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Novelty and Impact

Pancreatic stellate cells (PSCs) are responsible for the extensive fibrosis in the stroma of
pancreatic cancer where reducing PSC function may result in increased delivery of
therapeutics. The role of group 1 p2l-activated kinases (PAKs), specifically PAK1, has not
been studied in PSCs. Here, isolated PSCs expressed PAKI, and a groupl PAK inhibitor
decreased PSC function and proliferation, and increased apoptosis, by inhibiting PAKI.
Depleting PAK1 in the stroma resulted in increased mouse survival. PAK1 inhibitors in
combination with other therapies could increase survival of patients with pancreatic cancer by

decreasing PSC function.
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Abstract

Pancreatic cancer remains one of the most lethal of all solid tumours. Pancreatic stellate cells
(PSCs) are primarily responsible for the fibrosis that constitutes the stroma and p21-activated
kinase 1 (PAK1) may have a role in signalling pathways involving PSCs. This study aimed to
examine the role of PAK1 in PSCs and in the interaction of PSCs with pancreatic cancer
cells;»Human PSCs were isolated using a modified outgrowth method. The effect of
inhibiting PAK1 with a group 1 PAK inhibitor, FRAX597, on cell proliferation and apoptosis
invitro- was measured by thymidine incorporation and annexin V assays, respectively. The
effect of depleting host PAK1 on the survival of mice with pancreatic Pan02 cell tumours
was evaluated using PAKI knockout (KO) mice. PAKI was expressed in isolated PSCs.
FRAX597 reduced the activation of PSCs, inhibited PSC proliferation, and increased PSC
apoptosis at least in partial by inhibiting PAK1 activity. The decreased expression and
activity of PAK1 in PAK1 KO mice tumours was associated with increased mouse survival.
These results implicate PAK1 as a regulator of PSC activation, proliferation and apoptosis.
Targeting stromal PAK1 could increase therapeutic response and survival of patients with

pancreatic cancer.
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Introduction

Pancreatic cancer is a deadly disease with a poor survival rate and a dismal prognosis. It is
the fourth leading cause of cancer-related mortality in Australia and the United States and is
expected to become the second leading cause of cancer-related deaths by 2030, based on
current management without significant improvements in treatment.' Although there have
been some recent minor advances in chemotherapeutic regimens, with the addition of nab-
paclitaxel to gemcitabine and the combination regimen of FOLFIRINOX improving the
median- survival by 2 - 11 months compared to gemcitabine alone, therapeutic response is
often poor and chemoresistance is high.”* One of the leading hypotheses for the poor clinical
outcome is interference by the stroma, which is unique to pancreatic cancer and has been an

increasing area of interest in improving outcomes for patients with pancreatic cancer.

The stroma, or desmoplastic reaction, is a dynamic milieu comprised of several different cell
types including immune cells, endothelial cells, cancer-associated fibroblasts, and pancreatic
stellate cells (PSCs).” PSCs are myofibroblast-like cells which produce the fibrosis that forms
the basis of the stroma.”® Although the technique for isolation of quiescent PSCs from rats
and humans is well documented, there is little evidence for successful isolation from mice.” '°
PSCs stain positively for desmin, vimentin and glial fibrillary acidic protein (GFAP)."' In
homeostasis, PSCs are quiescent and vitamin A-containing lipid droplets are present in their
cytoplasm. Upon pancreatic injury such as pancreatic cancer, PSCs lose their ability to store
vitamin A and start to express alpha-smooth muscle actin (¢SMA), transforming into an
activated phenotype which has the ability to secrete excessive amounts of extracellular matrix
(ECM) proteins.'? In this study the conventional approach of measuring PSC activation by

aSMA expression, and PSC function by expression of the ECM protein desmin, was adopted.
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Targeting the stromal components of pancreatic cancer as a strategy to increase therapeutic
response has thus far been unsuccessful with no clinically approved therapies.”® Stromal
depletion by administration of IPI-926, which inhibits of the hedgehog pathway, resulting in
depletion of tumour-associated stromal tissue, was investigated in mouse models and resulted
in increased mean vessel density with increased gemcitabine delivery and response, and a
significant increase in median survival." Although these results indicated that the stroma was
pro-carcinogenic, more recent studies have suggested that the stroma may actually be
confining and restraining the tumour."> Prolonged myofibroblast depletion in a transgenic
mouse~ model resulted in more frequent precursor lesions [pancreatic intraepithelial
neoplasms (PanINs)], and tumours became more metastatic and highly proliferative.'® Also,
patients with resected tumours with high stromal density had better survival after surgery and
those with low stromal density had more aggressive disease.'” A number of stroma-targeted
therapies have yielded promising results in the pre-clinical setting and are currently under
evaluation in clinical trials including PEGPH20,"® which depletes hyaluronan, a component
of the stromal ECM, TH-302," a hypoxia-activated chemotherapeutic, modified vitamin D,
which ‘targets the vitamin D receptor on PSCs resulting in stromal reprogramming, and
losartan,”’ an angiotensin I type 1 receptor inhibitor which inhibits PSC activity.
Understanding the biology of the stroma will be as important as understanding tumour
biology, and should result in better targeted treatments with better therapeutic delivery,

leading to improvements in patient survival of pancreatic cancer.

