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ABSTRACT: The CXC subfamily of chemokines plays an important role in diverse processes, including
inflammation, wound healing, growth regulation, angiogenesis, and tumorigenesis. The ELR-CXC
chemokine, CXCL1 or MGSA/GROR, is traditionally considered to attract neutrophils to sites of
inflammation. The non-ELR-CXC chemokine, CXCL10 or IP-10, is chemotactic for monocytes, B cells,
and activated T lymphocytes. In addition to its role in leukocyte migration, CXCL10 inhibits the angiogenic
functions of the ELR-CXC chemokines as well as bFGF and VEGF. Heparan sulfate proteoglycans (HSPGs)
are required for the interaction of bFGF and vEGF ligands and their receptors. However, the role of
HSPGs in regulating the ELR-chemokines signaling and biological functions is poorly understood. We
show here that the CXCL1 maximal binding to CXCR2 expressed on HEK293 and CHO-K1 cells is
dependent on the presence of cell surface HSPGs. The cell surface HSPGs on cells are required for CXCL1-
induced PAK1 activation. Moreover, CXCL10 can inhibit CXCL1-induced PAK1 and ERK activation as
well as the CXCL1-induced chemotaxis through decreasing CXCL1 binding to cell surface heparan sulfate.
These data indicate that HSPGs are involved in modulating CXCL1-induced PAK1 activation and
chemotaxis through regulating CXCL1 binding activity to CXCR2 receptor. CXCL10 inhibits CXCL1-
induced PAK1 activation and chemotaxis by interfering with appropriate binding of CXCL1 to CXCR2
receptor.

CXC1 chemokines are crucial for timely recruiting of
specific populations of the leukocyte to sites of the tissue
damage during the inflammatory responses. In addition, these
chemokines are also important in angiogenesis, tumor
formation, and tumor metastasis (1). In this subfamily, CXC
chemokines are further divided into two groups depending
on the presence or absence of the amino acid sequence Glu-
Leu-Arg (the ELR motif) at the N-terminal domain of the
ligands. ELR-CXC chemokines, such as CXCL1 (melanoma
growth stimulatory activity/growth regulated protein, MGSA/
GRO), CXCL5 (epithelial derived neutrophil-activating pep-
tide 78, ENA-78), CXCL6 (granulocyte chemotactic protein-
2, GCP-2), and CXCL8 (interleukin-8), are all neutrophil-
activating CXC chemokines, which bind to the CXCR1 or
CXCR2 (CXC chemokine receptor 1 or 2) (1). These ELR-
CXC chemokines not only attract neutrophils during inflam-

mation, but also induce angiogenesis and tumor development
(2-6). The non-ELR-CXC chemokines, such as CXCL10
(interferon-inducible protein-10, IP-10), CXCL4 (Platelet
factor 4, PF4), CXCL11 (interferon-inducible T cell alpha
chemoattractant, I-TAC), and CXCL9 (monokine induced
by IFN-γ, MIG), do not bind the CXCR1 or CXCR2
receptors (7-8) and fail to induce endothelial cell chemo-
taxis, proliferation, and angiogenesis (9-11). CXCL9,
CXCL10, and CXCL11 bind to the CXCR3 receptor, while
CXCL12 (stromal cell-derived factor, SDF-1R) only binds
the CXCR4 receptor (1). In general, these non-ELR CXC
chemokines are able to induce chemotaxis in monocytes B
and activated T lymphocytes during inflammation.

The heparan sulfate proteoglycan (HSPGs) are required
for bFGF-induced endothelial cell proliferation and angio-
genesis by modulating the interaction of ligands and receptors
(13-15). When the FGF binding to HSPGs is prevented by
treating the cells with heparinase, the FGF binding to its
receptor is also reduced together with its ability to stimulate
cell proliferation (14). In general, an increasing body of
evidence suggests that HSPGs capture cytokine and chemo-
kine ligands such as CXCL10 and CXCL4 at the cell surface
and facilitate polymerization of chemokines by immobilizing
and enhancing local concentrations of the ligands (16-17),
as is the case for FGF and FGF receptor (18). However, the
significance of multimerization for chemokine functions re-
mains controversial. It has been reported that multimerization
of the MCP-1 ligand is not required for glycosaminoglycan-
dependent transendothelial chemotaxis (19). To explore the
role of HSPGs in regulating the ELR-CXC chemokine-
induced signaling and biologic functions, we investigated
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whether HSPGs regulate CXCL1 binding to its receptor and
effect the PAK1 activation and chemotaxis in response to
these ligands.

