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Abstract: Chemoresistance is one of the major causes to the poor prognosis of pancreatic cancer (PC). Gemcitabine
alone and gemcitabine-based therapies are mostly used for the treatment of PC. Gemcitabine resistance becomes
the focus of chemotherapy. C-X-C motif chemokine 5 (CXCL5), a member of the C-X-C chemokine family, acts through
C-X-C chemokine receptor type 2 (CXCR2). A high level of CXCL5 is associated with worse prognosis in PC patients
and increased suppressive immune cell infiltration. Increased expression of CXCL5 is also found in gemcitabine-
treated PC cells. To investigate the role of CXCL5 in PC response to gemcitabine, CXCL5 knockdown (KD) PC cells
were generated and its effect on cancer cell response to gemcitabine in vitro and in vivo was studied. The mecha-
nisms involved were also explored by determining the changes in the tumour microenvironment (TME) and protein
profile of the CXCL5 KD cells using immune-staining and proteomic analysis. The results showed that CXCL5 ex-
pression were increased in all PC cell lines tested and in gemcitabine-resistant tumour tissue, that CXCL5 KD sup-
pressed PC growth and sensitized PC cell response to gemcitabine and that CXCL5 KD stimulated the activation of
stromal cells in TME. We conclude that CXCL5 promotes gemcitabine resistance by affecting TME and cancer cells.
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Introduction

Over 80% of pancreatic cancer (PC) patients
present with advanced stage of cancer at diag-
nosis [1], which leaves them with only palliative
treatment (mainly chemotherapy) options, with
a median survival less than 1 year, regardless
of the use of various therapy regimens [2, 3].
Chemoresistance becomes one of the major
contributors to the poor prognosis of PC with
a b-year survival rate of less than 10% [4].
The unique tumour stroma/microenvironment
(TME) characterized by pronounced desmopla-
sia in PC plays a key role in chemoresistance.
Type | collagen (Coll) is a major component of
the TME [5, 6]. Activated pancreatic stellate
cells (PSCs) express high levels of alpha-
Smooth muscle actin («-SMA) and contribute
significantly to the production of Coll. Coll
composes of the major structure of PC stroma

which is proposed to reduce drug delivery to
cancer cells and restrict T-cell infiltration [7-10].
Modulation of TME to overcome chemoresis-
tance becomes a focus in PC research.

Gemcitabine and gemcitabine-based combina-
tion therapies, such as gemcitabine plus Nab-
paclitaxel, have been mostly used for the treat-
ment of PC in all stages of the disease. Thus,
the resistance to gemcitabine has been exten-
sively studied to find a way to overcome its
resistance to improve the outcome of treat-
ment. Gemcitabine resistance has been clari-
fied into two types, intrinsic to cancer cells and
extrinsic from TME. When activated by cancer
cells, PSCs, one of the main components of
tumour stroma, secret extracellular matrix
(ECM) proteins, including collagen, fibronectin,
and laminin to form a dense matrix around can-
cer cells. PSCs stimulate Hes1 expression of
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cancer cells through the Notch signalling path-
way, enhancing chemoresistance to gemcita-
bine [11]. PSCs also promote gemcitabine
resistance by paracrine SDF-1a/CXCR4 sig-
nalling-activated intracellular FAK-AKT and
ERK1/2 signalling pathways and subsequent
IL-6 autocrine loop in cancer cells [12].

C-X-C motif chemokine 5 (CXCL5), a member
of the C-X-C chemokine family, acts through
C-X-C chemokine receptor type 2 (CXCR2) and
affects many cellular functions including neu-
trophil trafficking, tumour cell migration/inva-
sion [13, 14]. PC cell secrets CXCL5 which in
turn stimulates cancer cell migration/invasion
[15]. CXCL5 from the cell-conditioned media of
PC cell lines induces angiogenesis through
binding to CXCR2 [16]. CXCL5 also stimulates
the proliferation of PC cell lines via CXCR2
receptor [17]. CXCL5 is over-expressed in PC
tissues. High CXCL5 expression is associated
with worse prognosis of PC patients and
increased suppressive immune cell infiltration
[18]. Gemcitabine-treated PC cell lines showed
a higher level of CXCL5 compared to non-treat-
ed cells [19]. An antagonist of CXCR2 reduced
the resistance of PC cells to gemcitabine.
However, the direct effect of CXCL5 on gem-
citabine resistance hasn’t been investigated.

In this study, we have investigated the role of
CXCL5 in the inhibitory effect of gemcitabine
on PC using cell-based assays and mouse
experiments. We have generated CXCL5 knock-
down PC cell lines and determined the gem-
citabine effect in comparison with control cells
in vitro and in vivo. We have also explored the
mechanism(s) involved by measuring the effect
of CXCL5 knockdown on TME using immunohis-
tochemical staining and proteomic analysis.

