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Epithelial neutrophil-activating peptide-78 (CXCL5), a
member of the CXC chemokine family, has been
shown to be involved in angiogenesis, tumor
growth, and metastasis. The objective of this study
was to determine the relationship between CXCL5
expression and tumor progression in human pan-
creatic cancer and to elucidate the mechanism un-
derlying CXCL5-mediated tumor angiogenesis and
cancer growth. We report herein that CXCL5 is
overexpressed in human pancreatic cancer com-
pared with paired normal pancreas tissue. Overex-
pression of CXCL5 is significantly correlated with
poorer tumor differentiation, advanced clinical
stage, and shorter patient survival. Patients with
pancreatic cancer and CXCL5 overexpression who
underwent resection of cancer had a mean survival
time 25.5 months shorter than that of patients who
did not overexpress CXCL5. Blockade of CXCL5 or
its receptor CXCR2 by small-interfering RNA knock-
down or antibody neutralization attenuated human
pancreatic cancer growth in a nude mouse model.
Finally, we demonstrated that CXCL5 mediates pan-
creatic cancer–derived angiogenesis through acti-
vation of several signaling pathways, including pro-
tein kinase B (Akt), extracellular signal–regulated
kinase (ERK), and signal transducer and activator of
transcription (STAT) in human endothelial cells. These
data suggest that CXCL5 is an important mediator of

tumor-derived angiogenesis and that it may serve as a

1340
survival factor for pancreatic cancer. Blockade of either
CXCL5 or CXCR2 may be a critical adjunct antiangio-
genic therapy against pancreatic cancer. (Am J Pathol

2011, 178:1340–1349; DOI: 10.1016/j.ajpath.2010.11.058)

Pancreatic cancer is a highly lethal disease. By the time
patients present to a physician with pancreatic cancer,
85% to 90% have locally advanced or metastatic dis-
ease. An estimated 42,470 Americans were diagnosed
as having this disease in 2009, accounting for 3% of all
new cancer diagnoses in that year.1 An estimated 35,240
Americans with pancreatic cancer died during the same
year, making this type of cancer the fourth leading cause
of cancer death overall. Five-year survival of patients with
pancreatic cancer remains at 5%. Therapeutic options for
patients with pancreatic cancer are limited. Only 10% to
15% of patients are candidates for surgical resection,
and for those who are not, the current standard of care is
chemotherapy.

Many potential mechanisms allow for maintenance
of pancreatic cancer growth, including the imbalance
of angiogenic and angiostatic factors. All solid tumor
growth depends on the presence of neovasculariza-
tion. In the absence of local capillary proliferation and
delivery of oxygen and nutrients, neoplasms cannot
grow beyond a volume of 2 mm3.2 A group of potent
regulators of angiogenesis, CXC chemokines have
been shown to be important in wound healing and in
tumor growth.3–7 Epithelial neutrophil-activating pep-
tide-78 (CXCL5), a member of the CXC chemokine
family, was identified and isolated from a human alve-
olar epithelial cell line.8 It shares structural homologic
qualities with and plays a similar role as IL-8 (CXCL8),8

another member of the CXC chemokine family, in in-
flammation and angiogenesis. CXCL5 is secreted by
many types of cells, including neutrophils, monocytes,
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fibroblasts, and epithelial cells.9 –12 Evidence is accu-
mulating to suggest that CXCL5 is an important factor
in cancer biology.7 CXCL5 has been found to directly
induce endothelial cell proliferation and invasion in
vitro,13,14 to promote tumor angiogenesis in vivo in non-
small cell lung carcinoma, and to modulate tumor
growth and metastasis.7 CXCL5 is overexpressed in
gastric,15 prostate,16 endometrial,17 squamous cell,18

pancreatic,14 and colon cancer.19 Its expression is
associated with advanced tumor stages, local inva-
sion, and metastatic potential. Targeted down-regula-
tion of CXCL5 by small-interfering RNA (siRNA) inhib-
ited squamous carcinoma growth in vivo. In these
studies, CXCL5 was found to directly stimulate cancer cell
proliferation and invasion.16,18 Evidence suggested that
CXCL5 may promote tumor growth and progression
through direct stimulation of cancer cell growth and an
indirect effect on angiogenesis. The direct effect of CXCL5
on cancer cell growth through the activation of mitogen-
activated protein kinase (MAPK) and phosphoinositide-3
(PI3K) kinase signaling pathways has been proposed.16 We
and others14,20,21 have previously reported the expression
of CXCL5 in human pancreatic cancer. However, the pre-
cise role of CXCL5 in pancreatic cancer growth and the
mechanism of CXCL5-mediated tumor angiogenesis in pro-
moting tumor growth are not understood.