CXCL10 induces intracellular signals in various cell types
through binding to its receptor, CXCR3. For example, Ras,
ERK, Src, and PI3-K/Akt are activated when CXCL10
induces cell migration and proliferation in human vascular
pericytes (20). Interestingly, the non-ELR-CXC chemokines
have been shown to antagonize the angiogenic functions of
the ELR-CXC chemokines as well as basic fibroblast growth
factor (bFGF) and vascular endothelial growth factor (VEGF)
(3-4, 21). The angiostatic properties of the non-ELR-CXC
chemokines can inhibit the growth of subcutaneous tumors
(9, 12, 22) and delay wound healing (10). One explanation
for the CXCL10 inhibition is that CXCL10 binds to cell
surface heparan sulfate motif shared with CXCL4 to inhibit
endothelial cell proliferation (23). Luster’s group reported
that the CXCL10 binds a specific endothelial cell surface
heparan sulfate (23). This binding site has a Kd of 25 nM.
However, CXCL4 inhibits EGF-induced endothelial cell
proliferation and angiogenesis by interference with cell cycle
machinery. CXCL4 inhibition is independent of interaction
with cell surface glycosaminoglycans (GAGs), such as
heparan sulfate (11). Marco Presta, et al reported that CXCL8
inhibits bFGF-induced endothelial cell proliferation by down-
regulating FGF receptors. In their systems, CXCL8 did not
prevent the binding of bFGF to its receptors nor to cell
surface heparan sulfate proteoglycans (HSPGs) (24).

Our earlier studies showed that CXCL1 induces the
activation of transcription factors, NF-κB and AP-1, through
a Ras-MEKK1-MEK4/6-p38 MAP kinase pathway in mel-
anocytes (25). This pathway is involved in the CXCL1-
induced melanocyte transformation (6). CXCL8, another
member of the ELR-CXC chemokines, has been demon-
strated to activate the PI3-kinase/Ras/Raf cascade in neu-
trophils (26). This activation may be required for the IL-8-
induced chemotaxis. In addition, CXCL1 can induce cdc42-
PAK1 activation, which is required for chemotaxis (27), and
MAP kinase ERK1/2 (27-28). PAKs (p21-activated kinases)
play an important role in diverse cellular processes, including
cytoskeletal rearrangements (29-33), growth, and apoptosis
(34-36). PAKs are Ser/Thr protein kinases that undergo
autophosphorylation and activation upon interacting with the
active forms of the small GTPase (p21) Rac or Cdc42 (37).
PAK activation is regulated by a variety of external stimuli
that act through cell surface receptors, including G protein-
coupled receptors (38), growth factor receptor tyrosine
kinases (39), proinflammatory cytokine receptors (40), Fc
receptors (41), and integrins (42-43).

The role of cell surface HSPGs on the CXCL1-induced
signaling and biological function is unknown, and the
mechanism by which CXCL10 inhibits CXCL1-induced
angiogenesis is not clear. Therefore, the aim of this work
was to investigate the biologic role of HSPGs for CXCL1-
induced signaling and chemotaxis and to explore whether
CXCL10 blocks CXCL1-induced signal pathways, which
lead to induction of chemotaxis. Our findings demonstrate
that a cell surface HSPG is required for CXCL1 maximal
binding to CXCR2 and for the CXCL1-induced signaling
and chemotaxis. CXCL10 inhibits CXCL1-induced signaling
and significantly affects CXCL1-induced chemotaxis by

interrupting the CXCL1 binding to cell surface heparan
sulfate.

EXPERIMENTAL PROCEDURES

Cell Culture. 293 human embryonic kidney cells (HEK293)
were cultured in DMEM supplemented with 50 units/mL
penicillin, 50 µg/mL streptomycin, 3 mM glutamine, 5%
heat-inactivated fetal bovine serum (GIBCO BRL, Rockville,
MD). The CXCR2-expressing HEK293 cells (pooled clones)
were cultured in the same media supplemented with 800µg/
mL G418 (Sigma, St. Louis, MO) as previously described
(44). The expression level of CXCR2 receptor in the
HEK293 cells has been previously verified (44). Wild-type
CHO-K1 (Chinese hamster ovary) and the mutant GAG-
deficient CHO cells (pgsA-745) (glycosaminoglycan-defi-
cient CHO) cells obtained from ATCC (Manassas, VA) were
cultured in F12K supplemented with 50 units/ml penicillin,
50 µg/mL streptomycin, 3mM glutamine, 10% heat-
inactivated fetal bovine serum (GIBCO BRL, Rockville,
MD). Purified recombinant human CXCL1 (a kind gift of
Repligen Corp., Needham, MA) was used at 50 ng/mL.
CXCL10 was purchased from R & D Systems (Minneapolis,
MN).