Materials and methods
Cell culture and reagents

Human PC cell lines, AsPC-1, BxPC3, Capan-2,
CFPAC-1, HPAF-2, MiaPaCa-2, Panc-1, PL45
and SW1999 were purchased from American
Type Culture Collection (ATCC, Manassas, VA)
and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, MO) with 5%
fetal bovine serum (FBS) (HyClone, UT) in
humidified air with 5% CO, at 37°C. A human
pancreatic duct epithelial (HDPE) cell line was
obtained from TS Tsao (Ontario Cancer Institute,
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Ontario, Canada). All cell lines were tested neg-
ative for mycoplasma. 5-Fluorouracil powder
(5-FU) with purity > 99% (HPLC), was purchased
from Sigma (5-FU; F6627, Sigma-Aldrich Inc.,
St. Louis, MO, USA). Gemcitabine from Hospira
(AUST R 160204, Hospira Pty Ltd., Melbourne,
Victoria, Australia). Anti-Cleaved Caspase 3
antibody (#9661) was provided by Cell Signaling
Technology Inc. (Danvers, MA, USA). Anti-CXCL5
antibody (@ab9802) and anti-CXCL10 antibody
(@b9807) were from Abcam (Cambridge, United
Kingdom). Anti-Ki67 antibody (RM9106S) from
Thermo-Fisher Scientific Corp. (Grand Island,
NY, USA), a-SMA antibody (@b32575) from
Abcam (Melbourne, Australia) and Fibronectin
antibody (15613-1-AP) from Proteintech (United
States).

Determination of mRNA levels of CXCLs by re-
verse transcription polymerase chain reaction
(RT-PCR)

A panel of human PC cells as well as a normal
human pancreatic ductal epithelial cell (HDPE)
were grown in 6-cm culture dishes containing
DMEM (5% FBS) to 80-90% confluency. Total
RNAs were extracted using TRIzol reagent
(Invitrogen, Thermo-Fisher Scientific, CA). 4 ug
RNA of each sample was mixed with RNase
inhibitor (Promega, WI), dNTP mixture (Takara
Bio, Shiga, Japan) and 20 pl Oligo-dT (MDBio,
Shandong, China) in reverse transcription buf-
fer (Promega, WI). After heating at 70°C to
remove any secondary structure in total RNA
samples, reverse transcriptase (Promega, WI)
(2 pl/tube) was added to start reverse tran-
scription at 42°C and the reaction was main-
tained for 65 min to generate cDNA samples
which were heated at 90°C for 5 min to inacti-
vate reverse transcriptase and cooled down at
4°C for 99 min.

For PCR, 5 pl 10 x Standard Reaction Buffer
(Takara Bio, Shiga, Japan), 28 pl dNTP mixture,
14 yl 10 uM forward primer (Supplementary
Table 1) solution, 14 pl 10 uM reverse primer
(Supplementary Table 1) solution and 3.5 ul
Taq polymerase (Takara Bio, Shiga, Japan) were
mixed in a 1.5 ml microcentrifuge tube to gen-
erate PCR reagent mixtures. A 5 pyl cDNA sam-
ple was added to a PCR tube containing 13.5 pl
of PCR reagent mixture and amplified in 20-35
cycles of reaction. The resultant PCR products
were run in a 2% agarose gel in 0.5 x TAE buf-
fer. The DNA bands were visualized with GelRed
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Nucleic Acid Gel Stain (Biotium, CA) and the
densities of the bands were analyzed using
Quantity One 1-D Analysis Software (Version
4.6.9, Bio-Rad Laboratories, CA).

Generating CXCL5 knockdown cells

To obtain CXCL5 knockdown (KD) cells, Mia-
PaCa-2 cells were transfected with plasmid
DNAs encoding shRNA sequences (OriGene
Technologies, MD) to silence the CXCL5 gene
specifically or with a scrambled sequence
(OriGene Technologies, MD) as a negative con-
trol using Lipofectamine Reagent (Invitrogen,
Melbourne, Australia) according to the manu-
facturer’s instructions. Stable clones were
selected with puromycin (0.5 pg/ml). CXCL5
MRNA expression was determined by RT-PCR.

Cell proliferation assay

Both negative control (NC, cells transfected
with a scrambled sequence) and CXCL5 knock-
down (KD) MiaPaCa-2 cells were incubated with
gemcitabine or 5-FU with concentrations indi-
cated in the result section for 48 h. Cell prolif-
eration was determined by MTT assay and the
IC50 values for the inhibitory effects of gem-
citabine and 5-FU were calculated from three
sets of independent experiments.