The purposes of this study were to determine the ex-
pression of CXCL5, the correlation between CXCL5 ex-
pression and clinical outcome in human pancreatic can-
cer, and the mechanisms of CXCL5 in promoting tumor
growth and progression. We examined CXCL5 expres-
sion in cultured human pancreatic cancer cell lines and in
human pancreatic adenocarcinoma specimens and the
signaling pathways involved in CXCL5-mediated tumor
angiogenesis. We found that CXCL5 is markedly ex-
pressed in human pancreatic cancer, and its expression
is correlated with histopathologic grade, clinical stage,
and patient survival. CXCL5 activated several signaling
pathways in human endothelial cells and stimulated tu-
mor angiogenesis. Targeted disruption of the CXCL5/
CXCR2 axis impaired angiogenesis and slowed pancre-
atic cancer growth.

Materials and Methods

Cell Lines and Reagents

Human pancreatic cancer cell lines (AsPC-1, BxPC-3,
CAPAN-2, HPAF-II, PANC-1, and MIA PaCa-2) and hu-
man umbilical vein endothelial cells (HUVECs) were ob-
tained from American Type Culture Collection (Manas-
sas, VA). These cell lines were maintained in culture as
an adherent monolayer in RPMI 1640 medium or Dulbec-
co’s modified Eagle’s medium supplemented with 10%
fetal bovine serum or endothelial growth medium-2 sup-
plemented with endothelial cell growth factors (Lonza
Inc., Walkersville, MD). Recombinant human (rh) CXCL5,
anti-CXCL5, anti-CXCR2 antibody, and phospho-kinase
array were purchased from R&D Systems (Minneapolis,

MN). Antihuman CD31 antibody was from Abcam (Cam-
bridge, MA), and antimouse CD31 antibody was from
Angio-Proteomie (Boston, MA). Antiserum to mouse
CXCR2 was a gift from R.M.S.22 Phospho-specific anti-
body to protein kinase B (Akt) and extracellular signal–
regulated kinase (ERK) and the inhibitors Wortmannin
and PD98059 were obtained from Cell Signaling Tech-
nology (Danvers, MA).

Patient Specimens

A total of 153 archived (paraffin-embedded) pancreatic
adenocarcinoma tissue samples (73 females and 80
males), 30 frozen pancreatic adenocarcinoma tissue
samples with paired normal pancreas tissue, and 23 par-
affin-embedded whole tumor tissue samples with paired
normal pancreas tissue from 1989 to 2005 were obtained
through the Departments of Surgery and Pathology at the
University of California at Los Angeles. This study was
approved by the Institutional Review Board at the Univer-
sity of California at Los Angeles School of Medicine.

Real-Time PCR

Total cellular RNA was isolated from pancreatic cancer
cell lines or patient tumor with paired normal pancreas
using TRIzol reagent (Life Technologies Inc., Gaithers-
burg, MD). RNA isolation was performed from represen-
tative biopsies of surgically resected tumors and
included stromal and cancer compartments. The per-
centage of cancer cells in a single specimen was not
quantitated. RNA quality was measured using the Expe-
rion automated electrophoresis system (Bio-Rad, Hercu-
les, CA). cDNAs were synthesized using 0.5 �g of RNA
with the RNase-Free DNase Set (Qiagen Inc., Valencia,
CA). Real-time PCR was performed using 0.5 �L of cDNA
with SYBR Green and an iQ5 real-time PCR detection
system (Bio-Rad) using a two-step PCR protocol. After
the initial denaturing of the cDNA (3 minutes at 95°C),
samples underwent 45 cycles at 95°C for 10 seconds
and at 51.4°C for 20 seconds. Universal master mix as
obtained from Applied Biosystems (Austin, TX) included
all reagents, including Taq-polymerase, apart from spe-
cific primers and probes. PCR efficiencies for each
primer pair were calculated from a standard dilution se-
ries. Amplification of unspecific products was excluded
by means of melt curve analysis and agarose electropho-
resis of PCR products. Gene expression was normalized
to GAPDH as a housekeeping gene and was calculated
using the dilution curve target method. The primers used
for amplification of CXCL5 (GenBank accession number
NM_002994) and GAPDH (GenBank accession number
NM_002046) were as follows: CXCL5 sense, 5=-TGGA-
CGGTGGAAACAAGG-3=; CXCL5 antisense, 5=-CTTC-
CCTGGGTTCAGAGAC-3=; GAPDH sense, 5=-CGCTCTC-
TGCTCCTCCTGTTCG-3=; and GAPDH antisense, 5=-

CGGCTGGCGACGCAAAAGAAG-3=.
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Tissue Microarray and Immunohistochemical
Analysis

Two groups of archival paraffin-embedded patient pan-
creatic cancer or normal tissues were used. The first
group of samples including 153 tumors was used for
tissue microarray. A second group of samples containing
23 whole tumors paired with normal pancreas tissue was
used for CXCL5 and CD31 immunohistochemical (IHC)
analysis. The tissue microarray was constructed with tu-
mors using multiple representative 1-mm cores from
each tumor extracted from paraffin blocks and included
on two arrays. Analysis by IHC on 4-�m-thick sections of
tissue microarray was performed using CXCL5 antibody;
IHC staining was performed as previously described.23

Briefly, sections (4 �mol/L) from FFPE tissues were
deparaffinized in xylene. Unmasking of antigens was per-
formed by incubating the sections in 0.01 mol/L citrate
buffer, pH 6.0, in a microwave. Endogenous peroxidase
activity was blocked by incubating sections with 3%
H2O2. After blocking with serum and incubation with pri-
mary antibody overnight at 4°C, sections were washed
with PBS and were incubated with biotinylated secondary
antibody for 30 minutes at room temperature. Immunore-
activity was detected using an ABC Kit (Vector Labora-
tories, Burlingame, CA) or an EnVision Kit (Dako, Carpin-
teria, CA) for anti-mouse CD31. CXCL5 staining was
scored as percentage of tumor cells staining positively
for CXCL5. Microvascular density (MVD) was determined
by counting CD31-positive blood vessels in the three
areas with the highest blood vessel density.