Whole Cell Extracts and Western Blot. Whole cell extracts
were prepared from CXCR2-expressing HEK293 cells treated
with CXCL1 for the indicated time after serum starvation
for 14 h. Western blots were performed following protocols
provided by Santa Cruz Biotechnology Inc. The cells were
washed at 4°C with 1X PBS and lysed in 0.6 mL of RIPA
buffer (1X PBS, 1%NP-40, 0.5% sodium deoxycholate, 0.1%
SDS) with protease inhibitor cocktail tablets (Boehringer
Mannheim Corp., Indianapolis, IN) and 0.2 mM sodium
orthovanadate. A 50µg sample of soluble protein was boiled,
loaded, and electrophoretically separated on a 10% SDS-
PAGE reducing gel, then electrophoretically transferred to
a 0.45µm nitrocellulose membrane (BIO-RAD, Hercules,
CA). The membrane was blocked with 5% dry milk in
TBS-T buffer (10mM Tris-HCl, pH 8.0; 150mM NaCl;
0.05% Tween-20) for 1 h and then incubated for 12-16 h
at 4 °C in a 1:1000 dilution (0.2µg/mL) of the anti-PAK1
antibody (Santa Cruz Biotechnology, Inc.) or the anti-
phospho-ERK1/2 (Santa Cruz Biotechnology, Inc.). After
washing three times with TBS-T buffer, the membrane was
incubated in a 1:3000 dilution of the appropriate anti-mouse
or anti-rabbit immunoglobulin conjugated with horseradish
peroxidase (Boehringer Mannheim Corp.) in TBS-T buffer
with 5% dry milk for 1 h atroom temperature. After washing
three times with TBS-T buffer, the protein bands were
detected with the ECL western blotting detection reagents
(Amersham Pharmacia Biotech, Piscataway, NJ) according
to the manufacturer’s instructions. The blots were stripped
and re-probed with anti-ERK2.

Immune Complex Kinase Assays. Whole cell extracts were
prepared from CXCR2-expressing HEK293 cells treated with
CXCL1 after serum starvation for 14 h. PAK1 kinase assays
were performed as described in the manufacturer’s protocol
(Upstate Biotechnology, Lake Placid, NY). A 400µg sample
of protein of each whole cell extract was immunoprecipitated
with 1µg PAK1 antibody. Immunoprecipitated PAK1 activity
was assayed using the PAK1 substrate, myelin basic protein
(MBP) (Sigma). Kinase reactions were initiated by addition

1072 Biochemistry, Vol. 42, No. 4, 2003 Wang et al.



of 2 µg MBP and kinase buffer containing 500µM cold ATP
and 10µCi of [γ-32P]ATP. Reactions were incubated for 30
min at 30 °C and terminated by the addition of an equal
volume of 2XSDS loading buffer followed by boiling for 5
min. Phosphorylated proteins were resolved on a 10% SDS-
PAGE reducing gel and transferred to a 0.45µm nitro-
cellulose membrane (BIO-RAD). The phosphorylated bands
were visualized by auto-radiography. The blot was probed
with PAK1 antibody to monitor equal loading of PAK1.

