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Abstract. Background: Bone metastases are a common feature
of advanced prostatic malignancies. They are characterised by
a unique prevalence of osteoblastic phenotype and a poor
prognosis. Paxillin is a 68-kDa signal transduction adaptor and
scaffold protein that contains motifs involved in the mediation
of protein—protein interactions. The state of paxillin
phosphorylation is central to determining a cell’s ability to
adhere, detach and migrate and hence has been linked to
processes such as wound repair and tumour metastasis. The
current study explored the impact of paxillin suppression on
prostate and breast cancer cell function and their
responsiveness to hepatocyte growth factor (HGF) and bone
matrix extract (BME) in order to assess its potential to influence
bone colonization and homing. Materials and Methods:
Hammerhead ribozyme transgenes were used to knockdown the
expression of paxillin in breast and prostate cancer cell lines.
The impact on the cell growth, migration, adhesion and
invasion was assessed using in vitro functional assays. In order
to explore potential mechanisms, focal adhesion kinase (FAK)
inhibitor was also used. Results: Knockdown of paxillin
expression was observed in all tested cell lines following
transfection with the ribozyme transgene. The knockdown of
paxillin increased proliferation and invasiveness of LNCaP
cells, with no effect on their attachment abilities. The opposite,
however, is true for PC-3 cells where, following knockdown,
cellular attachment was significantly reduced, while no
significant changes in growth and invasiveness were detected.
In the MDA-MB-231 breast cancer knockdown model, cells had
little difference in proliferative rates and generally increased
attachment and reduced invasive abilities. Treatments with HGF
and BME had differential effects on targeted cells when
compared to controls. Conclusion: These data suggest that
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paxillin appears to influence major cell functions in a diverse
range of prostate and breast cancer models. The responsiveness
of cells to environmental factors such as HGF or BME may be
influenced by paxillin status, although this seems to be
dependent on cell type.

Prostate cancer remains an ongoing scientific and clinical
challenge. Despite the availability of prostate-specific
antigen testing, a number of patients newly diagnosed with
prostate cancer still present with metastases (1). Half of all
patients with metastatic prostate cancer die from the disease
within 30-35 months (2) as treatment plans still do not totally
prevent the formation of new bone metastases, morbidity or
disease progression (3, 4). The precise reason why prostate
cancer is particularly predisposed to forming bone metastases
is as yet unknown. However, it is thought that certain
important bone matrix proteins, including vibronectin, bone
sialoprotein and collagen type I are facilitated by a number
of tethering proteins, such as paxillin, and by reduced blood
flow rates which allow prostate cancer cells to adhere,
colonise and invade into sites in the long bones (5, 6). The
inconsistency of metastatic cancer is undoubtedly influenced
by the molecular and cellular characteristics of both tumour
cells and the tissue which they invade. Since the discovery
of hepatocyte growth factor (HGF) several decades ago and
the mitogenic, morphogenic, motogenic, angiogenic and cell-
cycle links that have been described since, HGF and its
receptor tyrosine-protein kinase Met (cMET) remain at the
forefront of prognostic and therapeutic research (7-9).

The adhesion of cells to the surrounding extracellular matrix
(ECM) and their stimulation by growth factors, such as HGF,
provide environmental signals critical to controlling a cell’s
decision to survive, proliferate, differentiate or migrate. Defects
in signalling pathways associated with these external signals can
lead to developmental abnormalities, degeneration, cell
transformation and metastasis (10). Focal adhesions are large,
dynamic protein complexes through which the cell cytoskeleton
connects to the ECM. They contain a large number of different
proteins including focal adhesion kinase (FAK), paxillin,
vinculin and integrin alpha-v beta-3, as well as GTPases, and act
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Table 1. Sequences and primers used in the current study.

Target Gene name Forward Reverse

PXN (PCR) Paxillin ACAGTCGCCAAAGGAGTC TGGTAGTGCACCTCACAGTA

GAPDH (PCR) Glyceraldehyde-3-phosphate dehydrogenase GGCTGCTTTTAACTCTGGTA GACTGTGGTCATGAGTCCTT

MET (PCR) MET proto-oncogene, receptor tyrosine kinase =~ ACTGAACCTGACCGTACA ATCGAATGCAATGGATGA

GAGCCAAAGTCCTTTCAT

PXN (qPCR) Paxillin CAATCCTTGACCCCTTAGA ACTGAACCTGACCGTACA
TTGGAGACACTG

GAPDH (qPCR)  Glyceraldehyde-3-phosphate dehydrogenase CTGAGTACGTCGTGGAGTC ACTGAACCTGACCGTACA
CAGAGATGATGACCCTTTTG

ACTGAACCTGACCGTACA represents Z sequence.