Enzyme-Linked Immunosorbent Assay for
Human CXCL5

Levels of CXCL5 in culture supernatant serum and
tumor tissue were determined using the Quantikine Kit
(R&D Systems) following the manufacturer’s instruc-
tions. Briefly, 50 �L of sample or recombinant CXCL5
protein at different concentrations was added to each
well and was incubated for 2 hours at room tempera-
ture. Then the plates were washed and incubated with
CXCL5 conjugate for 2 hours. After washing, immuno-
reactivity was determined by adding substrate solu-
tion, and absorbance was determined using a Micro-
plate Spectrophotometer (Bio-Rad). A curve of the
absorbance versus the concentration of CXCL5 in the
standard wells was plotted.

In Vitro Proliferation Assay

Endothelial cells were seeded in 96-well flat-bottom
plates in triplicate and were allowed to adhere overnight.
The cultures were then washed and incubated in control
medium, pancreatic cancer cell conditioned medium
(PCCM), or medium containing different concentrations
of recombinant human (rh) CXCL5 with or without anti-
body to CXCL5 or CXCR2. After 48 or 72 hours of incu-
bation, cell proliferation was determined by means of

MTT assay. Percentage of growth stimulation was calcu-
lated as follows: growth stimulation � (A/B) � 1*100,
where A is the number of viable cells in treated cultures
and B is the number of viable cells in untreated control
cultures.

In Vitro Angiogenesis

An in vitro capillary tube formation assay was performed
as described earlier.24 Briefly, 104 HUVECs were plated
in the wells of a Matrigel-coated (BD Biosciences, San
Jose, CA) 48-well plate with medium alone or medium
containing CXCL5, control IgG, or neutralizing antibody
to CXCL5 or CXCR2. After 4 to 6 hours of incubation, the
plate was examined for capillary tube formation and was
photographed. Total tube length was determined using
image analysis software (ImageJ; NIH, Bethesda, MD).
The qualitative difference in tube formation was exam-
ined in treated and untreated cultures.

Western Blot Analysis and Phospho-Kinase
Array

Cell extracts from treated and untreated HUVECs were
quantitated. Equal amounts of proteins were separated
on SDS–polyacrylamide gel electrophoresis and were
electrotransferred to 0.45-�m nitrocellulose membranes.
The membranes were blocked with 3% bovine serum
albumin and were probed with primary antibody followed
by horseradish peroxidase–conjugated secondary anti-
body. For phospho-kinase array, protein lysate was incu-
bated with array membrane, and protein signal was visu-
alized using a chemifluorescence detection system
(Thermo Scientific, Waltham, MA) according to the man-
ufacturer’s protocol. Relative intensity of the specific pro-
tein expression was determined using Quantity One soft-
ware (Bio-Rad).

Human Pancreatic Cancer Growth in
Nude Mice

Nude mice (4 to 6 weeks old) were purchased from The
Jackson Laboratory (Bar Harbor, ME) and were main-
tained under pathogen-free conditions. All procedures
were performed in accordance with institutional guide-
lines and were approved by the University of California
at Los Angeles Institutional Animal Care and Use Com-
mittee. MIA PaCa-2 cells (4 � 106) were s.c. injected
into nude mice. After the tumor reached 0.6 to 0.7 cm,
intratumoral injection with 1 �g of CXLC5 or control
siRNA was performed daily for 4 weeks. Tumor size
was measured twice a week. Separate groups of nude
mice received s.c. injection of BxPC3 cells. One week
later, mice were treated with antiserum to CXCR2 or
control serum i.p. at 0.5 ml per mouse daily for 6
weeks, and tumor size was measured. Tumors were
fixed in 10% formalin, processed for histopathologic
and IHC analyses, or kept at �70°C for further analy-
sis. Tumor volume was calculated using the following
formula: tumor volume � 4/3 � A � B � C, where A is

the tumor’s length, B is its width, and C is its height.
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The gene sequences for CXCL5 (GenBank acces-
sion number NM_002994) and control siRNA (Applied
Biosystems/Ambion, Austin, TX) were as follows: CXCL5
sense, 5=-CAAAGUGUCUUGAAUUGUA-3=; CXCL5 anti-
sense, 5=-UACAAUUCAAGACACUUUG-3=; negative con-
trol sense, 5=-UAACGACGCGACGUAA-3=; and negative
control antisense, 5=-UUACGUCGUCGCGUCGUUA-3=.