Chemotaxis Assay. Chemotaxis assays were performed on
the CXCR2-expressing HEK293 cells, or wild-type CHO-
K1 and the GAG-deficient CHO (pgsA-745) cells transiently
transfected with either empty vector or hCXCR2 plasmid,
as described previously (44). In short, a 96-well modified
Boyden chamber (Neuroprobe Inc) was used, and the lower
compartment of the chamber was loaded with 450 mL
chemotaxis buffer (1 mg/mL ovalbumin/DMEM) containing
CXCL1 diluted at indicated concentration in the chemotaxis
buffer. Polycarbonate membranes (pore size: 10µm) were
coated on both sides with 20µg/mL human collagen type
IV (Sigma), incubated for 2 h at 37°C, and then stored at 4
°C overnight. The cells were removed from the plate by
trypsinization and incubated for restoration of receptors in
5% FBS/DMEM for 2 h at 37°C. The cells were washed
with chemotaxis buffer and then loaded into the upper
chamber in 250µL chemotaxis buffer at 5× 106 cells /ml.
The chamber was incubated for 4 h at 37°C with 5% CO2;
then the membrane was removed, washed, fixed, and stained
with a Diff-Quik kit. Cell chemotaxis was quantified by
counting cells that crossed the membrane in five high-power
microscope fields (X 40). The relative chemotactic index
represented the mean number of cells migrating with ligand
stimulation versus without the stimulation.

Ligand Binding Assay. Binding assays were performed on
the CXCR2-expressing HEK293 cells, parental HEK293
cells. For wild-type CHO-K1 and GAG-deficient CHO
(pgsA-745) cells, the cells were transiently transfected with
hCXCR2. The CXCR2 expression level on the cell surface
was monitored by FACS analysis. In short, the cells were
cultured to confluence on 24-well plates. For the CXCR2-
stably expressing HEK293 cells, the 24-well plates were
precoated with 0.1 mg/mL poly-L-lysine (Sigma, MW
30 000-70 000) for 1 h and washed once with distilled water.
For the CHO cells, cells were cultured in complete media
for 24 h after transfection. Cells were then incubated in 0.5
mL of serum-free DMEM medium containing 0.025µCi/ml

125I-CXCL1 for 1 h at 4°C with or without the indicated
concentration of the cold competitors. After the incubation,
the cells were washed four times with 1 mL of wash buffer
(25 mM HEPES, pH 7.2, 0.5M NaCl) and lysed in 1 mL of
1% SDS with 0.1 N NaOH. The radioactive cell lysates were
counted in aγ-counter (Gamma 5500, Beckman). The
specific cell surface binding was calculated by subtracting
the nonspecific binding from the total binding. Nonspecific
binding was determined by performing the binding assay in
the presence of excess unlabeled CXCL1 (250 ng/mL).

Heparinase Treatment. The cells were washed once with
serum free DMEM and then incubated in same media with
the indicated concentration of heparinase (Calbiochem) at
37 °C with 5% CO2 for 1 h. After treatment, the cells were
washed three times with binding buffer for binding assays
or with serum free DMEM for PAK1 kinase assays as
described as above.

RESULTS

CXCL1 Binds to Heparan Sulfate.125I-CXCL1 binding was
inhibited by unlabeled CXCL1 in a dose-dependent manner
on CXCR2-expressing HEK-293 cells (Figure 1A). However,
the unlabeled CXCL1 failed to compete for125I-CXCL1
binding to parental HEK293 cells (Figure 1A). These data
demonstrate that CXCL1 specifically binds to CXCR2
receptors on these cells (Figure 1A). CXCL1 has a HSPG-
like binding site, which indicates that this chemokine has
the capacity to bind to heparan sulfate (HS) (24). We
performed a dose-inhibition experiment to determine whether
CXCL1 has the capacity to bind soluble heparan sulfate. In
this experiment, soluble heparan sulfate could compete for
125I-CXCL1 binding to cells in a concentration-dependent
manner (Figure 1B). These data demonstrate that CXCL1
can bind to the soluble heparan sulfate.

CXCL1 Binding to Cells Is Dependent on Surface HSPGs.
It has been reported that HSPGs capture cytokine and
chemokine ligands on the cell surface and facilitate poly-
merization of chemokines by immobilizing and enhancing
local concentrations of the ligands (16, 17). To determine
whether HSPGs will affect the specific binding capacity of
CXCL1 to its receptor, we next examined whether this
binding activity of CXCL1 to CXCR2 is heparinase sensitive
in HEK293 cells. Figure 2A showed that CXCR2-expressing
HEK293 cells pretreated with different concentrations of
heparinase exhibited a 28-43% decrease in the specific