to regulate cell adhesion and migration. Paxillin is a signal
transduction, multi-domain adaptor protein found at the interface
between the plasma membrane and the actin cytoskeleton. It
provides a platform for the integration and processing of
adhesion- and growth factor-related signals in response to a rapid
response to environmental change in ECM (11). Alterations in
focal adhesion turnover or component proteins have links to
cancer progression and, amongst others, paxillin and FAK have
been highlighted as key molecules in this process and have been
subject to intense scientific investigation. Overexpression of
paxillin has been reported in a number of different human cancer
types including oesophageal (12, 13), colorectal (14) and lung
(15), where paxillin expression is frequently associated with
advanced disease and poorer patient outcomes. Another study in
breast cancer has suggested that paxillin levels correlate with
ERBB2 receptor tyrosine kinase 2 (HER2) amplification and
may also influence responsiveness of tumours to chemotherapy,
although this appeared to depend on the HER2 status of the
tumours (16). Changes in paxillin and FAK expression,
phosphorylation or localisation are often associated with
enhanced migratory potential and may also represent a means of
resistance to cancer therapies (17-20).

Thereby, paxillin provides a platform for the integration
and processing of integrin and growth factor-related signals.
Given its involvement in a variety of cellular processes,
including motility, adhesion and cytoskeletal functions, as
well as in recognition and signalling responses to the ECM,
we deemed paxillin to be an interesting candidate to study
in relation to cancer metastasis and, in particular, in relation
to its potential contribution to the very specific homing of
cancer cells to the bone environment.

Materials and Methods

Cell lines and culture conditions. The prostate cancer cell lines PC-
3 (established from a bone metastasis, osteolytic in nature) and
LNCaP (established from lymph node metastasis, possessing a
mixed osteolytic and osteoblastic phenotype), and breast cancer cell
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line MDA-MB-231 (primarily forming osteolytic bone metastasis)
were purchased from the American Type Culture Collection
(Rockville, MD, USA). Wild-type PC-3 and MDA-MB-231 cell
lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal calf serum (FCS),
penicillin, streptomycin and amphotericin B (Sigma, Poole, Dorset,
UK). The wild-type LNCaP cell line was maintained in RPMI-1640
medium supplemented with 10% FCS, penicillin, streptomycin and
amphotericin B (Sigma). Cells transfected with control pEF6 vector
(Life Technologies, Paisley, UK) or pEF6 vector containing paxillin
ribozyme transgenes were selected in DMEM or RPMI-1640
medium, supplemented with 5 pg/ml blasticidin and subsequently
maintained in maintenance medium containing 0.5 pg/ml
blasticidin. All cells were grown under standard conditions at 37°C
and in a humidified atmosphere of 5% CO,.

Reagents. HGF was a kind gift from Dr T. Nakamura (Osaka
University Medical School, Osaka, Japan) and was used in the current
study at a concentration of 40 ng/ml. An extract obtained from ground
femoral heads termed bone matrix extract (BME) was previously
prepared and described by our group (21) and was used in the current
study. A small-molecule FAK inhibitor PF 573228 (Sigma) was used
on control and knockdown established cancer cell lines to explore
potential interactions with the FAK signalling pathway.

Construction of hammerhead ribozyme transgenes targeting human
paxillin transcript and generation of paxillin knockdown cells.
Targeting of paxillin was accomplished using hammerhead
ribozyme transgenes as described previously (22, 23). Briefly,
hammerhead ribozymes specific for human paxillin transcript were
synthesised using touch-down polymerase chain reaction (PCR)
and cloned into pEF6/V5-His-TOPO expression plasmid according
to the manufacturer’s protocol (Life Technologies). Subsequently,
plasmids were amplified in Escherichia coli, extracted and purified
before being transfected using electroporation (Easyject, Flowgene,
Surrey, UK), into wild type PC-3, LNCaP and MDA-MB-231 cells.
Cells underwent a selective period before being transferred into
maintenance medium for general maintenance. Reverse transcription
polymerase chain reaction (RT-PCR) was used to confirm paxillin
knockdown in cells transfected with ribozyme transgene plasmids.
Verified knockdown cell lines were termed PC-3PAXILLIN KD,
LNCaPPAXILLIN KD and MDA-MB-231PAXILLIN KD and were
subsequently used in the in vitro studies. Control cell lines
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transfected with an empty pEF6 vector were termed PC-3PEF6,
LNCaPPEF6 and MDA-MB-231PEF6,

RNA extraction and RT-PCR. RNA extraction from cultures
established in T25 tissue culture flasks or multi-well plates was
carried out using TRI Reagent in accordance with the supplied
protocol (Sigma) and the products were quantified using a
spectrophotometer (Wolf Laboratories, York, UK). Samples were
standardised to 500 ng and used as a template to generate cDNA
using an iScript cDNA synthesis kit (BioRad, Hemel-Hempstead,
UK). Following cDNA synthesis, sample quality and uniformity was
checked, by simultaneous amplification of the house-keeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). PCR was
undertaken in a T-Cy Thermocycler (Creacon Technologies Ltd., CD
Emmen, the Netherlands) and performed using REDTaq®
ReadyMix™ PCR Reaction Mix (Sigma) under the following
conditions: 5 min at 95°C, 30 or 32 cycles (GAPDH and paxillin,
respectively) of 30 s at 94°C, 30 s at 56°C, 30 s at 72°C, and finally
72°C for 10 min final extension. Full primer details shown in Table
I. PCR products were then separated on a 0.8% agarose gel, stained
with SYBR safe (Life Technologies), visualised and images
captured under blue light using an UGenius3 gel doc system
(Geneflow, Lichfield, Staffordshire, UK).

