give 

insight into the mechanisms of how PAK1 is upregulated in pancreatic cancer. Further 

understanding into the regulatory mechanisms of PAK1 is needed to aid the discovery of an 

effective and specific PAK1 inhibitor for clinical use. 

The finding that glaucarubinone inhibited PAK4, as well as PAK1, resulted in inhibition of 

pancreatic cancer growth (Fig. 3.3.6) and improvement in survival (Fig. 3.3.8) requires further 

investigation into the role of PAK4. Since our study, other groups have found that PAK4 is 

overexpressed in pancreatic tumours compared to normal tissues and is a predictive marker of 

gemcitabine sensitivity (158, 210). There is a need to elucidate the role of PAK4 in pancreatic 
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cancer as the similarity in isoform structure may act as a counter-regulatory mechanism when 

one of the PAK isoform is inhibited. Furthermore, it is likely, that a PAK1 inhibitor may have 

some inhibitory effect on PAK4 and vice versa. Thus, it is important to explore PAK4’s role 

in pancreatic cancer and examine the effect of PAK4 inhibitors in pancreatic cancer.  

The utilisation of murine models to assess PAK1 function as a preclinical model confirms our 

in vitro data and provides a dynamic system to explore the role of PAK1 in pancreatic cancer. 

Mouse models of pancreatic cancer has advanced significantly over the past few years with the 

generation of orthotopic murine models and genetically engineered mouse models (68, 85). 

The findings of our results should be confirmed with genetically engineered mouse models 

such as the KPC (KrasG12D;Trp53R172H;Pdx1-Cre) mice model where pancreatic tumours 

spontaneously arise and metastasis occur in a similar fashion as the human tumours. Although, 

these models are significantly longer than the orthotopic models used in this thesis, they would 

allow for the investigation of PAK1 on metastasis and evaluation of PAK1 inhibitors on the 

development of pancreatic precursor lesions as a preventative treatment. However, there are 

many differences in the pancreas of mice compared to human such as structure, biology and 

morphology, and raises a major challenge in successfully translating findings from mice 

models (42). Recently, the development of organoids from human pancreatic cancer samples 

attempts to bridge this gap by culturing tumour cells and their associated microenvironment 

together where assessment of the genetic, molecular and proteomic changes and inhibitor 

testing can be undertaken (17). The system’s ability to mimic the inter- and intra-heterogeneity 

of pancreatic cancer makes it a useful model as the field moves towards personalised medicine, 

however, the findings may only be applicable for that patient and the viability and cost-

effectiveness of such a strategy is unmaintainable. Nevertheless, organoids and genetically 

modified murine models provide a translational platform to test PAK1 inhibitors and identify 
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patients who would benefit from PAK1 therapy and our results should be confirmed using these 

systems before clinical trials. 

The growing evidence that the stroma is an important factor in pancreatic cancer is a challenge 

in any therapeutic intervention for pancreatic cancer for both drug delivery and drug resistance. 

As highlighted in the results presented, the stroma interaction with the tumour cells is dynamic 

and complex with PAK1 regulation found to be bidirectional (Fig. 5.3.6B & 5.3.8A). Any new 

therapy for pancreatic cancer should be examined for effects to the microenvironment such as 

with the FRAX597 treatment (Fig. 4.3.13 & Chapter 5) to ensure a better understanding of the 

therapeutic effects. Although the main consensus in the field currently is to target the stroma 

to a quiescent state rather than depleting it, our understanding of the role of the stroma at the 

different disease stages and sites is lacking and both therapeutic strategies may have a place in 

pancreatic therapy or even one that does both in the case of PAK1 therapy (164). Furthermore, 

the heterogeneity of the stroma of pancreatic cancer and how PAK1 may be involved in those  

stromal subclasses requires further investigation as those presented in this thesis may not apply 

to all patients (60, 153). Human pancreatic cancer organoids may assist in providing a more 

comprehensive study into their interaction but still requires further validation. The dynamic 

and complex nature of the pancreatic cancer stroma makes studying them difficult and caution 

is needed in translating their results.   