Statistical Analysis

Survival estimates were computed using the Kaplan-
Meier method, and comparison of mean survival between
groups was analyzed using an approximate normal
test.25 The significance of the other data was determined
using the t-test for continuous variables and the �2 test for
dichotomous variables. A P � 0.05 was deemed signi-
ficant.

Results

Expression of CXCL5 in Human Pancreatic
Cancer Cell Lines

We examined the mRNA and protein expression of CXCL5
in six human pancreatic cancer cell lines: AsPC-1, BxPC3,
CAPAN-2, HPAF, MIA PaCa-2, and PANC-1. The mRNA
expression of CXCL5 was analyzed by means of real-time
PCR using total RNA extracted from cultured cancer cell
lines. We observed variable expression levels of CXCL5
mRNA (Figure 1A) in these cell lines. MIA PaCa-2 showed
the highest mRNA expression, with mRNA levels 1000-fold
higher than the other cell lines; the PANC-1 cell line had the
lowest mRNA level. Protein expression of CXCL5 was ex-
amined by means of enzyme-linked immunosorbent assay

Table 1. Correlations between CXCL5 mRNA Expression and Tu
Pancreatic Cancer

Ratio of tumor
to normal

Tumor differentiation T stages

Well to
moderate Poor 1, 2

�4 9 (69.2) 4 (30.8) 8 (61.5) 5
�4 5 (29.4) 12 (70.6) 3 (17.6) 14
P value 0.06 0.02
Data are given as number (percentage) of tumors except for tumor volume.
NS, not significant.
using culture supernatants harvested from the six cancer
cell lines (Figure 1B). Consistent with mRNA expression, we
observed the highest CXCL5 protein level in MIA PaCa-2
cells but undetectable CXCL5 protein levels in AsPC-1 and
PANC-1 cells. These data indicate that in cell lines, there is
a difference in the pattern of expression of CXCL5.

Correlations between CXCL5 mRNA Expression
and Clinical Variables in Human Pancreatic
Cancer

We next examined the mRNA and protein expression of
CXCL5 in paired human pancreatic cancer and normal
pancreas specimens by means of real-time PCR and
analyzed the relationships between mRNA expression of
CXCL5 and histopathologic grade, clinical stage, tumor
volume, and patient sex (Table 1). Twenty-three of 30
tumors (76.7%) showed increased CXCL5 mRNA expres-
sion compared with matched normal pancreas tissue.
We further divided tumors into two groups based on
the mRNA expression ratio of tumor to normal. Most
tumors (69.2%) with low mRNA expression ratios (�4)
were well to moderately differentiated, whereas 70.6%
of tumors with high mRNA expression ratios were
poorly differentiated. Most patients (82.4%) with high
mRNA expression ratios had advanced clinical stage
(T stages 3 and 4; P � 0.02). Mean tumor volume was
larger in tumors with high rather than low mRNA ex-
pression ratios (13.2 versus 5.9 cm3). Data regarding
adjuvant treatment for this series of patients were not avail-
able. We found that the expression of CXCL5 was signifi-
cantly higher in male than in female patients (P � 0.02).
These data further indicate that CXCL5 expression is asso-
ciated with pancreatic cancer progression.

Figure 1. CXCL5 mRNA and protein ex-
pression in human pancreatic cancer cell
lines. A: Total RNA extracted from pancre-
atic cancer cells was used for real-time PCR.
Numbers represent the mean normalized
mRNA expression index. Error bars repre-
sent SD. B: Supernatant from cultured pan-
creatic cancer cells was collected for en-
zyme-linked immunosorbent assay after 72
hours. The data represent the mean of three
experiments performed in triplicate. Error
bars represent SD.

fferentiation, T Stages, Tumor Volume, Node Status, and Sex in

Tumor
volume
(cm3)

Positive
nodes

Sex

TotalFemale Male

5.9 8 (61.5) 10 (76.9) 3 (23.1) 13
13.2 10 (58.8) 5 (29.4) 12 (70.6) 17

0.12 NS 0.02
mor Di

3

(38.5)
(82.4)
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Correlation between CXCL5 Protein Expression
and Tumor Progression