Quantitative analysis of gene transcript expression (qPCR). The
level of the GAPDH and paxillin transcripts in control and
transfected cell lines was determined using real-time quantitative
PCR, based on the previously reported (24) Ampliflor™ system
technology. Briefly, the iCycler IQ™ system (Bio-Rad) was used to
detect and quantify transcript expression in each sample. Pairs of
primers (Table I) were designed using Beacon Designer™ software
(Premier Biosoft International, Palo Alto, CA, USA). The Ampliflor
system was used together with iQ supermix (Bio-Rad) 10 pmol
specific forward primer, | pmol reverse primer which has Z
sequence (Table I), 10 pmol of Uniprimer probe (Intergen Inc., New
York, NY, USA), and cDNA under the following reaction
conditions: 15-min initial 95°C period followed by 60 cycles of
95°C for 15 s, 55°C for 40 s and 72°C for 20 s. Transcript copy
number was calculated based on an internal standard simultaneously
amplified with the samples. Samples were normalised against
GAPDH expression.

In vitro cell growth assay. The assay was based on a previously
reported method (25). Cells were plated into 96-well plates
(Greiner Laboratories, Stonehouse, Gloucester, UK) at 2.0x103
cells/well in their respective medium followed by an incubation
period of 1, 3 and 5 days. On each of those days cells were fixed
in 4% formaldehyde [v/v in balanced saline solution (BSS)] and
stained with 0.5% crystal violet (w/v). Following drying, stained
cells were treated with 10% (v/v) acetic acid and the absorbance
of each individual well was determined at a wavelength of 540nm
using an ELx800 spectrophotometer (Bio-Tek, Swindon, UK). The
measured absorbance value was proportional to the number of cells
in each well.

In vitro cell-matrix adhesion assay. The assay was based on a
previously reported method (25). Adhesion assays were conducted
using 96-well plates pre-coated with 5 pg of Matrigel Matrix
Basement Membrane (BD Biosciences, Oxford, UK) in 100 pl
serum-free medium per well and rehydrated prior to use. A total

of 4.5x104 cells (transfected and controls) were seeded onto
Matrigel and incubated for 45 min at 37°C. Following incubation,
non-adhered cells were removed through multiple washes with
BSS and adherent cells were subsequently fixed with 4%
formaldehyde (v/v), stained with 0.5% crystal violet (w/v) and
washed again. Randomly selected fields per well were
photographed under a microscope (x200 magnification) and the
number of adhered cells quantified.

In vitro Matrigel invasion assay. Invasion assays were carried out
using a method previously described (18). Transwell chambers,
equipped with a 6.5mm-diameter polycarbonate filter insert (8-um
pore size; Griener Bio-One, Gloucester, UK) were pre-coated with
50 pg of Matrigel Matrix Basement Membrane and rehydrated
briefly before seeding the cells at a density of 2.0x104 cells/well.
Cells were incubated and allowed to invade for 3 days. Cells that
invaded through the basement membrane to the underside of the
inserts were fixed with 4% formaldehyde (v/v in BSS) and stained
with 0.5% (w/v) crystal violet and washed. For analysis, randomly
selected fields per insert were photographed under a microscope
(%200 magnification) and counted to determine the invasive
potential.

In vitro cell migration/wounding assay. The migratory properties of
cells were assessed to determine the impact of paxillin knockdown
in the prostate and breast cancer cells. This technique has been
described in a previous study (26). The cells were seeded onto a 24-
well plate at a density of 6.5x103 cells/well and allowed to reach
confluence overnight. The monolayer of cells was then scratched
with a pointed plastic pipette tip to create a wound. After the
addition of individual HGF, BME, FAK inhibitor or combined HGF
and BME treatments, motility of the cells was monitored at 30 min
intervals for 120 min using an inverted microscope and GXcapture
software (GT Vision Ltd., Stansfield, Suffolk, UK).

Wound closure/cell migration was evaluated by calculating the
distance between the two wound fronts at several consistent points
over all the time intervals and comparison to initial wound size at
the respective time zero measurement using Imagel (Research
Services Branch: https://imagj.nih.gov).

Statistical analysis. Data were analyzed using SigmaPlot 11
software. Comparisons between control groups and respective
knockdowns or individual treatments were made using Student’s #-
test or Mann—Whitney U-tests depending on data normality. Data
comparing treatment groups over time were analysed using a two
way ANOVA test. Data were considered to be statistically
significant at p<0.05.