The stroma is a dynamic entity and may be involved in resistant mechanisms. The stroma’s 

role in drug resistance is well studied with a recent study identifying fibroblasts playing a role 

in gemcitabine resistance in tumour cells and the stroma acting as a barrier for drug delivery 

(59). PAK1 acquired resistance from PAK1 therapy is unknown and has not been explored. 

However, there was a transient growth reduction in depleted stromal PAK1 pancreatic cancer 

mice (Fig. 5.3.7), indicating that the stromal-tumour interactions can overcome the depletion 

effect and possibly rely on other mechanisms. Identifying these mechanisms may result in other 
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therapeutic targets for combinational treatment with PAK1 therapy to prevent resistance. 

Furthermore, PSCs were the focus of our study, but other stromal cells should be investigated 

if PAK1 plays a role. Although, PAK1 has been implicated in chemotherapeutic resistance 

(Fig. 4.3.3) in the tumour cells, its role in the resistance to PAK1 therapy in the context of the 

pancreatic stroma is still to be elucidated and requires real-time analysis of their interaction.  

The results presented support the use of PAK1 inhibitors for the clinical treatment of pancreatic 

cancer patients. However, confirmatory clinical trials are needed. Recruitment of patients may 

be difficult so early trials in those that had pancreatic cancer resections may provide an avenue 

for evaluation in the neo-adjuvant and adjuvant setting. Furthermore, our preclinical data, 

mouse model experiments, have been designed to start treatment early for the fullest effect, 

which would be similar to patients that have residual tumour cells following resection. If the 

results are positive, further trials with patients who have locally advanced, metastatic 

pancreatic cancer may be undertaken in a blinded, randomised manner. However, based on our 

staining of pancreatic cancer samples (Fig. 4.3.1A & 5.3.1A), there is a range of PAK1 staining 

in the tumoural and stromal regions from sample to sample. Thus, some patients may have 

higher PAK1 staining in the tumoural or stromal region and these patients may respond better 

to PAK1-directed therapy. A large micro-array is currently being collated from patients who 

have undergone pancreatic cancer resections at the Austin Hospital. The results from this 

micro-array would be able to observe the extent of PAK1 expressions in the tumoural and 

stromal region and the estimated percentage of patients with high PAK1 in the tumour or 

stroma. Also evaluation of PAK1-specific inhibitors, like FRAX597, versus non-specific 

PAK1 inhibitors, like glaucarubinone, is needed and may direct clinical trials over the type of 

inhibitor that may more likely succeed in improving pancreatic cancer patient outcomes.     
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6.4 Conclusion 

The results presented demonstrate the upregulation and expression of PAK1 in the pancreatic 

tumour and stroma, specifically the PSCs. PAK1 was implicated in pancreatic cancer cell 

proliferation, survival, migration/invasion, clonogenic growth and sensitised cells to 

gemcitabine chemotherapy using PAK1 knockdown cells and PAK1 inhibitors: 

glaucarubinone and FRAX597. Glaucarubinone or FRAX597 combined with gemcitabine  

inhibited pancreatic cancer growth, metastasis, and improved survival in vivo, supporting the 

use of PAK1 inhibitors for the treatment of pancreatic cancer.  

PAK1 was involved in PSC proliferation, apoptosis, and their activation. PAK1 was implicated 

in the interaction between PSCs and tumour cells where PAK1 regulation in PSCs were 

dependent on PAK1 expression in the tumour cells and PSC-driven migration/invasion 

signalled through PAK1-mediated pathways in the tumour cells. Targeting stromal PAK1 

increased mouse survival, using PAK1 knockout mice, and stromal PAK1 regulated PAK1 

expression in the pancreatic tumours. The results suggest the possibility to indirectly target 

pancreatic tumours by modulation of the stroma. Although clinical validation is required, 

PAK1-directed therapy has the potential to target both the stroma and tumour by disrupting 

and reprogramming the pancreatic cancer stroma, increasing drug delivery to the tumour where 

PAK1-direct therapy can then reduce pancreatic tumour growth and metastasis and hence 

increase survival in patients with pancreatic cancer. 
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Appendix 

Appendix i. Mouse clinical signs severity score 

1. Category I clinical signs:  

 Mandatory euthanasia should be performed if an animal scored 3 for any clinical 
signs from column 3.  