The bidirectional interaction between PSCs and pancreatic cancers is complex. 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).”* ** Furthermore, in vitro studies have found that although pancreatic
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cancer has similar chemosensitivity to other cancers, patients with pancreatic cancer are less
responsive to chemotherapies. These observations highlight the importance of fibrosis which
results. in collapsed or compressed intratumoural vasculature, and hypoxia contributing to
chemotherapeutic resistance.* On the other hand, pancreatic cancer cells can also secrete
numerous factors to activate PSCs and promote their growth.”> 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.

p2l-activated kinases (PAKs) are a family of non-receptor serine/threonine kinases, that can
mediate many effector functions from cell cycle progression and DNA transcription to cell
adhesion and motility.”® There are six PAK isoforms belonging to two groups, and PAKI,
from group 1, is upregulated in a number of cancers, including pancreatic cancer.>’ The role
of PAKI has been studied in pancreatic cancer cells,”® ¥ but not, to our knowledge, in the
stromaror in PSCs. However, indirect evidence suggests that PAK1 may play a role in
pancreatic cancer cells upstream of both the MAPK pathway, which has been implicated in
PSCractivation and secretion of cytokines, and the NFxB pathway, which has been found to

regulate PSC proliferation.?® 3% !

FRAX597 is a small-molecule pyridopyrimidinone that targets group 1 PAKSs through
binding to the ATP-binding site.”* FRAX597 inhibits PAK1 more potently than the other
isoforms in the group, namely, PAK2 and PAK3.¥ FRAXS597, as an inhibitor of PAK1, has
been tested on a number of cancers such as skin cancer, squamous cell carcinomas, acute
myeloid leukemia, non-small cell lung cancer and pancreatic cancer.”® *°> FRAX597, as an
inhibitor of PAK2, has also been shown to block enzyme-secretion by, and ERK1/2

activation of, pancreatic acinar cells (which only express PAK2) in response to
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gastrointestinal hormones and neurotransmitters.”® FRAX597 as a group 1 PAK inhibitor has

not been tested in pancreatic stellate cells in the context of pancreatic cancer.

This study aimed to investigate the role of PAK1 in PSCs isolated from human pancreatic
cancer specimens and to evaluate the potential of PAKI 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 orthotopic murine models in PAK1 knockout

(KO) mice.
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Materials and Methods

Cells and Reagents

The human PANC-1 (American Type Culture Collection, Manassas, VA) and the murine
Pan02 (Division of Cancer Treatment and Diagnosis Tumour Repository, NCI, Frederick,
MD)-pancreatic cancer cell lines were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% FBS (fetal bovine serum; Hyclone Laboratories Inc.,
Scoresby, Australia). To obtain PAK1 knockdown (KD) cells, PANC-1 cells were transfected
with plasmid DNAs encoding shRNA sequences to silence the PAK1 gene specifically, or
with a scrambled sequence as a negative control (NC), as described previously.” All cells
were cultured in a 37°C incubator with 5% CO,. 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.'’ Fresh
tissue.was obtained from residual pancreatic adenocarcinoma specimens of patients
undergoing primary surgical resection. All human samples were obtained with human ethics
approval by the Austin Health Human Research Ethics Committee (H2013/04953). Briefly,
tumour samples were cultured in 20% FBS in DMEM with penicillin/streptomycin. After 5-
10 days, tumour fragments were transferred to a fresh culture dish and then removed after 2-4
weeks to allow PSCs to grow to confluence. Medium was changed every 3 days. The human
pancreatic stellate cell line, hPSC1 (ScienCell Research Laboratories, Carlsbad, CA, USA),
which had been established from human pancreas, was cultured in DMEM supplemented
with 10% FBS. hPSC1 cells were found to be similar to the other isolated hPSCs in
morphology and staining markers. Cells were cultured in a 37°C incubator with 5% CO, and

not passaged more than 6 times.
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Normal mouse PSCs (nmPSC) were isolated from 5 pooled pancreases using density gradient
centrifugation method, based on the rat PSC isolation method.’ Briefly, the pooled pancreases
were minced and digested with protease, collagenase P and DNAse (Sigma Aldrich, Castle
Hill, Australia), and the PSCs isolated from above the interface on a Nycodenz gradient
(Histodenz, Sigma Aldrich). 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.