FIGURE 1: CXCL1 binds to soluble heparan sulfate. CXCL1 binding is specific and competed by heparan sulfate. Binding assays were
performed as described in Experimental Procedures. CXCL1 (panel A) or soluble heparan sulfate (panel B) was tested for their ability to
compete for125I-labeled CXCL1 binding to CXCR2-expressing HEK293 cells and parental HEK293 cells. The starting point was taken in
the presence of 2.5 ng/mL125I-CXCL1, without any cold CXCL1. Data are presented as the mean of the absolute binding activity from
three independent experiments. The data were analyzed using the Student’s pairedt test (p < 0.05).
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binding activity to CXCL1. These data suggest that the cell
surface HSPGs are involved in the CXCL1 maximal binding
to CXCR2-expressing HEK293 cells. To further confirm the
role of cell-surface heparan sulfate in CXCL1 binding to
CXCR2, we compared the CXCL1 binding properties of wild
type and GAG-deficient CHO cells (pgsA-745) that have
been transiently transfected with CXCR2. The data in Figure
2B show that the specific binding of125I-CXCL1 to the
mutant cells is 3-fold less than that to the wild-type CHO
cells. The data of FACS analysis demonstrated that both cells
express similar level of CXCR2 after transient transfection
(Figure 2C). Since we used high salt wash buffer (0.5M
NaCl) to inhibit the polymerization of125I-CXCL1, our
results suggest that the cell surface heparan sulfate-enhanced
ligand binding to CXCR2-expressing cells is not due to
polymerization of ligands. Taken together, these data dem-
onstrate that cell surface heparan sulfate is required for
CXCL1 maximal binding to CXCR2 on these cells because
CXCL1 failed to specifically bind to parental wild-type CHO
and GAG-deficient CHO cells under our experimental
conditions (data not shown).

Blocking of CXCL1 Binding to the HSPGs Inhibits the
CXCL1-Induced Signaling.To investigate the role of the cell
surface HSPGs in CXCL1-stimulated CXCR2-mediated
signaling and biological function, we examined the effects
of the blocking of CXCL1 binding to the HSPGs on the
CXCL1-induced PAK1 activation. As shown in Figure 3A,
the CXCR2-expressing HEK293 cells treated with heparinase
exhibited a significant decrease in the CXCL1-induced PAK1
activation, while the treatment with heparinase did not affect
the expression level of PAK1. These data indicate that the
cell surface HSPGs are involved in the CXCL1-induced
signaling. A further demonstration that CXCL1-induced
PAK1 activation is dependent on cell surface heparan sulfate
comes from studies using GAG-deficient CHO cells CXCL1
induced PAK1 activation in wild-type CHO line K1 but did
not induce PAK1 activation in GAG-deficient CHO (Figure
3B).

CXCL10 Inhibits CXCL1-Induced Signaling. Previous
studies demonstrated that CXCL10 blocks the angiogenesis
induced by ELR-CXC chemokines such as CXCL8 and

FIGURE 2: (A) The role of cell surface HSPGs in facilitating CXCL1 binding to its receptors. The CXCL1 binding sites are heparinase-
sensitive. The CXCR2-expressing HEK293 cells were treated with indicated concentration of heparinase in serum free medium for 2 h at
37 °C and then washed with binding buffer two times before the ligand binding assay. Nonspecific binding was determined by performing
the binding assay with125I-labeled CXCL1 in the presence of excess 250ng/mL unlabeled CXCL1. Data are presented as the mean of the
percentage of binding where specific binding in the presence of heparinase is divided by specific binding in the absence of heparinase from
three independent experiments. The data were analyzed using Student’s pairedt test (p < 0.05). (B) The comparison of125I-labeled CXCL1
binding to wild-type and HSPG-deficient CHO cells. After wild-type and HSPG-deficient CHO cells were transient transfected with hCXCR2,
binding assays were performed as in Figure 1. The CXCL1 specific binding to wild-type CXCR2-expressing CHO cells was set as 100%.
The results represent mean of the percentage of CXCL1 binding to HSPG-deficient CXCR2-expressing CHO cells, as compared to wild-
type CXCR2-expressing CHO cells from three independent experiments. The data were analyzed using Student’s pairedt test (p < 0.05).
(C) The expression of hCXCR2 in wild-type and HSPG-deficient CHO cells. After wild-type and HSPG-deficient CHO cells were transient
transfected with hCXCR2, the cells were stained with anti-PE-coupled CXCR2 antibody and analyzed by FACS. The data are presented as
the mean of the intensity of PE fluorescence from three independent experiments. The data were analyzed using the Student’s pairedt test
(p < 0.05).