Mouse study

The mouse experiments were approved by
the Austin Health Animal Ethics Committee
(A2018/05509). Experimental mice were
housed at controlled constant temperatures
and humidity with alternating 12-hour long
cycles of light and dark in the BioResource
Facility at Austin Health and monitored accord-
ing to health criteria. Both NC and CXCL5 KD
human PC cells MiaPaCa-2 (5 x 10° cells/100
ul culture medium) were subcutaneously inject-
ed into the flanks of 6-week-old, male Scid
mice. When a clear tumour size can be mea-
sured between 20 and 50 mm?3, gemcitabine
(50 mg/Kg) was given by intraperitoneal injec-
tion twice a week. The control mice were given
the same volume of saline. Tumour growth was
determined by tumour volume measured by a
calliper every other day and by tumour weight
determined at the end of the experiment. The
interaction between CXCL5 KD and gemcita-
bine was calculated using the Coefficient of
Drug Interaction (CDI) index according to the
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equation [20]: CDI=R12/(R1 x R2) where R12
represents a tumour volume in combined treat-
ment, and R1 and R2 tumour volumes in every
single treatment.

Sirius red and immunohistochemical staining

Paraffin-embedded xenografted tumour tis-
sues were sectioned into 5 yM slides with
LEICA RM2245 microtome (Leica Biosystems,
Germany). For Sirius red staining, tissue slides
were incubated in Sirius red (0.1% Sirius red in
saturated picric acid solution) for 1 hour and
then rinsed twice in acidified water containing
0.5% acetic acid. After rehydration, the slides
were mounted with DPX mounting medium
(VWR International Ltd., United Kingdom) and
left to dry for 24 hours before analysis.

For Immunohistochemistry (IHC), after dewax-
ing, antigens were retrieved by boiling tissue
slides in 10 mM citrate buffer (pH 6.0) for 30
min in a 99°C water bath, followed by cooling
at room temperature for 20 min. Endogenous
peroxidase quenching was achieved by incubat-
ing slides in Dako REAL™ peroxidase blocking
solution (Agilent Technologies, Denmark) for 15
min in dark. The slides were blocked for non-
specific binding in 5% normal goat serum (NGS)
plus 1% bovine serum albumin (BSA) in TBS-T
for an hour at room temperature, and then
incubated overnight at 4°C with primary anti-
bodies of interest, which includes Caspase 3
antibody (1:500 dilution, Cell Signaling Techno-
logy Inc., Danvers, MA, USA), CXCL5 antibody
(1:500 dilution, Abcam PLC, Cambridge, United
Kingdom), CXCL10 antibody (1:2000 dilution,
Abcam PLC, Cambridge, United Kingdom), Ki67
antibody (1:1000 dilution, Thermo-Fisher Sci-
entific Corp., Grand Island, NY, USA), a-SMA
antibody (1:500 dilution in 1% BSA in TBST,
Abcam, Australia) and Fibronectin antibody
(1:200 dilution in 1% BSA in TBST, Proteintech,
USA) respectively. For secondary antibody, the
slides were incubated with HRP labelled poly-
mer anti-rabbit antibody (Agilent technologies,
Denmark) for an hour. They were then stained
with EnVision FLEX DAB plus Substrate Chro-
mogen System (Dako Omnis, Agilent technolo-
gies, Denmark) and counterstained with Hae-
matoxylin. The slides were then rehydrated and
mounted with DPX mounting medium (VWR
International Ltd., United Kingdom) and left to
dry for 24 hours before analysis.
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Images of each sample were captured with a
LEICA DM4000B microscope (Leica Biosys-
tems, Germany). For both Sirius red staining
and IHC of o-SMA and Fibronectin, the Fiji
image analysis platform [21] was used, and the
positively stained area was measured and cal-
culated as a percentage of the total area of the
sample. The images obtained from IHC of Ki67,
Caspase 3, CXCL5 and CXCL10, were analysed
using Image-Pro Plus (Version 4.5.0.29, Media
Cybernetics Inc., Maryland, USA). A constant
intensity threshold was used for each analysis
to ensure the same definition of staining posi-
tivity across different samples.