PSC purity was determined by immunocytochemistry for aSMA (ab32575), GFAP (ab7260)
and desmin (ab32362), as well as morphology (spindle-shaped cells with cytoplasmic
extensions). Only cells that were negative for cytokeratin 19 (CK19; ab52625) were used, to

exclude tumour contamination. All antibodies used were from Abcam (Cambridge, MA,

USA).

FRAX597 was purchased from SYNthesis (Parkville, Australia), reconstituted in DMSO and

stored at 4°C. The resulting DMSO concentration was less than 5% for in vitro studies.
Immunohistochemistry (IHC)

For PAKI IHC, human and murine sample sections were incubated with 3% hydrogen
peroxide in methanol for 10 min at room temperature to quench endogenous peroxidase
activity. Antigen were retrieved by incubation in 10 mM citrate buffer and blocked in 5%
horse serum. Sections were incubated with antibody against PAK1 (1:200) (sc882; Santa
Cruz Biotechnology, Dallas, TX) or IgG (sc2027) and visualised using an ENvision Plus
polymer-based detection kit (Dako, Botany, Australia). The slides were then counter-stained

and images were taken with a NIKON Coolscope (Coherent Scientific, Hilton, Australia).

Immunofluorescence

John Wiley & Sons, Inc.
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Human sample sections were quenched, blocked and antigen retrieved as described above.
Sections were incubated with rabbit antibody against PAK1 (1:100) (sc882; Santa Cruz
Biotechnology), and mouse antibody against aSMA (1:300) (A5228; Sigma Aldrich) then
incubated with secondary Alexa Fluor 488 anti-rabbit and Alexa Fluor 546 anti-mouse
antibodies. The slides were incubated in DAPI and images were taken with a fluorescence

microscope (Leica Biosystems, Mt Waverley, Australia).
Western Blot

Proteins were detected with antibodies against phospho-PAK1 (2606; Cell Signalling
Technology, Arundel, Australia), PAK1 (2602; Cell Signalling Technology), desmin
(sc14026; Santa Cruz Biotechnology), aSMA (Abcam), cyclin D1 (2978; Cell Signalling
Technology), HIF1a (610958; hypoxia-inducible factor 1a; BD Biosciences, North Ryde,
Australia), and GAPDH (2118; Cell Signalling Technology). HIFla expression was
determined in cells cultured under normoxia or hypoxia (1% O,). For conditioned media
(CM) experiments, PANC-1 KD cells were cultured in 6-well dishes for 48 hours. Media
were collected, filtered and directly added to PSCs for 48 hours before the PSCs were lysed

and protein collected.
Cell Proliferation, Apoptosis, and Migration
Cell proliferation was measured by *H-thymidine incorporation as previously described.*’

Cell apoptosis was assessed using the annexin V-FITC apoptosis detection kit (BioVision,
Milpilas, CA, USA). Cells were analysed by flow cytometry, after 24 hour treatment with

FRAXS597 and stained with annexin V-FITC reagent and/or propidium iodide (PI).

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

were seeded in the lower chamber at varying ratios to cancer cells. PANC-1 or PANC-1

John Wiley & Sons, Inc.
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PAK1 KD cells were seeded in the upper chamber of the inserts (Falcon®, 8um pore size;
Corning, NY, USA). Cells that had attached to the underside of the membrane were fixed and

counted using a NIKON Coolscope (Coherent Scientific, Hilton, Australia).

Murine Orthotopic Pancreatic Cancer Model

All-mice experiments were approved by the Austin Health Animal Research Ethics
Committee (A2013/04898). Pan02 cells were implanted orthotopically in the head of the
pancreas of 17 C57Bl/6 mice (WT) and 22 C57BI/6 PAK1 KO (PAK17") mice, as previously
described.’” Mice were monitored for health score for up to 30 days and euthanased when a
poor health score was reached. To obtain sufficient numbers, 4 studies were completed. A
collated Kaplan-Meier survival curve was plotted, and the data were analysed together using
stratified Cox regression analysis (SPSS; IBM, New York, NY). 3 mice tumours from WT
and'PAK1 KO mice, that were euthanased at the same time point, were isolated, cut into
blocks and fixed for hematoxylin and eosin (H&E) staining and for immunohistochemistry,

or snap frozen for western blot analysis.