To further determine CXCL5 protein expression and its
relationship to tumor progression and MVD, we examined
CXCL5 protein expression in 23 paraffin-embedded
whole tumor tissues containing either cancer or pan-
creatic intraepithelial neoplasia (PanIN) lesions and
matched normal pancreas by means of IHC analysis.
CXCL5 staining is localized in apical cytoplasm in the
tumor cells, and there is no CXCL5 immunoreactivity in
acinar and duct epithelium in normal pancreas (Figure
2A). There was some scattered positivity in islet cells as
well. The PanIN lesions are recognized as neoplastic
precursors to pancreatic cancer. Pathologically, PanIN
lesions are classified as dysregulated ductal epithelium
progressing from PanIN-1 to PanIN-3.25,26 Both PanIN-2
and PanIN-3 are high-grade lesions representing the ini-
tial steps toward invasive carcinoma. CXCL5 immunore-
activity was occasionally observed in PanIN-1 but was
increased in PanIN-2 and PanIN-3. The invasive carcino-
mas showed extensive staining of CXCL5 (Figure 2, B–F).
Eleven of 12 cancers were positive for CXCL5, and 4 of
11 PanIN lesions showed positive CXCL5 immunoreac-
tivity. Most cancer (66.7%) revealed strong CXCL5 pos-
itivity (Figure 2F). These data suggest that CXCL5 is
constitutively overexpressed in human pancreatic cancer
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Figure 2. Correlations between CXCL5 expression and tumor progression an
carcinoma. Original magnification, �200. F: CXCL5 staining in PanIN lesion
divided into CXCL5 low (�50%) and CXCL5 high (�50%) groups (I). The M
and that its expression correlates with tumor progression.
The MVD is a surrogate for tumor angiogenesis. We
evaluated the relationship between CXCL5 expression
and MVD by means of IHC staining of whole tumor tissue
with CXCL5 and CD31 antibody on serial sections (Figure
2, G–I). In tumors with low CXCL5 staining (�50%), 100%
of tumors showed MVD of 15 or less, whereas more than
60% of tumors with strong CXCL5 staining (�50%)
showed MVD greater than 15 (P � 0.02; Figure 2I), sug-
gesting that CXCL5 may promote pancreatic cancer
growth through neoangiogenesis.

Correlation between CXCL5 Expression and
Patient Survival in Human Pancreatic Cancer

To determine the association between CXCL5 expres-
sion and patient survival, we performed an IHC analy-
sis for CXCL5 on a tissue microarray containing 153
individual pancreatic cancer specimens (Figure 3).
Mean � SD postoperative survival for all the patients
with pancreatic cancer in this series was 36.9 � 3
months. For the cohort of 153 patients, the median age
was 66 years, and 46.4% were female. All the patients
underwent a pancreaticoduodenectomy. Based on the
seventh edition of the American Joint Committee on
Cancer criteria, there were 21 stage IA, 24 stage IB, 26
stage IIA, 79 stage IIB, and 3 stage IV tumors. The
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mors were poorly differentiated. Of patients in the se-
ries, 12.4% had a positive margin on final analysis. Of
the 153 specimens tested, 130 were positive for
CXCL5 according to an independent pathologist. Us-
ing a 5.5% staining score as a cutoff point, a clear
survival advantage (25.5 months) was identified for
patients whose tumors had low CXCL5 expression
(�5.5%) compared with high CXCL5 expression
(�5.5%) (P � 0.06 by log-rank test).

Mean � SD survival was 64.0 � 7.7 months for the low
CXCL5 expression group but 38.5 � 4.7 months for the
high CXCL5 expression group. The mean difference in
survival is significant (P � 0.002 by an approximate nor-
mal test). Median survival was 33 and 26 months for low
and high CXCL5 expression, respectively. These data
indicate that CXCL5 may be an important prognostic
factor for patients with pancreatic cancer.

Figure 4. Mean growth and capillary tube formation of HUVECs in respons
cell growth. B: Antibody to CXCL5 or CXCR2 reduced PCCM-induced capillar
growth. Antibody to CXCL5 or CXCR2 reversed CXCL5-stimulated cell grow

CXCL5 effect. E: rhCXCL5 induced capillary tube formation. Photograph of capillary t
0.05, **P � 0.01, ***P � 0.001. Error bars represent SD.
CXCL5 Mediates Pancreatic Cancer–Derived
Angiogenesis

To evaluate the role of CXCL5 in pancreatic cancer–
derived angiogenesis, we examined the effect of PCCM
on human endothelial cell proliferation and in vitro angio-
genesis. The PCCM was harvested from AsPC-1, BxPC3,
or CAPAN-2 cell culture. The HUVECs grown on 96-well
plates were cultured with PCCM for 48 hours. We ob-
served significant increased cell proliferation in HUVECs
cultured with PCCM (P � 0.05; Figure 4A). Neutralizing
antibody to CXCL5 or its receptor CXCR2 significantly
reduced pancreatic cancer cell–stimulated cell prolifera-
tion (P � 0.01). The HUVECs plated on Matrigel were
treated with PCCM with or without neutralizing antibody to
CXCL5 or CXCR2, and capillary tube formation was mea-
sured after 4 to 6 hours in an in vitro angiogenesis assay

Figure 3. Kaplan-Meier analysis for patients
with tumors that exhibited high (�5.5%) or
low (�5.5%) CXCL5 expression. A: Kaplan-
Meier curve. High CXCL5 expression short-
ened patient survival time. Staining was
scored based on the percentage of tumor
cells staining positively. Two cores were
evaluated per tumor. B: Representative tis-
sue microarray of CXCL5 in patient tumor
tissue. Original magnification: �100 (B);
�400 (inset).