Results

Expression profiling of cell lines. All prostate (PC-3, DU-
145, LNCaP, CAHPV 10, MDA-PCa-2b and PZHPV7) and
breast (MDA-MB-231, MCF-7 and ZR-751) cell lines
available within our laboratories were screened for paxillin
and ¢MET transcript expression in addition to the GAPDH
housekeeping gene (Figure 1A). Paxillin and c¢MET
expression was noted in all tested cell lines and strong
paxillin expression was observed in the PC-3, LNCaP and
MDA-MB-231 cell lines.
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Figure 1. A: Reverse transcription-polymerase chain reaction (RT-PCR) transcript expression profile of paxillin and tyrosine-protein kinase MET
(¢cMET) in a range of prostate and breast cancer cell lines. Positive expression was seen throughout the cell lines, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was included as a housekeeping gene. RT-PCR confirmed paxillin transcript knockdown (KD) in PC-3 (B), LNCaP (C)
and MDA-MB-231 (D) cell lines in comparison to the respective controls. Quantitative PCR was also undertaken to confirm paxillin knockdown in
PC-3 (E), LNCaP (F) and MDA-MB-231 (G) cell lines demonstrating significant levels of knockdown in comparison to respective pEF6 controls.
Representative RT-PCR data are shown, gPCR data were normalised against GAPDH and represent the mean percentage of control values+SEM

of three independent replicates. *Significantly different at p<0.05.

Verification of paxillin knockdown in PC-3, LNCaP and
MDA-MB-231 cells. Given the expression profiles, PC-3,
LNCaP and MDA-MB-231 cells were transfected with the
paxillin ribozyme transgene. RT-PCR analysis indicated that
paxillin transcript expression was successfully knocked
down in PC-3, LNCaP and MDA-MB-231 cell lines (Figure
1B, C and D, respectively) in comparison to the expression
levels seen in their respective pEF6 plasmid control cell lines
(PC-3PEF6 I NCaP-3PEF®  and  MDA-MB-231PEF),
Quantitative PCR experiments confirmed a significant
reduction in expression of paxillin transcript, following
normalisation against GAPDH levels, in cells containing the
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ribozyme transgene (PC-3PAXILLIN KD 'y NCapPAXILLIN KD

and MDA-MB-231PAXILLIN KDy 51, comparison to their
respective pEF6 plasmid controls (Figure 1E, F and G,
p=0.04, 0.029 and 0.029, respectively).

Impact of paxillin knockdown on cell growth and matrix
adhesion. To experimentally assess the impact of paxillin
knockdown on PC-3, LNCaP and MDA-MB-231 cell growth
rate, in vitro cell growth assays were performed (Figure 2A-
C, respectively). Knockdown of paxillin appeared to
influence the growth rate of the LNCaPPAXILLINKD cejj [ine
which was found to be significantly elevated following 5-day
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Figure 2. Impact of paxillin knockdown (KD) on cell growth and matrix adhesion. The growth of PC-3 (A), LNCaP (B) and MDA-MB-231 (C) cells
was examined following suppression of paxillin, demonstrating a significant enhancement of growth of LNCaP cells over a 5-day incubation period.
Similarly the capacity to adhere to Matrigel matrix, over a 45-minute incubation period, was also examined in PC-3 (D), LNCaP (E) and MDA-
MB-231 (F) cells following suppression of paxillin, demonstrating reduced adherent capacity in the PC-3 cell line following paxillin suppression.
Data shown represent the mean percentage relative to control values of three independent replicates+SEM. Representative images captured at x200

magnification are shown. Significantly different at *p=<0.05 and **p=<0.01.

incubation in comparison to the LNCaPPEF® control (p=0.02).
The knockdown of paxillin had no significant impact on the
growth rate of either PC-3 or MDA-MB-231 cell lines over
the 5-day incubation period. No significant changes in growth
rates between any of the paxillin knockdown or pEF6
controls was seen over an initial 3-day incubation period
(»p>0.05, data not shown).

Matrigel matrix cell adhesion assays were also conducted
to establish the impact of paxillin knockdown on the cell-
matrix adhesion of PC-3, LNCaP and MDA-MB-231 cells
(Figure 2D-F, respectively). Knockdown of paxillin in PC-3
cells negatively impacted on their ability to adhere to an
artificial basement membrane (p=0.009) when compared to
the attachment ability of the PC-3PEF® control cell line. No
significant differences were seen between LNCaPPEF® and
LNCapPAXILLIN KD o MDA-MB-231PEF6 and MDA-MB-
231PAXILLIN KD ' however, a general increase in matrix
adhesion was seen in MDA-MB-23 | PAXILLINKD " 41though
this was just below the level of significance (p=0.06).

Impact of paxillin knockdown on cellular invasion and
migration. Matrigel invasion assays were undertaken to explore
the impact of paxillin knockdown on the cellular invasiveness
of PC-3, LNCaP and MDA-MB-231 cells (Figure 3A-C,
respectively). No significant difference in invasive capacity was
seen between PC-3PEF6 and PC-3PAXILLIN KD ¢eji5 (=0.15)
although levels were generally higher in PC-3PAXILLINKD 1y
turn, knockdown of paxillin in LNCaP cells resulted in a
significant increase in invasive potential in comparison to
control LNCaPPEF® cells (p=0.05). However, in MDA-MB-231
cells, suppression of paxillin reduced the invasiveness of this
cell line compared to MDA-MB-231PEF6 control cells, although
this was not statistically significant (p=0.08).