Proteomic analysis

NC and CXCL5 KD MiaPaCa-2 (1 x 10° cells)
were seeded in a 10 cm culture dish and grown
to < 80% of confluency when the cells were
lysed with radioimmunoprecipitation assay
(RIPA) buffer (25 mM Tris HCI, pH 8, 150 mM
NaCl, 1% Triton x-100, 1% Na deoxycholate,
0.5% SDS, 1 mM EGTA, protease inhibitor, pHos
sTop). The supernatant was precipitated with
ice-cold acetone overnight at -20°C before
resuspension in 8 M urea (in 50 mM triethylam-
monium bicarbonate + 10 mM TCEP) followed
by incubation at 37°C for 30 mins. Protein con-
centration was quantified using a BCA protein
assay. Samples were diluted to a final concen-
tration of 1 M urea followed by overnight diges-
tion at 37°C with sequencing-grade modified
trypsin (Thermofisher) at a ratio of 1:50
(enzyme:protein). Digestion was stopped by
the addition of formic acid to a final concentra-
tion of 1% (v/v). The peptide mix was purified
through a solid phase extraction (SPE) with
Oasis HLB cartridges (Waters) according to the
manufacturer’s instructions. Eluted peptides
were resuspended in 2% acetonitrile and 0.05%
trifluoroacetic acid for global mass spectrosco-
py. The data obtained from mass spectroscopy
were processed through MaxQuant (version
1.6.17.0) [22] and searched against the Homo
Sapiens database (SwissProt Taxonomy ID
9606, updated Dec 2020). The search param-
eters are Trypsin as the cleavage enzyme and a
maximum of 2 missed cleavages. Instrument
parameters are based on the default Maxquant
setup. Carbamidomethyl cysteine was set as
a fixed modification. The LFQ algorithm was
used for label-free quantitation and a match
between runs was activated. Protein and pep-
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tides groups were set to a maximum false dis-
covery rate (FDR) of < 0.01. Statistical and net-
work analysis of the search results was carried
out before using Perseus software (version
1.6.14.0) [23] and Cytoscape (version 3.8.2)
[24].

Statistical analysis

Mean and standard error are used to express
all values. Data obtained from tumour tissues
were collated according to the number of
tumour samples. Data were analysed by one-
way ANOVA or t-test (SPSS, IBM, New York, NY).
Differences between the two means with P <
0.05 were considered significant.

Results

CXCL5 level increased in PC cell lines and che-
moresistant pancreatic tumour tissues

The mRNA levels of six members of CXCL che-
mokines were determined in a panel of nine
human pancreatic cancer (PC) cell lines com-
pared with the normal pancreatic epithelial
cells (HDPE). Among the six CXCLs (CXCL1, 2, 5,
9, 10, 13), CXCL5 expression was increased in
all nine PC cell lines shown in Figure 1A, com-
pared to normal pancreatic cell, HDPE. The lev-
els of the other 5 CXCLs varied among the nine
PCcelllines. The level of CXCL10 was decreased
in seven PC cell lines compared to normal pan-
creatic epithelial cells (Figure 1A) while the
CXCL9 level was similar in all cell lines exam-
ined including normal pancreatic epithelial
cells. Thus the protein expressions of CXCL5
and CXCL10 were determined in xenografted
tumour tissues treated with gemcitabine plus
or minus Nab-paclitaxel or PF-3758309 (an
inhibitor of pan p21 activated kinases), obta-
ined from our previous study [25]. The CXCL5
protein levels were increased to 400%, 300%
and 395% of non-treated control tumours
(Figure 1B, 1C). The protein expression of
CXCL10 was not significantly changed (Figure
1B, 1D). These results indicate a role of CXCL5
in chemoresistance, such as gemcitabine resis-
tance of PC.