M or rhCXCL5. A: Antibody to CXCL5 or CXCR2 reversed PCCM-stimulated
rmation. C: rhCXCL5 (0.001, 0.01, and 0.1 ng/ml) stimulated endothelial cell

hCXCL5 induced capillary tube formation. Antibody to CXCL5 reversed the
*

e to PCC
y tube fo
th. D: r
ube formation in PCCM or PCCM combined with neutralizing antibody. P �
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using Matrigel. The PCCM highly stimulated capillary
tube formation, and neutralizing antibody to CXCL5 or
CXCR2 significantly decreased PCCM-induced capillary
tube formation (Figure 4, B and E; P � 0.001).

To further assess the role of CXCL5 in angiogenesis,
we examined the effect of rhCXCL5 protein on HU-
VECs. We observed a dose-dependent increase in cell
proliferation in response to rhCXCL5 treatment; neu-
tralizing antibody to CXCL5 or CXCR2 completely
blocked rhCXCL5-stimulated cell growth (Figure 4C).
Recombinant human CXCL5 significantly induced, and
neutralizing antibody reversed, CXCL5-mediated cap-
illary tube formation (Figure 4D). These data suggest
that CXCL5 plays an important role in pancreatic can-
cer– derived angiogenesis.

Mechanism of CXCL5-Mediated Angiogenesis

To analyze the signaling pathway involved in CXCL5-
mediated angiogenesis, we performed a phospho-ki-
nase array on HUVECs, which detects the activation of
46 kinases involved in several signaling pathways, in-
cluding Akt, MAPK, signal transducer and activator of
transcription (STAT) family, Src family kinase, focal
adhesion kinase (FAK), cell cycle/check point protein
and transcription factor, and others. CXCL5 activated
most of the 46 kinases. Several pathways activated
by CXCL5 are known to be involved in endothelial
cell growth, differentiation, and migration. Quantitative
data showed that four kinases in the Akt pathway are
activated, with the highest level of phosphorylation for
target of rapamycin (74.9% increase compared with
control; P � 0.01) (Table 2). Phosphorylation of ERK
and FAK was increased by 44.3% and 47.8%, respec-
tively. More than a 40% increase was observed in six of
the eight STAT family members. To validate the phos-
pho-kinase array data, we performed Western blot
analysis to detect Akt and ERK phosphorylation in re-
sponse to CXCL5 stimulation. We reproduced the data
observed in the phospho-array for Akt and ERK. Im-
portantly, p-Akt or p-ERK specific inhibitor Wortmannin
or PD98059 blocked CXCL5-stimulated Akt and ERK
phosphorylation (Figure 5). The data suggest that
CXCL5 activates multiple signaling pathways in endo-
thelial cells.

Knockdown of CXCL5 or Neutralization of
CXCR2 Attenuated Human Pancreatic Cancer
Growth in Nude Mice

To further address the functional significance of
CXCL5 in human pancreatic cancer in vivo, we used
two models to block CXCL5 effect: knockdown of
CXCL5 by siRNA in high–CXCL5-expressing MIA
PaCa-2 cells or neutralization of its receptor CXCR2 by
antiserum treatment in relatively low–CXCL5-express-
ing BxPC3 cells. MIA PaCa-2 cells s.c. injected into
nude mice were allowed to grow to 0.6 to 0.7 cm, and
CXCL5 siRNA or control siRNA was then injected daily

(intratumorally) for 4 weeks. A 44% reduction in tumor
growth was observed in CXCL5 siRNA–treated mice
compared with control mice (3.0 versus 5.3 cm3, P �
0.01; Figure 6A). Using CXCL5 enzyme-linked immu-
nosorbent assay, we detected a reduction in CXCL5
protein by 47% (P � 0.002) in serum and 57% (P �
0.001) in tumor tissue of CXCL5 siRNA–treated mice.
No change in MVD in treated and control mice was
observed (data not shown). These data suggest that
CXCL5 may promote tumor growth partially through an
angiogenesis-independent mechanism.

One week after s.c. injection of BxPC3 cells, nude mice
were treated with CXCR2 antiserum daily for 6 weeks. There
was a 50% decrease in tumor growth in CXCR2 antiserum–
treated mice compared with control mice (5.0 versus 2.4
cm3, P � 0.05; Figure 6B). To analyze the role of angiogen-