Statistical Analysis

All values are expressed as means + standard error. 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). Differences between two means with p < 0.05 were

considered significant.
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Results

PAK1 is expressed in pancreatic cancer stroma and in isolated pancreatic stellate cells

PAKI1  staining was observed in the stromal component of human pancreatic cancer
specimens (figure 1A&B), with the negative control showing no positive staining
(supplementary figure S1). Stromal PAKI1 staining could be observed surrounding PanIN
lesions. PAK1 was expressed in activated stellate cells with the co-localised staining of
PAKI1 and the activated stellate cell marker, aSMA (figure 1B). An example of the individual
staining is shown in supplementary figure S2. Myofibroblast-like cells were isolated from
these specimens and confirmed to be PSCs by their positive staining for desmin, GFAP, and
aSMA with strong PAKI staining in the cytoplasmic compartment (figure 1C). PSCs were
successfully isolated from 4 different human pancreatic cancer specimens, and the expression
of PAK1, desmin and aSMA was compared by Western blotting to the human pancreatic
stellate’ cell line hPSCI1. All cell lines expressed PAK1, aSMA and desmin, although the
relative amounts varied (figure 1D). PAK1 expression positively correlated with the
expression of aSMA, but not desmin. The data indicate that PAKI is present in PSCs and

suggests that PAK1 activity may be important in pancreatic cancer.

FERAXS597 inhibited stellate cell activation, activity and proliferation, and increased apoptosis

The group 1 PAK inhibitor, FRAX597, significantly decreased PAK1 expression and activity
(figure 2A) and significantly decreased aSMA and desmin expression at 1uM and 2uM
(figure 2B) in the hPSCI1 cell line, although in the case of aSMA the inhibition did not appear
to be dose dependent. Presumably at the higher concentrations of FRAX597 there is a
compensatory upregulation of aSMA expression by PAK1-independent pathways. FRAX597
decreased cyclin D1 expression (figure 2B) and inhibited proliferation in a dose-dependent

manner with an 1Csq of 0.61 + 0.28 uM (figure 2C). At 1 uM, FRAX597 induced PSC

John Wiley & Sons, Inc.
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apoptosis with a 3.8-fold increase in apoptotic cells (from 2.7% in untreated cells to 10.2% in
the FRAX597-treated cells) (figure 2D, supplementary figure S3). These results indicated
that inhibition of PAK1 by FRAXS597 inhibited the activation (as measured by aSMA
expression) of PSCs, decreased proliferation by inhibition of cyclin D1 expression, and

increased apoptosis.
Hypoxia increased expression and activity of PAKI in PSCs

We have previously reported that knockdown of PAK1 significantly reduced the increase in
HIF1a expression observed in pancreatic cancer cell lines on exposure to hypoxia.”® As this
observation suggested that PAK1 may play a role in the resistance of pancreatic cancer to
hypoxia through regulation of HIFa, the involvement of PAK1 in the response of PSCs to
hypoxia was investigated. PAKI expression and activity, and aSMA expression, were
significantly increased in the hPSC1 cell line under hypoxia (figure 3A). At a concentration
of 1uM, FRAXS597 significantly inhibited PAK1 expression and activity, and aSMA
expression under both normoxia and hypoxia. HIF 1a expression was induced by hypoxia and
the induction was significantly inhibited by FRAX597 at 1uM under both normoxia and
hypoxia (figure 3B). These results suggested a positive relationship between the expression
and activity of PAKI, and the activation of PSCs and HIF1a expression, in response to the

switch from normoxia to hypoxia.
PAKT KO increased survival of mice with pancreatic cancer

Quiescent normal murine pancreatic stellate cells (nmPSCs) were successfully isolated from
PAKI1 KO and WT mice, and shown to express desmin and GFAP (supplementary figure
S4A). As expected, the PAKI KO nmPSCs did not express any PAKI staining by
immunocytochemistry or PAK1 protein expression and activity by western blot but were

similar compared to WT based on cell morphology (figure 4A). Growth of PAKI KO

John Wiley & Sons, Inc.
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nmPSCs was significantly less than WT nmPSCs at 72 hours (figure 4B). 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. After 30 days, PAK1 expression and activity in the tumours from
PAKT KO mice was significantly less than in the tumours from PAK1 WT mice (figure 4C).
PAK1 expression and activity levels in the tumours of PAK1 WT mouse were not
significantly different compared to Pan02 cells (supplementary figure S4B). Expression of
aSMA, desmin and collagen at the endpoint was similar between tumours from PAK1 KO
and WT mice (supplementary figure 3C). 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 (figure 4D). Using WT mice as a reference, PAK1 KO mice had
a hazard ratio of 0.41 (0.18 + 0.94) with a p-value of 0.035 (table 1). This result is in
agreement with the prolongation of survival observed in mice treated with FRAX597 in the
orthotopic pancreatic cancer model.”® The results confirmed that PAK1 is involved in PSC
proliferation, with a decrease observed in PAK1 KO nmPSCs, and indicated that depletion of
PAKI1 in pancreatic stroma containing PSCs reduced PAK1 expression and activity in the

tumours, leading to increased mouse survival.