Knockdown of CXCL5 sensitized pancreatic
cancer cell response to gemcitabine

To determine the effect of CXCL5 on PC
response to gemcitabine, CXCL5 knockdown
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Figure 1. CXCL5 is overexpressed in pancreatic cancer cells and tumour tissues treated with multiple chemo reagents. The mRNA levels of CXCL1, 2, 5, 9, 10 and
13 in a panel of human pancreatic cells as well as normal pancreatic epithelial cells (HDPE) were determined by reverse transcriptive PCR as described in the Ma-
terials and Methods. The mRNA expression of CXCL5 was elevated in all pancreatic cell lines tested compared to the normal pancreatic epithelial cells (HDPE) as
shown in (A). The mRNA of CXCL10 was decreased in seven out of nine cell lines tested (A) and the remaining two lines had similar levels of CXCL10 to HDPE cells.
The protein levels of CXCL5 and 10 in xenografted pancreatic tumours (6 samples in each group) were determined by immunohistochemical staining. Compared to
the control, the protein levels of CXCL5 were increased in tumours treated with gemcitabine plus or minus Nab-paclitaxel or PF3758309 (B and C) while the protein
levels of CXCL10 had no significant changes (B and D). ***, P < 0.001 compared to control.
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(KD) MiaPaCa-2 cells were generated using
shRNA. The level of mRNA expression was
determined by RT-PCR, and two clones with low
CXCL5 expression (Figure 2A) were selected for
cell proliferation assay. Knockdown of CXCL5
sensitized PC cell response to the treatment of
gemcitabine and 5-FU, and the IC50 values of
gemcitabine and 5-FU calculated from cell pro-
liferation assays were significantly lower as
shown in Figure 2B. Furthermore, the effect of
CXCL5 knockdown on PC growth with or without
gemcitabine treatment was tested in a Scid
mouse xenografted model as described in the
Materials and Methods. CXCL5 knockdown
reduced pancreatic tumour growth on its own
by decreasing tumour volume maximally to
11.68% of control (Figure 2D), and by reducing
tumour weight to 16.38% of control (Figure 2E).
CXCL-5 knockdown also enhanced the inhibito-
ry effect of gemcitabine on these tumour
growths shown by further reduced tumour vol-
ume (Figure 2D) to 50.95% of gemcitabine-
treated NC (negative control cell transfected
with a scramble sequence) tumour and tumour
weight (Figure 2E) to 11.57% of gemcitabine-
treated NC tumour. The interaction between
gemcitabine and CXCL5 in vivo was calculated
using the Coefficient of Drug Interaction (CDI)
method, and CXCL5 KD synergistically stimu-
lated the inhibitory effect of gemcitabine on
pancreatic cancer growth in vivo as all CDI val-
ues calculated through the period of treatment
were less than 1 [20]. These results showed
that inhibition of CXCL5 by knockdown sup-
pressed pancreatic tumour growth and sensi-
tized PC cells’ response to gemcitabine in vitro
and in vivo, indicating that CXCL5 plays an
important role in pancreatic cancer growth and
chemoresistance.

Knockdown of CXCL5 enhanced the inhibitory
effect of gemcitabine on pancreatic tumours
by decreasing proliferation and promoting
apoptosis

To investigate the mechanism(s) involved in the
effects of CXCL5 knockdown on pancreatic
tumours and how CXCL5 knockdown affected
the gemcitabine effect, tumour tissues isolated
from the experiment described above were
immunohistochemically stained with anti-Ki67
and anti-caspase 3 (cleaved active form) anti-
bodies to determine tumour cell proliferation
and apoptosis. CXCL-5 protein levels in these
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tumour tissues were also determined by immu-
nohistochemical (IHC) staining. CXCL5 knock-
down inhibited tumour cell proliferation by
reducing the numbers of Ki67 stained cells
(Figure 3A and 3D) and enhanced apoptosis of
tumour cells via increasing the numbers of
cleaved active caspase 3 stained cells (Figure
3B and 3E). Similar effects were observed in
gemcitabine-treated tumours inoculated by
negative control (NC) cells (Figure 3A, 3B,
3D, 3E). In tumours inoculated by CXCL5 KD
cells, gemcitabine treatment further decreased
tumour cell proliferation (Figure 3A and 3D)
and increased cell apoptosis (Figure 3B and
3E). Like our findings shown in Figure 1, the lev-
els of CXCL5 protein were increased in gem-
citabine-treated tumours inoculated by both
NC and CXCL5 KD cells. These results indicat-
ed that CXCL5 KD suppressed pancreatic
tumour growth and enhanced the inhibitory
effect of gemcitabine on the pancreatic tumour
by decreasing cell proliferation and by promot-
ing cell apoptosis. The increased expression of
CXCL5 in tumour tissue treated with gem-
citabine further confirmed our findings in Figure
1, suggesting a role of CXCL5 in the chemore-
sistance of pancreatic cancer.

CXCL5 knockdown stimulated Col1l and a-SMA
expression in the pancreatic tumour microen-
vironment