FIGURE 3: Cell surface heparan sulfate is required for CXCL1-
induced PAK1 activation. (A) Depletion of heparan sulfate by
heparinase blocks CXCL-induced PAK1 activation in CXCR2-
expressing HEK293 cells. The CXCR2-expressing HEK293 cells
were treated with heparinase as in Figure 2A before the stimulation
with CXCL1 for 10 min. PAK1 kinase assays were performed as
described in Experimental Procedures. Endogenous PAK1 activity
was determined by an amount of MBP phosphorylation (top panel).
The blot was reprobed with PAK1 antibody to monitor equal
loading of PAK1 (lower panel). This figure is representative of
three different experiments with similar results. (B) Absence of
heparan sulfate in HSPG-deficient CHO cells inhibits CXCL1-
induced PAK1 activation. CXCR2-expressing wild-type and HSPG-
deficient CHO cells were either untreated or treated with 50 ng/
mL CXCL1 for the 10 min after serum starvation for 14 h. PAK1
kinase assays were performed as in panel A. This figure is
representative of three different experiments with similar results.
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CXCL1 as well as growth factors such as bFGF and VEGF
in vivo. To better understand the molecular mechanism of
the angiostatic properties of CXCL10, we examined whether
CXCL10 would block CXCL1-induced signaling pathways.
Our previous data showed that CXCL1 induces PAK1 and
ERK activation (27). Therefore, we first tested whether
CXCL10 blocks CXCL1-induced PAK1 and ERK activation.
Immune-complex kinase assays were performed to evaluate
PAK1 activity induced by CXCL1 in the CXCR2-expressing
HEK293 cells pretreated with CXCL10 at the indicated
concentration for 10 min. CXCL10 decreased CXCL1-
induced PAK1 kinase activity at a concentration of 100 ng/
mL (Figure 4A, upper-left panel, lane 4 vs lane 2) and totally
blocked CXCL1 stimulation of PAK1 kinase activity at 500
ng/mL (Figure 4A, upper-left panel, lane 5 vs lane 2). The
expression level of PAK1 was not affected by the treatment
of CXCL10 (Figure 4A, lower-left panel). Similarly, CXCL10
inhibited CXCL1-induced phosphorylation of ERK at Tyr
204 based upon Western blot using the antibody that
specifically detects the Tyr 204-phosphorylated form of ERK
(Figure 4A, upper-right panel). The lower-right panel showed
the equal loading of ERK on this gel. These data demonstrate
that CXCL10 can block CXCL1-induced signaling.

CXCL10 Inhibits CXCL1-Induced Chemotaxis. Our early
results demonstrated that PAK1 activation is required for
CXCL1-induced chemotaxis (27). The above observation that
CXCL10 blocks PAK1 activation indicates that CXCL10
may inhibit CXCL1-stimulated CXCR2-mediated chemo-
taxis. A CXCL1 concentration-dependent chemotactic re-
sponse was observed in the CXCR2-expressing HEK293
cells (control), but not in the same cells treated with the
indicated concentrations of CXCL10 (100 and 500 ng/mL),
where CXCL10 is present in both upper and lower chamber
(Figure 4B). These data demonstrated that CXCL10 inhibits
CXCL1-stimulated CXCR2-mediated chemotaxis.

CXCL10 Partially Blocks CXCL1 Binding ActiVity to
CXCR2. The above results showed that the CXCL1 maximal
binding activity requires cell surface HSPGs. Since CXCL10
can bind to the same cell surface HSPGs, we postulated that
the inhibitory activity of CXCL10 on CXCL1-induced
signaling could be explained by blocking CXCL1 binding
to HSPGs. We explored the ability of unlabeled CXCL10
to block 125I-CXCL1 binding to the CXCR2-expressing
HEK293 cells. As shown as Figure 5, CXCL10 partially
blocks CXCL1 binding to the CXCR2-expressing HEK293
(Figure 5). Unlabeled CXCL10 competed much less ef-
fectively than unlabeled CXCL1 because CXCL10 could not
directly bind to the CXCR2 on the cell surface. Like
heparinase, CXCL10 can partially decrease the CXCL1
binding capacity to the cell surface receptor by occupying
the heparan sulfate, which is required for the CXCL1
maximal binding to CXCR2-expressing cells.