PAK1 knockdown in pancreatic cancer cells negatively regulated PSCs and the interaction

between PSCs and pancreatic cancer cells

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
a clone of the human pancreatic cancer cell line PANC-1 which had been transfected with a
scrambled control sequence, or by PANCI clones in which PAKI expression had been
reduced by shRNA knockdown. PAK1 expression and activity were significantly decreased
in hPSC1 cells incubated with conditioned medium from either knockdown clone (figure

5A). Desmin expression was also significantly decreased in hPSC1 cells incubated with
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conditioned medium from either knockdown clone, but aSMA was unchanged (figure 5B).
The results suggested that a reduction of PAKI expression in pancreatic cancer cells
suppressed the expression and activity of PAK1 in PSCs, and hence indicated that PAK1 was
important in signalling, not only from pancreatic stroma containing PSCs to tumour cells, but

also from tumour cells to PSCs.

This conclusion was confirmed by investigation of the effect of PSCs on migration/invasion
of PANCI clones in which PAK1 expression had been reduced by shRNA knockdown. We
have previously reported that PAK1 knockdown significantly reduced proliferation of both
PANCI and MiaPaCa2 cells.”® In this study a similar inhibitory effect was observed on
PANCI1 migration/invasion (figure 5D). Increasing the ratio of stellate cells to tumour cells to
50:1 significantly increased PANC-1 cell migration/invasion (figure 5C). At the same ratio of
50:1, PSCs significantly enhanced the migration/invasion of PANC-1 NC cells, but not of the
PAK1°KD PANC-1 cells (figure 5D). This result strengthened the conclusion that the
bidirectional signalling traffic between tumour cells and PSCs involves PAKI1 in both

directions.
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Discussion

This is the first study, to our knowledge, to identify a role for PAKI1 in the pancreatic stroma.
Expression of PAK1 was detected in the pancreatic stroma of human pancreatic cancer
specimens including stroma surrounding PanINs (figure 1A). PanIN-associated stroma has
been identified with increasing fibrosis correlated with increasing PanIN grade."> This
observation suggests that PAKI1 is involved in the stroma of pre- and established pancreatic
cancer 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.*® The origin of fibrosis may be an interesting area of study as PAKI may be
used as a diagnostic or prognostic marker. 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.

PAK1 expression in isolated human PSCs correlated with the expression of aSMA, but not
with the expression of desmin. This result suggests that PAK1 plays a role in the activation of
stellate cells in pancreatic cancer where more activated stellate cells (higher aSMA
expression) had higher PAK1 expression. This can also be observed in figure 1B where
PAKT (green) is expressed in activated stellate cells (red) resulting in co-staining (indicated
by the arrows). Although, a small sample size, the tumour sample from the isolated PSC
which had high PAK1 did have more co-localised staining compared to the tumour sample
from the isolated PSC which had low PAKI1 (data not shown). Examination of the
histopathological and patient data (data not shown) did not reveal any correlation with the
level of PAKI1 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

. . . . . 39 40
cells and in neuroendocrine cells warrants further investigation.””
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FRAX597 switched stellate cells to a more quiescent phenotype by inhibition of the
activation and function of hPSCs (figure 2B), inhibited stellate cell proliferation (figure 2C)
by-reducing the expression of cyclin D1, and promoted apoptosis (figure 2D). FRAX597 is
selective for PAKI, but also inhibits PAK2 and PAK3, with little effect on PAK4-6.%
FRAXS597 also targets other kinases including RET, YES1, TEK, and CSFIR.*? Although the
ability of FRAX597 to inhibit PAK1 was confirmed (figure 2A), and there is no evidence to
suggest that either PAK2 or PAK3 plays any role in pancreatic cancer, their involvement and
the involvement of the other targets of FRAX597 should not be disregarded and warrants
further-investigation.*" ** Attempts to confirm the inhibitor studies by PAKI1 knockdown
were uniformly unsuccessful (data not shown). Stable PAK1 knockdown was undertaken in
the hPSCI1 cell line, but the transfected cells did not grow under selection. Transient
transfection was also attempted but was only done successfully once before the cells
transformed. Nevertheless, our results are consistent with the hypothesis that PAKI is
involved in multiple pathways including those regulating PSC activation, cell cycle,
apoptosis and proliferation. The depletion of stellate cells suggested by the induction of
apoptosis in figure 2D may result in more aggressive tumours, but a decrease in stellate cell
activation and an inhibition of proliferation was also observed, suggestive of a
reprogramming of the stellate cells to their inactive state.” Further studies are needed to

confirm if this dual strategy results in improved outcomes for pancreatic cancer patients.