The tumour stroma/microenvironment plays a
pivotal role in pancreatic carcinogenesis and
chemoresistance. Coll is a major component
of the tumour stroma. a-SMA is a marker of
activated pancreatic stellate cells (PSCs) res-
ponsible for the formation of a desmoplastic
stroma of pancreatic tumour. Fibronectin, a
secreted protein in PC stroma, contributes to
gemcitabine resistance and poor patients’ sur-
vival. To determine the role of CXL5 knockdown
on tumour stroma of pancreatic cancer, the
protein expressions of Coll, a-SMA and fibro-
nectin were measured by IHC stain of tumour
tissues isolated from the xenografted tumours
in the experiment described above. As shown
in Figure 4, regardless of gemcitabine treat-
ment, CXCL5 knockdown increased the protein
expression of Coll in tumour tissues treated
with or without gemcitabine (Figure 4A and
4D). Likewise, the knockdown of CXCL5 stimu-
lated the protein expression of a-SMA (Figure
4B and 4E). Gemcitabine treatment did not
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Figure 2. Knockdown of CXCL5 inhibited pancreatic cancer and sensitized cancer cell response to chemo-treatment. Knockdown of CXCL5 clones in MiaPaCa-2
cell line were generated by transfecting cells with shRNA and the clones with a significant reduction in CXCL5 mRNA determined by RT-PCR were shown in (A). Two
negative control (NC, transfected with a scramble sequence) clones, NC1 and NC2, and two CXCL5 knockdown (KD) clones (KD-12 and KD-22) were subjected to
cell proliferation assay in the presence or absence of gemcitabine (Gem) or 5-FU. CXCL5KD clones showed lower IC50 values of gemcitabine and 5-FU compared to
NC cells (B). NC and CXCL5-KD (KD-22) cells were injected into the flanks of a Scid mouse. By day 18 of cell injection when tumour volume can be measured, mice
were treated with gemcitabine (50 mg/Kg) twice a week for 6 weeks. 6, 5, 5, and 4 mice were allocated in NC-control (NC-CT), NC-gemcitabine-treated (NC-Gem),
CXCL5 KD-control (CXCL5-KD-CT) and CXCL5-KD-Gem respectively. Each tumour image was shown in (C). CXCL5 KD suppressed tumour growth by reducing tumour
volume (D) and weight (E). Gemcitabine inhibited NC tumour growth by reducing tumour volume (D) and weight (E). CXCL5 KD enhanced the inhibitory effect of
gemcitabine shown by further reduced tumour volume (D) and weight (E) compared to gemcitabine-treated NC tumours. The interaction between Gem and CXCL5 in
vivo (F) was calculated using the Coefficient of Drug Interaction (CDI) equation as described in the Material and Methods. CT: control; **, P < 0.01; ***, P < 0.001
compared to NC-CT. #, P < 0.05; ##, P < 0.01 compared to gemcitabine-treated CXCL5-KD.
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Figure 3. Knockdown CXCL5 enhanced the inhibitory effect of gemcitabine on pancreatic tumours by decreasing proliferation and promoting apoptosis. Tumour tis-
sues obtained from experiments described in Figure 2 were stained with anti-Ki67 and anti-caspase 3 (cleaved active form) antibodies to determine cell proliferation
and apoptosis respectively. CXCL5 knockdown (KD) decreased cell proliferation and enhanced apoptosis by reducing Ki67 stained cells (A and D) and increasing
cleaved active caspase 3 stained cells (B and E). Within NC cells, gemcitabine (Gem) treatment decreased cell proliferation and enhanced apoptosis by reducing
Ki67 stained cells (A and D) and increasing cleaved active caspase 3 stained cells (B and E). In CXCL5 KD cells, gemcitabine treatment further decreased cell pro-
liferation and stimulated apoptosis by further reducing Ki67 stained cells (A and D) and increasing cleaved active caspase 3 stained cells (B and E). Gemcitabine
treatment increased the protein expressions of CXCL5 in both NC and CXCL5 KD cells (C and F). 6, 5, 5 and 4 samples were used for NC-CT, NC-Gem, CXCL5-KD,
and CXCL5-KD-Gem respectively. CT: control; NC: negative control cells; *, P < 0.05; **, P < 0.01; ***, P < 0.001; compared to NC-CT; ", P < 0.01; ™, P < 0.001;
compared to gemcitabine-treated NC; ###, P < 0.001; compared to gemcitabine-treated CXCL5-KD.
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Figure 4. CXCL5 knockdown stimulated collagen | and a-SMA expression in the pancreatic tumour microenvironment. Tumour tissues obtained from experiments
described in Figure 2 were stained with Sirius Red to determine the expression of Col1, and IHC-stained with anti-a-SMA and anti-fibronectin antibodies. The posi-
tively stained areas were analysed as described in the Materials and Methods. The expression of Coll (A and D) as well as a-SMA (B and E) were increased in CXCL5
knockdown tumour tissues regardless of gemcitabine (Gem) treatment. CXCL5 knockdown did not change the expression of fibronectin (C and F) while gemcitabine
treatment seemed to increase the expression of fibronectin in both NC- and CXCL5-KD-inoculated tumours (C and F). 6, 4, 3 and 2 samples were used for NC-CT,

NC-Gem, CXCL5-KD, and CXCL5-KD-Gem respectively. CT: control; *, P < 0.05.
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affect either Coll or a-SMA protein expression
in either NC- or CXCL5-KD-inoculated tumours.
The protein expression of fibronectin was
increased in gemcitabine-treated tumour tis-
sues inoculated by NC cells (Figure 4C and
4F). Gemcitabine also increased fibronectin
expression in CXCL5-KD-inoculated tumours.
However, there were not enough tumour
samples collected in the gemcitabine-treated
CXCL5-KD tumor group due to the very small
volumes of these tumours (Figure 2C). The sta-
tistical significance could not be calculated due
to the limited numbers of samples used in the
analysis. Nevertheless, these results demon-
strated a role of CXCL5 in pancreatic TME of
pancreatic cancer, which would contribute to
the effect of CXCL5 on pancreatic carcinogen-
esis and chemoresistance.