Table 2. Kinase Activation in Response to CXCL5 in HUVECs

Phospho-Kinase % increase P value

Akt (S473) 24.7 0.06
Akt (T308) 25.82 0.1
TOR 74.9 0.01
GSK (3�/�) 20.5 0.07
p70 S6 kinase (T389) 37.1 0.1
p70 S6 kinase (T229) 51.7 0.03
p70 S6 kinase 31.1 0.05
ERK1/2 44.3 0.007
MEK1/2 34.0 0.01
p38� 16.2 0.3
JNK pan 21.3 0.001
RSK 1/2 36.5 0.002
RSK 1/2/3 28.9 0.03
FAK 47.8 0.08
�-catenin 20.5 0.003
Paxillin 27.5 0.1
Pyk-2 31.0 0.01
Src 59.4 0.002
Fyn 38.0 0.01
Lyn 43.8 0.05
Yes 35.1 0.02
Lck 39.7 0.001
Hck 38.2 0.02
JNK pan 21.3 0.1
STAT1 60.1 0.007
STAT2 36.3 0.01
STAT3 43.5 0.0001
STAT4 51.1 0.007
STAT5a 30.5 0.001
STAT5a/b 61.3 0.01
STAT5b 43.8 0.005
STAT6 46.4 0.01
p53 (S15) 14.0 0.004
p53 (S392) 10.1 0.01
p53 (S46) 10.8 0.003
p27 (T157) 29.7 0.01
P27 (T198) 33.5 0.02
CHK2 40.3 0.005
C-Jun 6.3 0.03
CREB 34.0 0.006
eNOS 3.06 0.09
HSP27 36.4 0.03
AMPK�1 22.7 0.01
AMPK�2 31.4 0.08
MSK1/2 24.1 0.01
PLCg-1 29.9 0.03

Cell lysate from CXCL5-treated (0.5 ng/ml) HUVECs were used for
phospho-kinase array.
esis on tumor growth inhibition in these tumors, paraffin-
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embedded tumor tissues were stained with antibody to
CD31, and MVD was determined by CD31-positive stain-
ing. We observed significantly decreased MVD in CXCR2
antiserum–treated tumor compared with control tumor, sug-
gesting that blockade of CXCR2 impaired angiogenesis,
thus inhibiting tumor growth.

Discussion

In the present study, we report that CXCL5 is markedly
overexpressed in human pancreatic cancer. Its expres-
sion is progressively increased in premalignant PanIN
lesions to invasive carcinoma and is associated with tu-
mor progression. Expression of CXCL5 has a significant
reverse correlation with tumor differentiation, clinical
stage, and patient survival. Furthermore, we show that
CXCL5 promotes pancreatic cancer growth directly
through stimulation of cancer cell proliferation and indi-
rectly through cancer cell–derived angiogenesis. Finally,
we demonstrated that CXCL5 activates multiple signaling
pathways in human endothelial cell.

Pancreatic adenocarcinoma is an extremely lethal dis-
ease with only approximately 23% of patients surviving 1
year after diagnosis. Pancreatic cancer has one of the
lowest 5-year survival rates of all human malignancies.27

Even for those diagnosed as having localized disease,
5-year survival is only 15%. We observed a poor survival
rate in CXCL5-overexpressing patients and a large 25.5-
month shorter survival in high–CXCL5-expressing pa-
tients who underwent surgical resection. Consistent with
the survival data, we observed that CXCL5 expression
was correlated with large tumor volume, poor differentia-
tion, and advanced clinical stage, indicating an important
role of CXCL5 in pancreatic cancer progression. In con-
trast to a role in promoting tumor growth of CXCL5 in
pancreatic cancer and other types of cancer,14–16,18

CXCL5 has been shown to have an opposite effect on
colon cancer growth.19 Most tumors (70.6%) with a high

Figure 5. Effect of CXCL5 on Akt or ERK phosphorylation by means of
Western blot analysis. HUVECs treated with CXCL5 with or without preblock
with Akt (S473) inhibitor (Wortmannin, 1 mmol/L) or ERK inhibitor
(PD98059, 20 mmol/L).
CXCL5 expression ratio between tumor and normal pan-
creas were in male patients in this study. The cause of
increased CXCL5 expression in male patients is not
clear. Androgen receptor–sensitive and androgen recep-
tor–insensitive prostate cancer cell lines are responsive

Figure 6. Blockade of CXCL5 or CXCR2 attenuated human pancreatic cancer
growth. A: CXCL5 siRNA intratumoral treatment slowed MIA PaCa-2 cell
growth in nude mice. Mice with intratumoral injection of CXCL5 (squares) or
control (circles) siRNA were monitored for tumor growth twice weekly.
Values are mean � SD tumor volume. B: Antiserum to CXCR2 decreased
BxPC3 cancer cell growth in nude mice. Mice were treated with antiserum to
CXCR2 or control serum (i.p. injection) daily for 6 weeks. Values are mean �
SD tumor volume. C: CXCR2 antiserum treatment impaired angiogenesis in
nude mice. Tumors from CXCR2 antiserum–treated or control mice were stained

with antibody to CD31. The MVD was determined by counting blood vessels
with positive CD31 staining. Horizontal bars indicate mean MVD. *P � 0.05.
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to CXCL5 differentially, indicating a possible link between
CXCL5 expression and sex hormone signaling.16

The PanINs are neoplastic precursors to human pan-
creatic cancer.25,26 Morphologic and molecular gene
profiling suggested that PanINs represent a distinctive
stepwise progression of the malignant transformation of
pancreatic cancer. Several pancreatic cancer–associ-
ated gene alterations, including Ki-Ras, p16, and p53,
are accumulated in high-grade PanIN-2 and PanIN-3 le-
sions but not in PanIN-1 lesions.28 Begley et al16 indi-
cated that CXCL5 is up-regulated in prostate intraepithe-
lial neoplasia, and it directly stimulated nontransformed
and transformed prostate epithelial cell growth. A recent
study by Singh et al29 demonstrated that overexpression
of CXCR2 in nontumorigenic melanoma cells induced
tumorigenicity. We found that CXCL5 expression is in-
creased in PanIN-2 and PanIN-3 lesions (Figure 2) to-
gether with its receptor (CXCR2) expression in pancre-
atic cancer cells (data not shown), suggesting that
CXCL5 may play an autocrine role in pancreatic cancer
development.