The impact of paxillin knockdown on the migratory rate
of PC-3, LNCaP and MDA-MB-231 cells was also explored
using a scratch wound assay (Figure 3D-F, respectively).
Suppression of paxillin did not have a significant impact on
the migratory capacity of any cell line in comparison to their
respective pEF6 controls (p>0.05).
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Figure 3. Impact of paxillin knockdown (KD) on cell invasion and migration. The invasive potential of PC-3 (A), LNCaP (B) and MDA-MB-231
(C) cell lines was examined following suppression of paxillin, demonstrating a significant increase in LNCaP invasion following paxillin suppression.
Data shown represent the mean percentage relative to control values, following 3-day incubation, of three independent replicates+SEM. Cellular
migration following paxillin knockdown was also examined in PC-3 (D), LNCaP (E) and MDA-MB-231 (F) cells, demonstrating no significant
change in any cell line at any of the tested time points. Migration data represent the mean distance migrated between wound fronts over three
independent replicates+tSEM. Representative images captured at x200 magnification are shown. *Significantly different at p<0.05.

Significance of paxillin in growth response to HGF and BME
treatments and FAK inhibition. To further explore the role of
paxillin in the growth response to HGF and/or BME
treatments and FAK inhibition, growth assays were
conducted with different treatments/inhibitors (Figure 4).

For the PC-3 cell line, the suppression of paxillin brought
about a number of differential responses to the different
treatments (Figure 4A and B). In PC-3PEF6 cells, no
significant alterations in 3-day growth were seen in response
to HGF, BME or combined HGF and BME treatments,
although the addition of FAK inhibitor significantly
enhanced growth for this incubation time in comparison to
the untreated PC-3PEF6 day 3 control. However, for PC-
3PAXILLINKD (e]is. BME treatment alone and combined with
HGF both brought about a significant increase in cell growth
in comparison to the untreated PC-3PAXILLIN KD g5y 3
control (p<0.05). These alterations did not continue over the
course of the experiment and no significant differences were
seen between treated PC-3PAXILLIN KD iy comparison to
untreated PC-3PAXILLIN KD ¢ejls or between treated
PC-3PEF6 and untreated PC-3PEFO cells at the 5-day
incubation point.
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For the LNCaP model (Figure 4C and D), no significant
differences in growth were observed between untreated
LNCaPPEFS cell and LNCaPPEFS cells treated with HGF,
BME, alone or in combination, or with FAK inhibitor at
either of the respective time points and this was similar for
LNCapPAXILLIN KD ¢ells with the exception of HGF
treatments, which significantly reduced growth in
comparison to untreated LNCaPPAXILLINKD ¢ejig at each of
the respective time points. Similarly, the only significant
impact observed for the MDA-MB-231 models (Figure 4E
and F) was upon 5-day HGF treatment of MDA-MB-231PEF6
cells, bringing about a significant decrease in comparison to
the 5-day untreated MDA-MB-231PEF6 control.

Significance of paxillin on matrix adhesion in response to HGF
and BME treatments and FAK inhibition. The influence of
individual treatments with HGF, BME, their combination, and
FAK inhibitor on the matrix adhesion of PC-3PAXILLIN KD
LNCaPAXILLINKD 334 MDA-MB-231PAXILLIN KD apq their
respective controls (PC-3PEF® I NCaPPEF® and MDA-MB-
231PEF) were experimentally verified in comparison to
appropriate untreated controls (Figure 5). None of the knocked
down cell lines treated with HGF exhibited significant changes
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Figure 4. Impact of paxillin knockdown (KD) on the growth response to hepatocyte growth factor (HGF) and bone matrix extract (BME) treatments,
and focal adhesion kinase (FAK) inhibition. Differential responses to treatments were seen between PC-3PAXILLIN KD (A) and PC-3PEF6 (B) cells.
Additionally, growth responses to HGF were also different between LNCaPPAXILLIN KD (C) and LNCaPPEF6 (D) cells. Similar treatment responses
were seen in MDA-MB-231PAXILLIN KD (E) and MDA-MB-231PEF6 (F) cells, with the exception of 5-day HGF treatment. Data shown are the mean
percentage change in comparison to the untreated equivalent cell line at each individual incubation time and represent three independent
replicates+SEM. Significantly different at *p<0.05, **p=<0.01 and ***p=<0.001.
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in their adhesion ability (Figure 5A, C and E). However, the
effect of treatment of PC-3PAXILLINKD (ol wwith BME alone
(p=0.05), as well as in combination with HGF (p=0.01), was
found to be significant in both cases. It was observed that both
treatments greatly lowered the adhesive ability of PC-
3PAXILLINKD ¢ells when compared to untreated PC-3PAXILLIN
KD cells (Figure SA). In addition, the adhesive ability of
LNCaPPAXILLINKD ¢elis was significantly reduced in response
to BME (p=0.04) and combined HGF and BME (p=0.02)
treatments when compared to untreated LNCapPAXILLIN KD
cells (Figure 5C). No differences were observed for MDA-MB-
23]PAXILLINKD ¢elis when stimulated with BME alone nor in
combination with HGF (Figure 5E). It was also observed that
FAK inhibitor appeared to significantly inhibit the matrix-
attachment ability of PC-3PAXILLIN KD cefis (5<0.001 vs.
untreated PC-3PAXILLINKD) anq brought about near significant
reductions in the matrix adhesion of LNCapPAXILLIN KD
(p=0.06 vs. untreated LNCaPPAXILLIN KDy (Ejoyre 5A and C)
but had no effect on the matrix-attachment ability of MDA-
MB-23PAXILLIN KD oojpg (Figure SE). There were no
statistically significant differences between untreated MDA-
MB-23]PAXILLIN KD celfs and any of the treatment groups
(Figure 5E). In the PC-3PEF6 control cells, individual
treatments with HGF and BME did not prove to have a
significant impact on cell adherence when compared to their
untreated control (Figure 5B). However, the combination of
HGF and BME treatments, as well as the treatment with FAK
inhibitor, significantly lowered their ability to adhere to the
artificial basement membrane (p=0.04 and 0.004 respectively
vs. untreated PC-3PEF6) (Figure 5B). On the contrary, the
matrix-attachment ability of control LNCaPPEF® cells was
significantly reduced by individual treatments with HGF
(p=0.004) and BME (p=0.015) and also by the combined HGF
and BME treatment (p=0.014 vs. untreated LNCaPPEF0)
(Figure 5D). FAK inhibition also reduced LNCaPPEF® matrix
adhesion, though this did not quite reach significance (p=0.06
vs. untreated LNCaPPEFG). Finally, the matrix-attachment
ability of MDA-MB-231PEF® cells was not affected by
treatments with HGF or BME, their combination, nor FAK
inhibitor (Figure 5F).