Molecular changes induced by CXCL5 knock-
down

To investigate the molecular mechanism(s)
involved in CXCL5 knockdown, the global pro-
tein profiles were obtained and compared
between NC and CXCL5 KD using proteomic
analysis described in the Materials and
Methods. Compared to NC cells, the levels of
12 proteins were increased in CXCL5 KD cells
(Figure 5A and 5B) while the expressions of 11
proteins were decreased in CXCL5 KD cells.
These significant hits (proteins) were input into
Cytoscape for the network analysis. 16 out of
the total 23 proteins were taken up by the soft-
ware in the analysis. 4 (FSCN1, DUS3, AASS,
and HTRA1) out of 12 up-regulated proteins
and 5 (TDRKH, PCBP3, GSTM1, GSTM3 and
PTGES) out of 11 down-regulated proteins by
CXCL5 knockdown were shown in the identi-
fied network (Figure 5C). Further analysis from
String linked to Cytoscape revealed that some
of these proteins with significant changes, were
identified in KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathways of drug metab-
olism or other enzymes (Figure 5D) and involved
in a few GO (Gene Oncology) functions includ-
ing oxidoreductase activity, iron-sulphur cluster
binding, and modified amino acid binding
(Figure 5D). These data identified the proteins
that were significantly up- or down-regulated by
CXCL5 knockdown and the possible pathway(s)
involved.

Discussion

We have demonstrated in this paper that
knockdown of CXCL5 inhibited pancreatic can-
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cer and enhanced the inhibitory effect of gem-
citabine on pancreatic cancer, that knockdown
of CXCL5 caused the increased levels of Coll
and a-SMA in pancreatic tumour stroma/micro-
environment. These results indicated that
CXCL5 stimulated pancreatic cancer and con-
tributed to gemcitabine resistance probably
through regulation of the tumour stroma/
microenvironment.

We have found that the expression of CXCL5
increased not only in all nine PC cell lines test-
ed but also in patient-derived xenografted
tumours treated with gemcitabine and other
chemo-reagents. Consistent with the previous
report that gemcitabine-treated PC cell lines
had increased CXCL5 expression, we have
shown that treatments by gemcitabine and
gemcitabine plus other chemo-reagents of
pancreatic tumour tissues caused increased
CXCL5 protein expression in vivo (Figure 1B
and 1C), which linked CXCL5 to chemoresis-
tance of PC. The fact that inhibition of CXCL5
by knockdown using shRNA, sensitized PC cell
response to gemcitabine and 5-FU, and that
CXCL5 knockdown not only suppressed pancre-
atic tumour growth on its own but also synergis-
tically enhanced the inhibitory effect of gem-
citabine on pancreatic tumour growth (Figure
2) by reducing cancer cell proliferation and pro-
moting apoptosis (Figure 3), have indicated
that CXCL5 mediated gemcitabine resistance
in pancreatic cancer.

More interestingly we have found that knock-
down of CXCL5 in PC cells increased the protein
expression of Coll and o-SMA in tumour stro-
ma/microenvironment. It has been recognized
that the stromal active PSCs/a-SMA* myofibro-
blasts stimulate Coll production contributing
to the stiffness of tumour stroma which in turn
contributes to chemoresistance of PC [26-30].
It has been recognized that Coll stimulated PC
cell proliferation, promoted malignancy of PC
cells and extended cancer cell survival under
chemotherapy [27]. However, deletion of Coll
in a mouse model of pancreatic ductal carcino-
ma (PDA) accelerated the emergence of pan-
creatic intraepithelial neoplasia (PanIN) and
PDA, decreasing overall survival [31]. Coll dele-
tion led to upregulation of CXCL5. Increased
CXCL5 induced recruitment of myeloid-derived
suppressor cells and suppression of CD8+ T
cells, and this effect of CXCL5 can be attenu-
ated with combined targeting of CXCR2 and
CCR2 to restrain accelerated PC progression in
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Figure 5. Molecular changes induced by CXCL5 knockdown. Cell lysates from both negative control (NC, transfected with a scramble sequence) and CXCL5 knock-
down (KD, KD-22) were subjected to proteomic analysis as described in the Materials and Methods. A global protein profile was generated. CXCL5 KD increased 12
proteins (solid circles in (A), red-coloured blocks in (B) compared to NC while decreasing 11 proteins (open squares in (A), green-coloured blocks in (B) as demon-
strated by the volcano graph (A) and heatmap (B). 4 out of 12 up-regulated proteins and 5 out of 11 down-regulated proteins were identified from a network analysis
by Cytoscape software (C). The green-coloured circles represented proteins down-regulated while the red-coloured circles proteins up-regulated. The deeper the
colour, the more changes were induced by CXCL5 KD. The grey lines represented the link in a network. The thicker a line, the stronger the link. The results from the

pathway and function analysis were listed in (D).
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the setting of stromal Col1 deletion. Consistent
with these published findings, our data demon-
strated that the stromal Coll was increased in
pancreatic tumour inoculated by CXCL5 knock-
down PC cells.