Hypoxia increased PAK1 expression and activity and activated stellate cells (figure 3A).
Pancreatic tumours are known to be highly hypoxic and hypoxia has been found to induce
PSC activity, migration, and activation.”™*> The expression of HIFlo, a master regulator of
the cellular response to hypoxia, was increased under hypoxia, and we have previously
reported that the increase in HIFla expression is downstream from PAKI in pancreatic

tumour cells.”® Reactive oxygen species (ROS) under hypoxia have been suggested to

John Wiley & Sons, Inc.
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activate PSCs through stabilisation of HIF1a, further implicating PAK1 in the activation of
PSCs.* The data suggest that PAK1 may also be induced to increase HIFlo as a survival
mechanism for PSCs under a hypoxic challenge.”® Under hypoxia, FRAX597 significantly
decreased PSC activation and HIFla, switching PSCs to the quiescent phenotype and
reversing the effect of hypoxia-related survival. These observations further implicate PAK1

in key PSC mechanisms and highlight PAK1’s therapeutic potential.

nmPSCs from PAK1 KO mice were normal, based on cell morphology, but had impaired
proliferative ability (figure 4B), and this decrease correlated with decreased activity and
expression of PAK1 in the pancreatic tumours in PAK1 KO mouse (figure 4C) and increased
mouse survival (figure 4D). The fact that proliferation of nmPSCs from PAK1 KO mice was
reduced highlighted PAK1’s role in PSC proliferation and confirmed the effect of FRAX597
in vitro (figure 2C). nmPSCs from PAK1 KO mice had normal cell morphology (figure 4A)
and were successfully isolated, indicating that PAK1 is not involved in the development of
stellater cells and is comparable to nmPSCs from WT mice pre-tumour induction. The
resulting improvement in survival can be attributed to the disruption in PAK1 signalling in
the stromal of PAK1 KO mice. The pancreatic tumours grown in PAKI KO mice had
reduced PAKI1 staining although the tumour cells were originally PAK1 positive at induction.
This observation suggests that the stroma can regulate PAKI expression in the tumours,
possibly through the involvement of negative regulators of PAKI. Although the exact
mechanism of interaction that resulted in the deregulation of tumoural PAK1 is unclear, the
observed reduction does highlight the importance of stromal PAK1, the complex interaction
between PSCs and the tumour, and the potential therapeutic benefit of targeting PAK1 in the

stroma to increase pancreatic cancer survival.

PAKI1 plays an important role in the interaction between PSCs and tumour cells. PAK1

activity and expression in stellate cells was reduced (figure 5A) when PSCs were cultured
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with the media conditioned by tumour cells in which PAK1 had been knockdown by
transfection with shRNA. This result suggests that PAK1-dependent pathways in the tumour
control the secretion of factors that regulate the expression of PAKI in the stellate cells.
Together with the in vivo results, this observation suggests that targeting PAK1 expression in
eithernPSCs or tumour cells results in deregulation of PAKI 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.*® The observation that there was no significant change in stellate cell activation
after treatment with the media conditioned by PAK1 KD tumour cells suggests, either that
tumoural PAK1-dependent secretion may not be involved in the deactivation/activation of the
stellate cells, or that the residual low PAKI is able to stimulate the production of factors that
can maintain the stellate cell’s activated state. 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 and stellate cell activity.

Stellate cell-driven migration and invasion of tumours are PAK1-dependent (figure 5C-D).
Increasing stellate-tumour cell ratios resulted in increased migration and invasion of tumour
cells with a 3-fold increase at a ratio of 50 (figure 5C). In the absence of stellate cells, PAK1
KD tumour cells had reduced migration and invasion. When incubated with stellate cells,
migration and invasion of PAK1 KD tumour cells was severely impaired, compared to
controls (figure 5D). This result suggests that stellate cells secrete factors that regulate the
migration and invasion of tumour cells and must involve PAKI1 pathways in the tumour.
Hence patients with tumours with low PAK1 expression may not have more aggressive

tumours with stromal depletion therapy, as initially suggested in a study involving
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myofibroblast depletion in a mouse model.'® Nevertheless, the results presented here support
the use of a PAKI inhibitor to target the tumour cells, both directly and through indirect

targeting of stromal PAK1, to impair metastasis and increase patient survival.
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Conclusion