DISCUSSION

For the first time, we demonstrate here that the ability of
CXCL1 binding to CXCR2 expressed on HEK293 and CHO-
K1 cells is dependent on the presence of cell surface heparan
sulfate, on the basis of the observations that CXCL1 binding
to CXCR2 is (a) inhibited by soluble heparin sulfate, (b) is
sensitive to treatment with heparinase, and (c) is absent in
GAG-deficient CHO cells (pgsA-745). The cell surface
heparan sulfate is also required for CXCL1-induced PAK1

FIGURE 4: CXCL10 inhibits CXCL1-induced signaling, which is
required for the chemotaxis. (A) CXCL10 inhibits CXCL1-induced
PAK1 and ERK activation. CXCR2-expressing cells were either
untreated or treated with CXCL10 at indicated concentrations for
10 min before stimulation with 50 ng/mL CXCL1 for 10 min as in
Figure 3A. Endogenous PAK1 activity was determined by an
immunocomplex kinase assay as in Figure 1A (left panel). The blot
was probed with PAK1 antibody to monitor equal loading of PAK1
(left-lower panel). Phosphorylated ERK1/2 was detected by Western
Blot (right-upper panel). The blot was reprobed with ERK antibody
monitor equal loading of PAK1 (right-lower panel). These figures
are representative of three different experiments with similar results.
(B) The effect of the CXCL10 on CXCL1-stimulated CXCR2-
mediated chemotaxis in HEK293 cells. CXCR2-expressing HEK293
cells were treated with the carrier buffer for control (empty bars),
CXCL10 at 100 ng/mL (striped bars) or CXCL10 at 500 ng/mL
(solid bars), and then the cells were loaded into the upper chamber.
For the CXCL10 treated cells, CXCL10 was added to the lower
chambers at same concentration as the upper chamber. Chemotactic
response to CXCL1 stimulation was compared as described under
Experimental Procedures. Values represent the means( S.E. of
three independent experiments. The data were analyzed using the
Student’s pairedt test (p < 0.05).

FIGURE 5: The effects of CXCL10 on the CXCL1 binding to
CXCR2-expressing cells.CXCR2-expressing HEK293 (panel A) and
CXCR2-expressing CHO cells (panel B) were incubated for 1 h at
4 °C with 125I-CXCL1 in the presence of varying concentrations
of CXCL10. Data are presented as the percentage of binding where
the specific binding in the presence of competitor is divided by
specific binding in the absence of competitor× 100 in three
independent experiments. Values represent the mean( S.E. of three
independent experiments performed in duplicate. The data were
analyzed using the Student’s pairedt test (p < 0.05).
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activation, on the basis of the observation that CXCL1 failed
to induce PAK1 activation in the GAG-deficient CXCR2-
expressing CHO cells (pgsA-745), although CXCL1 can
induce PAK1 activation in wild-type CXCR2-expressing
CHO cells (CHO-K1). Moreover, CXCL10 can inhibit
CXCL1-induced PAK1 and ERK activation as well as the
CXCL1-induced chemotaxis. These data indicate that CXCL10
inhibits CXCL1-induced signaling and chemotaxis by inter-
rupting CXCL1 binding to cell surface heparan sulfate, since
CXCL10 also binds to cell surface heparan sulfate and
effectively competes with CXCL1 for the heparan sulfate
binding site (23).

Our data show that the depletion of the heparan sulfate
by heparinase treatment decreases CXCL1 binding to the
CXCR2-expressing HEK293 cells by 30-40% (Figure 2A),
suggesting that cell surface heparan sulfate might be required
for the ligand maximal binding to its receptor. Further
evidence was provided by the demonstration that the
CXCL1-binding activity to CXCR2 in GAG-deficient CHO
cells (pgsA-745) is 3-fold less than in wild-type CHO cells
(Figure 2B). The GAG-deficient CHO cells have a specific
deficiency in xylosyl transferase, which leads to failure to
express heparan sulfate (45). Both wild-type and GAG-
deficient CHO cells showed a similar morphology and
growth rate, an observation consistent with previous studies
(45). Wild-type and the GAG-deficient CHO cells have been
extensively used to examine the role of cell surface heparan
sulfate in regulating ligand functions. On the basis of the
above results, we postulated that two facts contribute the
residual 60% CXCL1 binding after haparanase treatment.
First, there is a residual 33% CXCL1 binding to CXCR2 in
the GAG-deficient CHO (Figure 2B). CXCL1 still binds
CXCR2 with low binding activity in the lack of the HSPGs.
Second, heparanase treatment may not totally cut HS from
HSPGs. A combination only 80% heparanase digestion and
the residual 33% CXCL1 binding may causes the residual
50% CXCL1 binding after heparanase treatment.