Likewise, activated PSCs act through the secre-
tion of extracellular matrix proteins and soluble
factors to stimulate PC via multiple signalling
pathways [32]. A high level of a-SMA, a marker
of activated PSCs is associated with worse
overall survival of PC patients [33, 34]. However,
simply deleting PSCs paradoxically promoted
PC progression in mouse models, indicating a
cancer-inhibitory role of PSCs [35, 36]. It has
been reported in PC that low a-SMA was relat-
ed to high nodal involvement, microvascular
invasion, low tumour differentiation, and high
TNM stage [37] and that a-SMA level was not
significantly related to patients’ survival [37].
Our data here showed that CXCL5 knockdown
induced an increased stromal a-SMA, associ-
ated with an increased stromal Coll while caus-
ing inhibition of PC growth and enhancing the
inhibitory effect of gemcitabine on PC. Together
with these studies, our data indicated the
importance of accurate targeting of cancer cell-
stellate cell interactions, which is a key weak-
ness for stroma-targeting therapy.

Gemcitabine resistance in PC has been classi-
fied into intrinsic to cancer cells and extrinsic
from TME [19, 38]. CXCL5 knockdown sensi-
tized PC cell response to gemcitabine in vitro
by directly affecting cancer cells to overcome
the intrinsic resistance to gemcitabine. CXCL5
knockdown also enhanced the inhibitory effect
of gemcitabine on PC growth in a mouse by
either reducing the intrinsic resistance of can-
cer cells via decreasing proliferation and pro-
moting apoptosis of cancer cells or modulating
tumour microenvironment via regulation of its
main components including Coll and a-SMA to
attenuate the extrinsic resistance to gem-
citabine. These data suggested that CXCL5
mediated chemoresistance in PC via multiple
signalling pathways, which was confirmed by
our proteomic study using NC and CXCL5 KD
cell lines.

CXCL5 KD induced up- or down-regulation of
several proteins shown from a proteomic study
of the global protein profile. Some of the down-
regulated genes, GSTM1, GSTM3 and DPYD
were discovered to be involved in drug metabo-
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lism by KEGG pathway analysis (Figure 5D),
suggesting that CXCL5 could contribute to che-
moresistance by regulation of drug metabolic
pathway. GO function analysis identified a few
up-regulated genes including FDX1, DPYD and
FXN that affect oxidoreductase activity and
iron-sulphur cluster binding, and a few down-
regulated genes (GSTM1, GSTM3, RPE6G5 and
PTGES) that affect modified amino acid bind-
ing, implicating that CXCL5 could intervene a
drug metabolic pathway via regulation of enzy-
me activity and amino acid binding. However,
the detailed functions of the majority of these
proteins in pancreatic cancer are unclear. Even
though some of these proteins have been
found anti- or pro-pancreatic cancer effects,
the overall net effect from the possible network
identified is unclear. These results from the
proteomic analysis provided a guideline for fur-
ther study of the mechanism(s) involved in the
CXCLS5 effect.

In conclusion, knockdown of CXCL5 suppressed
pancreatic cancer and attenuated gemcitabine
resistance through affecting both cancer cells
and tumour microenvironment.
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Supplementary Table 1. Primers used in RT-PCR

CXCcL1 Forward: AACCGAAGTCATAGCCACAC
Reverse: GTTGGATTTGTCACTGTTCAGC
CXCL2 Forward: CGAAGTCATAGCCACACTCAAG
Reverse: CTTCTGGTCAGTTGGATTTGC
CXCL5 Forward: TCACAGAGTAGAACCTGGGTTAGAG
Reverse: TGTGTCCCACCAGGACTAGAA
CXCL9 Forward: CCAACCAAGGGACTATCCACC
Reverse: CCTTCACATCTGCTGAATCTGG
CXCL10 Forward: TGGCATTCAAGGAGTACCTCTC
Reverse: GCAATGATCTCAACACGTGGAC
CXCL13 Forward: AATGAGCCTGGACTCAGAGC

Reverse: GACCTCCAGAACACCTTGGA