Significance of paxillin on the invasive response to HGF and
BME treatments and FAK inhibition. The invasive response
to individual treatments with HGF, BME, the combination of
both HGF and BME, and FAK inhibitor in PC-3PAXILLINKD
LNCapPAXILLINKD 5,4 MDA-MB-231PAXILLINKD 4pd their
respective controls (PC-3PEF6 [ NCaPPEF® and MDA-MB-
231PEF6) were experimentally verified in comparison to
appropriate untreated controls (Figure 6). PC-3PAXILLIN KD
cells did not exhibit any significant changes in invasiveness,
in comparison to untreated PC-3PAXILLINKD colis following
any of the treatments, although increased invasion was
generally seen in response to HGF, BME or their
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combination. Addition of the FAK inhibitor similarly, did not
have a significant impact on the invasiveness of PC-
3PAXILLIN KD colis (Figure 6A). Similarly, by comparison to
the untreated group, the invasiveness of PC-3PFF0 cells was
not affected by individual treatment with BME, the
combination of HGF/BME, nor by FAK inhibition, although
it was generally enhanced. However, HGF treatment
significantly increased the ability of PC-3PEF® cells to invade
the artificial basement membrane (p=0.016 vs. untreated PC-
3PEF6) (Figure 6B). LNCaPPAXILLIN KD celis in contrast,
responded to HGF (Figure 6C) demonstrating a highly
significant decrease in the level of invasion following this
treatment (p=0.001 vs. untreated LNCapPAXILLIN KD ¢ejjg).
Stimulation with the combination of HGF and BME also
seemed to reduce the invasiveness of LNCaPPAXILLIN KD
cells (p=0.02 vs. untreated LNCaPPAXILLINKD ¢e115) (Figure
6C). None of the treatments appeared to influence the
invasive capacities of LNCaPPFFO cells and no significant
differences were noted between treated and untreated
LNCaPPEFS cells (Figure 6D). No significant changes
affecting the invasive ability of the MDA-MB-23]PAXILLIN
KD cell line were seen following treatments with HGF,
combined HGF/BME or FAK inhibitor. However, a
significant decrease in invasiveness of MDA-MB-
231 PAXILLIN KD ¢els was observed upon stimulation with
BME alone (p=0.007 vs. untreated MDA-MB-231PAXILLIN
KDy (Figure 6E). None of the treatments brought about a
significant change in the invasive capacitiy of MDA-MB-
231PEF6 cells in comparison to untreated MDA-MB-231PEF6
cells, except for the addition of FAK inhibitor, which
significantly reduced invasiveness of this group (p=0.025 vs.
untreated MDA-MB-231PEF0 ¢ells) (Figure 6F).