PAKI is expressed in the stroma of pancreatic cancer specimens, as well as in pancreatic
stellate cells isolated from human pancreatic cancer patients. Hypoxia increased PAKI
activity and expression in the human pancreatic stellate cell line, hPSC1. The group 1 PAK
inhibitor, FRAX597, inhibited proliferation by reducing the expression of cyclin DI.
FRAX597 also increased apoptosis, and reduced hPSC1 activation, and HIF1a expression. In
the interaction of stellate cells and tumour cells, depletion of stromal PAK1 in PAK1 KO
mice resulted in reduced activity and expression of PAK1 in pancreatic tumours generated by
inoculation of murine Pan02 cells, which were originally PAK1 positive, and increased
mouse survival. This result suggests that an indirect strategy to target the pancreatic tumours
by modulation of the stroma would be effective. The complex and bidirectional regulation of
PAK1 between stellate cells and tumour cells was further illustrated by the observation that
regulation of PAKI1 in stellate cells was also dependent on PAK1 expression in the tumour
cells. Stellate cell-driven migration and invasion of tumour cells was found to utilise PAK1
pathways since PAK1 KD tumour cells had impaired migration and invasion in the presence
of stellatecells. In conclusion, PAK1-directed therapy has the potential not only to disrupt the
pancreatic cancer stroma, by switching the stellate cells to a quiescent phenotype and hence
reducing the associated fibrosis, but also to reduce pancreatic tumour metastasis and hence

increase survival in patients with pancreatic cancer.
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Table 1. Survival of PAK1 knockout (PAK]'/ ") mice was greater than wild type (WT) mice in

an orthotopic murine pancreatic cancer model.

Group Hazard Ratio  95% CI p value
WT 1.0 (ref)
PAKI" 0.41 0.18+0.94 0.035

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, and survival was followed over the next 30
days. The overall statistics for the stratified Cox regression analysis were: x2 =47, p=

0.031.
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Figure Legends

Figure 1: PAKI1 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 x200 magnification (A). Representative images show
the co-staining of PAK1 (green) and activated stellate cells (red, staining aSMA) indicated by
the orange arrow at x100 (left image) and x200 (right image) magnification (B). Nuclear
staining by DAPI is shown in blue and a representative image with the individual colours
shown in supplementary figure S2. 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 aSMA
(alpha-smooth muscle actin) (C). The human pancreatic stellate cell line hPSC1 and PSC
isolated from 4 different human pancreatic cancer specimens expressed varying levels (ratio
to GAPDH) of PAKI, desmin and aSMA as detected by western blot (D). PAKI1 expression
correlated positively with aSMA expression, but not with desmin expression. The data

represent mean + SEM, summarised from three independent experiments.

Figure 2: The group 1 PAK inhibitor, FRAX597, decreased PAKI1 activity and
expression and PSC activation and activity, inhibited PSC proliferation, and increased

apoptosis.

FRAX597, a group 1 PAK inhibitor, reduced the activity and expression of PAK1 (A),
reduced stellate cell activation (aSMA expression) and desmin expression, and decreased
expression of the cell cycle promoter, cyclin D1 (B) after 24 hour treatment on the hPSC1
cell line. FRAX597 inhibited proliferation after 24 hours treatment in a dose dependent

manner (C) and increased apoptosis (D). The data (mean + SEM, summarised from three
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independent experiments) are presented as a percentage to untreated cells, except for pPAK1
expression, which is presented as a percentage of the untreated PAK1 value. * p < 0.05, ** p

<.0:01, *** p <0.001 compared to untreated cells.

Figure 3: Hypoxia increased PAKI1 expression and activity and FRAX597 decreased the

expression of aSMA and HIF1a.

PAK1 expression and activity and aSMA expression were increased under hypoxia but were
reduced after treatment with 1uM FRAXS597 under both normoxia and hypoxia (A) in the
hPSCl cell line. The group 1 PAK inhibitor, FRAX597 also reduced HIF1a expression under
both normoxia and hypoxia (D). 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.

Figure 4: In PAK1 KO mice, growth of quiescent PSCs was reduced, PAK1 expression
in pancreatic tumours was decreased, and survival was increased, compared to PAK1

WT mice.

Quiescent murine stellate cells (nmPSC) were successfully isolated from pancreases of PAKI
knockout (KO) mice and shown by cell morphology to be normal compared to the wildtype
(WT) mice although they express negligible amounts of PAK1 by immunocytochemistry and
western blot (ratio to GADPH) (A). Growth of PAK1 KO nmPSCs was significantly less than
WT nmPSCs at 72 hours (B). In an orthotopic model where cells of the PAKI-positive
murine pancreatic cancer cell line Pan02 were injected into the head of the pancreas of PAK1

KO (PAK17") and WT mice, PAK1 expression (ratio to GAPDH) in the tumours from PAK1
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KO mice was significantly less than in tumours from WT mice based on staining and protein
expression (C). Survival of PAK1 KO mice was significantly greater than for WT mice (D).

The data represent mean + SEM. * p < 0.05, ** p <0.01, *** p <0.001 compared to WT.

Figure 5: PAK1 knockdown in pancreatic cancer cells negatively regulated PSCs and

the interaction between PSCs and pancreatic cancer cells.