Pancreatic cancer tissue with strong CXCL5 expres-
sion (�50%) revealed increased MVD (Figure 3; P �
0.03). Furthermore, conditioned media from cultured hu-
man pancreatic cancer significantly stimulated endothe-
lial cell growth and in vitro angiogenesis (Figure 5). This
stimulation is specific to CXCL5 because blockade of
CXCL5 or its receptor, CXCR2, suppressed endothelial
cell growth, and exogenous administration of rhCXCL5
induced endothelial cell growth and in vitro angiogenesis
(Figure 5). We found in a previous work20 that condi-
tioned media of these cells contains other pro-angiogenic
factors, including vascular endothelial grow factor
(VEGF) and the proangiogenic chemokines CXCL8 (IL-8)
and CXCL1 (Gro). In CXCL5-negative AsPC-1 cells, no
significant anti-CXCL5 effect is seen, whereas the anti-
CXCR2 antibody significantly lowered endothelial cell
growth. Other CXC ligands are activating growth and
tubule formation because the CXCR2 antibody was most
effective at blocking these. Taken together, these data
suggest a critical role of CXCL5 in pancreatic cancer–
mediated angiogenesis.

In response to CXCL5 stimulation, we demonstrated
activation of several angiogenic signaling pathways in
HUVECs, including AKT–mammalian target of rapamy-
cin, mitogen-activated protein kinase, focal adhesion ki-
nase, and the STAT family members and the Src family
kinases that are known important regulators of endothe-
lial cell function. The activation of Akt and ERK regulates
multiple aspects of cellular function, including endothelial
cell survival and growth.30,31 Activation of the JAK/STAT
pathway stimulates cell proliferation, differentiation, mi-
gration, and apoptosis and is the principal signaling
mechanism for cytokines.32 The JAK/STAT pathway has
also been implicated in chemokine signaling.33 Recent
studies demonstrated that STAT is involved in VEGF sig-
naling34 and plays a pivotal role in hypoxia-induced an-
giogenesis.35 The Src family kinases are composed of
nine structurally related molecules (Src, Blk, Fyn, Yes,
Lyn, Lck, Hck, Fgr, and Yrk) with conserved peptide

domains termed Src homology domains. Src family ki-
nases interacting with VE-cadherin, VEGF, FAK, and
caveolin signaling regulate endothelial cell permeability,
contributing to tumor angiogenesis and metastasis.36–38

The multiple signaling pathways activated by CXCL5 play
critical roles in endothelial function. After a phospho-
kinase array screening assay, we further confirmed that
CXCL5 induced Akt and ERK phosphorylation by West-
ern blot (Figure 6B). The p-Akt–specific inhibitor Wort-
mannin blocked CXCL5-induced Akt activation, whereas
the p-ERK–specific inhibitor PD98059 abolished CXCL5-
stimulated ERK activation. These data suggest that
CXCL5 is an important regulator of angiogenesis. Multi-
ple signaling pathways are activated by CXCL5 in HU-
VECs; it would be interesting to see the interaction be-
tween CXCL5 and endothelial cell mitogenic VEGF
signaling. A few studies have suggested a greater role of
CXC chemokines, including CXCL5, than of VEGF in tu-
mor angiogenesis in ovary, colon, and lung cancer.39–42

Ki-ras mutation increased expression of angiogenic CXC
chemokines and decreased VEGF expression, particu-
larly under hypoxic conditions,41 suggesting that CXC
chemokines and VEGF may act through different mech-
anisms.

Finally, we showed that disruption of CXCL5/CXCR2
signaling in vivo abolished human pancreatic cancer
growth in a nude mouse model (Figure 6A). Small-inter-
fering RNA against human CXCL5 slowed tumor growth,
with no effect on MVD. These data further suggest an
autocrine effect of CXCL5 on pancreatic cancer cell
growth. This may be due to other ligands of CXCR2 that
were not abrogated in this experiment. In contrast to
CXCL5 siRNA–treated tumor, antiserum to mouse CXCR2
suppressed tumor growth with decreased MVD. These
data indicate a dual effect of CXCL5 on cancer cells and
endothelial cells. CXCL5 may promote tumor growth par-
tially through a receptor-mediated angiogenesis and par-
tially through an autocrine growth effect on cancer cells.

In conclusion, we demonstrate that CXCL5 is an im-
portant survival factor for human pancreatic cancer.
CXCL5 stimulated human endothelial cell growth and
differentiation through multiple signaling pathways, and
CXCL5- induced angiogenesis is critical for tumor growth
and progression. Targeting CXCL5/CXCR2 signaling
may be a powerful therapeutic strategy for the treatment
of pancreatic cancer.
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