Our results demonstrate that the presence of cell surface
heparan sulfate facilitates the activation of ligand-bound
receptor, on the basis of our observation that CXCR2
activation of PAK1 was blocked when heparan sulfate was
depleted by heparinase treatment in HEK293 cells or when
GAG-deficient CHO cells expressing CXCR2 were assayed
(Figure 3). Therefore, it is most likely that the absence of
CXCL1-induced signaling in the CXCR2-expressing GAG-
deficient CHO cells is due to the failure of appropriate
presentation of CXCL1 to CXCR2 and/or the formation of
stable complex of ligand and its receptor, indicating that the
heparan sulfate-rich microenviroment surrounding the cell-
surface receptor complex plays an important role in regulat-
ing CXCL1 activation of its receptor. One possible inter-
pretation of these results is that cell surface heparan sulfate
facilitates ligand binding to high-affinity binding site in the
receptor because the CXCR2 receptor has two ligand binding
sites with different affinity (46). In the absence of cell surface
heparan sulfate, the CXCL1 can still bind to CXCR2 with
low binding activity (Figure 2B). The low binding activity
of CXCL1 to CXCL2 results in the failure of receptor
activation, which could not fully induce signaling and
biological functions (47-49).

CXCL8 activation of the PI3-kinase/Ras/Raf pathway is
required for human neutrophil migration. The overall mech-

anism(s) responsible for the CXCL8 activation of the PI3-
kinase pathway is likely to be the same for CXCL1
activation. PI3-kinase can regulate PAK activation through
Rac/cdc42 (50). PAKs have been shown to regulate the MAP
kinases ERK, JNK and p38 in response to stimuli from
cytokines, chemoattractants, and various stresses in certain
type of the cell (51). In CXCR2-expressing HEK293 cells,
ERK is not a downstream target of PAK1 (27). Recently,
accumulating data indicate that PAKs phosphorylate key
components such as paxillin (52), myosin light-chain kinase
(33), and LIM kinase (32), all of which are involved in
regulation of the cytoskeletal organization. We have not,
however, determined the exact downstream targets for PAK
in CXCR2-expressing HEK293 and CHO cells. Future
studies will address these unsolved issues.

Our data show that CXCL10 partially blocks CXCL1
binding to its receptors by about 35% and almost completely
inhibits CXCL1-induced signaling in the CXCR2-expressing
HEK293 cells. These data are consistent with the observation
that depletion of heparan sulfate by heparinase only decreases
the binding activity of CXCL1 to CXCR2 by about 35%,
but almost blocks CXCL1-induced PAK1 activation. Since
CXCL10 can bind to the cell surface HSPGs, which are
required for the maximal CXCL1 binding to CXCR2, we
postulate that CXCL10 decreases the CXCL1 binding
effectiveness of the CXCR2 by occupying cell surface
heparan sulfate. The lower binding activity of CXCL1 to
CXCR2 by CXCL10 leads to complete inhibition of ligand-
induced signaling and function. The observation that CXCL10
only reduced 30% of CXCL1 binding to CXCR2 is not a
surprise. When cell surface heparan sulfate is totally absent,
there is only a 67% reduction of CXCL1 binding to CXCR2-
expressing cells. These observations suggest that cell surface
HSPGs participate in CXCL10 inhibition on the CXCL1-
induced signaling. The mechanism of CXCL10 inhibition
of CXCL1 binding has not been examined. It is not known
whether CXCL10 destabilizes the complex of CXCL1,
HSPGs, and CXCR2 or competes with CXCL1 binding to
HSPGs by binding to HSPGs. However, the finding that the
non-ELR-CXC chemokine, CXCL10, blocks an ELR-CXC
chemokine-induced signaling in a CXCR3 independent
manner is novel and potentially important. Previous observa-
tions have shown that ELR-positive and non-ELR-CXC
chemokines exert opposite effects on angiogenesis in vitro
and in vivo (3). The shift in the balance of the ELR-CXC
chemokines versus non-ELR-CXC chemokines has been
observed in many inflammatory diseases, such as chronic
pancreatitis, inflammatory bowel disease and psoriasis (53-
54), and tumor development (4-5). Our data provide a
potential mechanism for the different biological functions
of these two subsets of CXC chemokines.
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