Significance of paxillin on the migratory response to HGF
and BME treatments and FAK inhibition. The effects of
different treatments on the motility of paxillin knockdown
and control pEF6 cells were analysed using a multiple
comparison procedure (Figure 7). For each cell line, the
untreated group was compared separately to each treatment
group. Statistical analysis did not reveal any significant
changes in the motility of PC-3PAXILLIN KD cojls petween
untreated cells and any of the treatments used for the
experiment over a 2-h period (Figure 7A). Moreover, no
significant increase or decrease in motility upon any of the
treatments was observed for MDA-MB-23 1 PAXILLINKD ¢ejjq
(Figure 7E). The same multiple comparison test was
performed for PC-3PEF® cells and significant increases in the
motility of this cell line was seen upon HGF treatment
(p<0.001), BME treatment (p=0.04), combined HGF and
BME treatment (p<0.001) and following the addition of
FAK inhibitor (p=0.004) when compared to untreated PC-
3PEF6 cellg (Figure 7B). Similarly, increases in motility were
observed between untreated and HGF or HGF/BME treated
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Figure 5. Impact of paxillin knockdown (KD) on matrix adhesion in response to hepatocyte growth factor (HGF) and bone matrix extract (BME)
treatments, and focal adhesion kinase (FAK) inhibition. Treatment of PC-3PAXILLIN KD cels (A) with HGF, BME or a combination of HGF and BME
brought about a greater inhibition of matrix adhesion in comparison to PC-3PEF6 cells (B). Reductions in LNCaPPAXILLIN KD (C) matrix adhesion
following BME, combined HGF/BME, and HGF treatment were observed and this was similar in LNCaPPEF6 (D) cells, although significant results
were seen in this line in relation to HGF treatment. No significant differential responses to the different treatments were seen between MDA-MB-
23]PAXILLIN KD (E) and MDA-MB-231PEF6 (F). Data shown are the mean percentage change in comparison to the untreated equivalent cell line of
three independent replicates+SEM. Significantly different at *p=<0.05, **p=<0.01 and ***p=<0.001.
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MDA-MB-231PEF6 cells (p<0.001 in both cases). However,
statistical analysis showed no significant changes in the
motility of MDA-MB-231PEF6 cells when treated to BME
nor with FAK inhibitor when compared to untreated MDA-
MB-231PEF6 cells over this incubation time (Figure 7F). The
effects of the individual treatments on LNCapPAXILLIN KD
and LNCaPPEFS cell motility were also analysed using a
multiple comparison procedure (Figure 7C and D). A
significant increase in the motility of the paxillin knockdown
cells treated with BME, HGF/BME and FAK inhibitor over
the course of 2 h was shown (all p<0.001 vs. untreated
LNCaPPAXILLIN KD celi5) Incubation with HGF did not
influence the migratory ability of LNCaPPAXILLIN KD ¢ejjg
(Figure 7C). Statistical analysis revealed no significant
changes in the motility of LNCaPPEFO cells over the
experimental course when these cells were treated with HGF,
BME, a combination of both HGF and BME, nor with FAK
inhibitor when compared to untreated LNCaPPEFO cells
(Figure 7D).

Discussion

Bone is one of the most common locations for metastasis
(27). While any type of cancer is capable of forming
metastatic tumours within bone, the microenvironment of the
marrow favours particular types of cancer, including breast,
lung and prostate cancer (28). Once tumour metastasises to
bone, it induces significant skeletal remodelling, fractures,
pain, and anaemia (29) and becomes a major cause of
morbidity and mortality. The local tumour microenvironment
has been shown to influence tumour malignancy. Signals
from the extracellular environment are transmitted through
focal adhesions, modulating intracellular signal transduction
pathways to regulate processes such as cell migration and
changes in gene expression (30). Key focal adhesion
proteins, including paxillin, vimentin and talin (31-33),
coordinate downstream signalling events (34) between
integrins and the actin cytoskeleton (35), which plays an
important role in abnormal growth, invasion, and metastasis
of malignant tumours (36-38). Throughout the literature,
paxillin has been described as playing complex roles in
cancer and cancer progression, being found to be
differentially expressed in a variety of invasive/metastatic
cancer types (12-16). Several studies have demonstrated a
link between paxillin and malignant progression (39-42).
Therefore paxillin appears to play a complex role in cancer
invasiveness that may be linked to the particular cancer
types. In the current study, we suppressed paxillin expression
in PC-3, LNCaP and MDA-MB-231 cell lines and
characterised the function of such mutants, as well as their
responsiveness to HGF, bone matrix-like conditions and in
conjunction with FAK inhibition. Knockdown of paxillin
was seen to have differential effects in the different cell
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lines. In the PC-3 osteolytic model, suppression of paxillin
brought about a decrease in matrix adhesion and a general
increase in cellular invasion, and similar trends were seen in
the mixed osteolytic/osteoblastic LNCaP model, where
matrix adhesion was generally reduced and invasive capacity
enhanced following paxillin knockdown, although the
growth rate of this model was also increased. In contrast to
this, in the MDA-MB-231 breast cancer model, suppression
of paxillin enhanced matrix-adhesion and decreased
invasion, although in both cases this was not seen to be
significant. Hence our study suggests potential cell line- or
cancer type-specific roles for paxillin. Changes in expression
or localisation of paxillin and FAK are frequently associated
with changes in the metastatic potential of cancer cells and
previous work in our laboratories has demonstrated such
changes to paxillin and FAK following alterations in cellular
motility and adhesion in response to the targeting or
overexpression of a variety of molecules in breast and
prostate cancer models (17, 43, 44). Additionally, changes in
paxillin expression or phosphorylation have also been
implicated in resistance to therapies such as cisplatin and
cetuximab in non-small cell lung cancer and colorectal
cancer (19, 20).