Pancreatic stellate cells incubated in PANC-1 PAKI1 knockdown (KD) conditioned media
(CM) had reduced PAKI1 activity and expression (A) and stellate cell activity (desmin
expression) but activation (aSMA expression) was unchanged (B). PANC-1 tumour
migration and invasion was significantly increased with increasing ratios of tumour-stellate
cells where tumour cell numbers was kept constant and stellate cell numbers were increased
(€)=Inthe absence of stellate cells (stellate-tumour cell ratio of 0), tumour cell migration and
invasion was reduced in the PANC-1 PAK1 KD tumour clones 2.05 and 2.10 (D). At a
stellate-tumour ratio of 50, the migration/invasion of PANC-1 PAKI1 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:NCI1 clone (B), or for the NCI clone at a stellate-tumour cell ratio of 0 (D), except for
pPAKI expression, which is presented as a percentage of the PAK1 value for the NC1 clone
(A)e=* p < 0.05, ** p < 0.01, *** 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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Figure 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 x200 magnification (A). Representative images show the co-staining of PAK1
(green) and activated stellate cells (red, staining aSMA) indicated by the orange arrow at x100 (left image)
and x200 (right image) magnification (B). Nuclear staining by DAPI is shown in blue and a representative
image with the individual colours shown in supplementary figure S2. 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 aSMA (alpha-smooth
muscle actin) (C). 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 aSMA as
detected by western blot (D). PAK1 expression correlated positively with aSMA expression, but not with
desmin expression. The data represent mean + SEM, summarised from three independent experiments.
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Figure 2: The group 1 PAK inhibitor, FRAX597, decreased PAK1 activity and expression and PSC activation
and activity, inhibited PSC proliferation, and increased apoptosis.

FRAX597, a group 1 PAK inhibitor, reduced the activity and expression of PAK1 (A), reduced stellate cell
activation (aSMA expression) and desmin expression, and decreased expression of the cell cycle promoter,
cyclin D1 (B) after 24 hour treatment on the hPSC1 cell line. FRAX597 inhibited proliferation after 24 hours

treatment in a dose dependent manner (C) and increased apoptosis (D). 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 untreated PAK1 value. * p < 0.05, ** p <
0.01, *** p < 0.001 compared to untreated cells.
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Figure 3: Hypoxia increased PAK1 expression and activity and FRAX597 decreased the expression of aSMA

and HIFlo.

PAK1 expression and activity and aSMA expression were increased under hypoxia but were reduced after
treatment with 1uyM FRAX597 under both normoxia and hypoxia (A) in the hPSC1 cell line. The group 1 PAK
inhibitor, FRAX597 also reduced HIF1la expression under both normoxia and hypoxia (D). 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.
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Figure 4: In PAK1 KO mice, growth of quiescent PSCs was reduced, PAK1 expression in pancreatic tumours
was decreased, and survival was increased, compared to PAK1 WT mice.

Quiescent murine stellate cells (nmPSC) were successfully isolated from pancreases of PAK1 knockout (KO)
mice and shown by immunocytochemistry and western blot (ratio to GADPH) to express negligible amounts
of PAK1 (A). Growth of PAK1 KO nmPSCs was significantly less than WT nmPSCs at 72 hours (B). In an
orthotopic model where cells of the PAK1-positive murine pancreatic cancer cell line Pan02 were injected
into the head of the pancreas of PAK1 KO (PAK1-/-) and WT mice, PAK1 expression (ratio to GAPDH) in the
tumours from PAK1 KO mice was significantly less than in tumours from WT mice based on staining and
protein expression (C). Survival of PAK1 KO mice was significantly greater than for WT mice (D). The data
represent mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to WT.
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Figure 5: PAK1 knockdown in pancreatic cancer cells negatively regulated PSCs and the interaction between
PSCs and pancreatic cancer cells. ! + Pancreatic stellate cells incubated in PANC-1 PAK1 knockdown (KD)
conditioned media (CM) had reduced PAK1 activity and expression (A) and stellate cell activity (desmin
expression) but activation (aSMA expression) was unchanged (B). PANC-1 tumour migration and invasion
was significantly increased with increasing ratios of tumour-stellate cells where tumour cell numbers was
kept constant and stellate cell numbers were increased (C). In the absence of stellate cells (stellate-tumour
cell ratio of 0), tumour cell migration and invasion was reduced in the PANC-1 PAK1 KD tumour clones 2.05
and 2.10 (D). 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 (B), or for the
NC1 clone at a stellate-tumour cell ratio of 0 (D), except for pPAK1 expression, which is presented as a
percentage of the PAK1 value for the NC1 clone (A). * p < 0.05, ** p < 0.01, *** 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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