 Separate from the condition above, the animals will be closely monitored or 

euthanised based on the total scoring system as given below. 

 

Total Score Classification/Action 

0-2 Good Health 

3-8 Health to be monitored daily 

9-12 Poor Health – Observe animals twice daily, if no improvement within 48 

hours mandatory euthanasia 

13 and above Mandatory euthanasia 

 

2. Category II clinical signs:  

 Mandatory euthanasia should be performed if an animal scored 3 for any clinical 
sign from column 3. This includes acute ( >10%) or chronic ( >15%) weight loss. 

 Animals with clinical signs with a single score of 4 will be closely monitored 
(twice daily) and consider for euthanasia if the condition is deteriorating. 

 Separate from the two conditions above, the animals will be closely monitored or 

euthanised based on the total scoring system as given below.   

 

Total Score Classification/Action 

0-2 Good Health 

3-8 Health to be monitored daily 

9-12 Poor Health – Observe animals twice daily, if no improvement within 48 

hours mandatory euthanasia 

13 and above Mandatory euthanasia 
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CLINICAL SIGNS SEVERITY SCORE – Category I (1-3) 

 

SIGNS 0 1 2 3 

Activity normal isolated, 
abnormal 
posture 

huddled/inactive 
OR overactive 

moribund 

OR fitting 

Alertness/Sleeping normal dull or 
depressed 

little response to 
handling 

unconscious 

Coat normal coat rough unkempt; wounds, hair 
thinning 

bleeding or infected 

wounds, or severe hairloss 

or self mutilation 

Faeces normal faeces moist loose, soiled perineum  Presence of diarrhoea for 48 

hours  OR no faeces for 48 

hrs OR presence of blood on 

faeces 

Movement/ 

gait 

normal slight OR 
abnormal 
gait 

walking on tiptoe OR 
reluctance to move  

staggering OR limb 

dragging OR paralysis 

Nose normal wetness discharge Obstruction of nasal 

passages or constant 

purulent discharge 

Vocalisation normal squeaks 

when 
palpated 

struggles and squeaks 

loudly in response to 
handling of a body part 
& signs of aggression 

persistent and repetitive 

vocalisation without 

handling 

Surgical site 

appearance 

normal (no 

swelling or 
redness) 

mild 

redness, 
mild 
swelling of 
wound 

Presence of discharge 

and presence of 
moderate swelling 

redness and swelling of the 

wound OR loss of wound 

clip and/or separation of 

wound edges. *Euthanasia 

if re-suturing and/or 

surgical intervention fails 

 
CLINICAL SIGNS SEVERITY SCORE – Category II (1-3) 

 

SIGNS 0 1 2 3 

Body condition normal thin loss of body fat, failure 
to grow 

loss of muscle mass that 

enables palpation of the 

spine 

Body weight normal 
weight 
and 
growth 
rate 

reduced growth 
rate 

Chronic weight loss 
>10%** OR failure to 
grow 

acute weight loss>10% * 

chronic weight loss 15% ** 

OR failure to grow for 

juveniles or failure to 

stabilise body weight 

Breathing normal rapid, shallow rapid, abdominal 
breathing 

laboured, irregular, or 

gaping mouth breaking, 

and/or blue skin 

Dehydration none skin less elastic skin tenting skin tenting & eyes sunken 

Drinking normal increased OR 
decreased intake 
over 24 hrs 

increased OR decreased 
intake over 48 hours 

constantly drinking OR 

not drinking over 24 hours 

Eating normal increased OR 
decreased intake 
over 24 hours 

increased OR decreased 
intake over 48 hours 

obese OR not eating over 

48 hours 

Eyes normal wetness or 
dullness 

discharge Vision obstructed 

Other     

*, Acute refers to the weight loss occurring within 2 days.  
**, Chronic refers to the weight loss occurring within 7 days; 
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