Evidence indicates that pathways for integrin signalling and
growth factor signalling are linked. Integrins co-localize and
co-precipitate with several growth factor receptors, including
the epidermal growth factor receptor (EGFR) (10, 33) and
other studies have indicated that HGF signalling can crosstalk
with integrin signalling by converging to some intracellular
signalling molecules, such as FAK and proto-oncogene
tyrosine-protein kinase Src (Src), which further transduce
signals to downstream effectors (45). In the current study, we
aimed to further explore the role of paxillin in the
responsiveness of prostate and breast cancer cells to HGF and
also to bone-like conditions, mimicked by our BME resource.
Furthermore, we also explored the FAK—paxillin relationship
through the addition of a FAK small-molecule inhibitor. In the
functional assays, a number of differential trends were
observed between pEF6 control and paxillin knockdown cells.
Paxillin suppression appeared to influence the growth,
invasiveness, matrix-adherence and motility of these cell lines
in response to HGF, BME and FAK inhibition, although such
responses appeared to be cell line-/treatment type-specific and
this itself is likely due to the inherent differences between these
cell types and their aggressiveness. Hence, our current data
indicate that paxillin is not only important in a variety of
functional characteristics linked to the metastatic potential of
cells, but is also involved in regulating the response of cells to
a number of external stimuli such as HGF and bone-like
conditions. Previous studies have highlighted potential links
between paxillin and HGF, where HGF has been found to
enhance aggressive metastatic traits in prostate and breast
cancer cells, such as motility, enhanced focal adhesion
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Figure 6. Impact of paxillin knockdown (KD) on cellular invasion in response to hepatocyte growth factor (HGF) and bone matrix extract (BME)
treatments, and focal adhesion kinase (FAK) inhibition. Similar increases in invasion were seen in PC-3PAXILLIN KD (A) and PC-3PEF6 (B) in response
to HGF, BME and mixed HGF/BME, although HGF treatment caused a significant increase following HGF treatment and a general increase
following FAK inhibition. All treatments brought about a general decrease in LNCaPPAXILLIN KD (C) invasion, although only the effects of HGF
treatment and combined HGF/BME treatment were found to be significant. In contrast, general increases in invasion following all treatments were
seen in LNCaPPEF6 cells (D), although none were found to be statistically significant. Only BME treatment in MDA-MB-231PAXILLIN KD (E) qnd
FAK inhibition in MDA-MB-231PEF6 (F) cells brought about significant decreases in these lines. Data shown are the mean percentage change in
comparison to the untreated equivalent cell line of three independent replicates+SEM. Significantly different at *p=0.05, **p=<0.01 and ***p=<0.001.
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Figure 7. Impact of paxillin knockdown (KD) on cellular migration in response to hepatocyte growth factor (HGF) and bone matrix extract (BME)
treatments, and focal adhesion kinase (FAK) inhibition. None of the treatments resulted in any significant changes in the motility rates of PC-
3PAXILLIN KD (A) whereas all treatments significantly enhanced migration of PC-3PEF6 cells (B). For the LNCaPPAXILLIN KD ce|] line (C) all
treatments apart from HGF brought about a significant enhancement of migration over the experimental course, although for the LNCaPPEF6 cell
line (D) no significant effects were observed following any of the treatments. No significant changes in migration over the experimental course were
seen in MDA-MB-231PAXILLIN KD cejls (E) and, in contrast to this, both HGF and combined HGF/BME significantly enhanced the migration of
MDA-MB-231PEF6 cells (F). Migration data represent mean distance migrated between wound fronts for three independent replicates+SEM.
Statistical comparisons are made with the untreated equivalent cell line. Significantly different at *p=<0.05, **p=<0.01, ***p=<0.001.
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formation and paxillin phosphorylation, and such events were
inhibited by NK4, a HGF antagonist comprising N-terminal
hairpin domain and four kringle domains of HGF (46, 47).
There is also some evidence to implicate paxillin and FAK in
bone metastasis, and these molecules can be altered in response
to key bone morphogenetic protein family members (17, 44).
Additionally, another study, looking at the bone metastasis
derived C4-2B cell line, found a key role for the integrin a2
subunit, paxillin, FAK, Src, Ras-related C3 botulinum toxin
substrate (RAC) and c-Jun N-terminal kinases (JNK) as well
as matrix metalloproteinase-2 and -9 in the attachment and
invasion of collagen I (48). Taken together, our current data,
support a complex role for paxillin in regulating key metastatic
traits, as well as in mediating responses to various extracellular
signals, although this may be cell-/ cancer type-specific, and
also suggest potential roles for paxillin in regulating the
dissemination of cancer cells from the primary tumour through
to the establishment within the bone environment.
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