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Abstract

CXCL8 (IL-8) plays an important role in the pathogenesis of a variety of inflammatory diseases.
However, little is known about the signaling pathways that regulate CXCL8-induced chemotaxis. Here,
we found that CXCL8 treatment of CXCR1- and CXCR2-over-expressing L1.2 cells (CXCR1-L1.2 and
CXCR2-L1.2, respectively) induced the phosphorylation of Cbl and Akt. The tyrosine kinase inhibitor
Tyrphostin A9, phosphatidylinositol-3 kinase (PI3K) inhibitor LY294002 as well as proteasome
inhibitors significantly blocked the CXCL8-induced chemotaxis of L1.2 cells and human neutrophils.
We further found that stimulation with CXCL8 enhanced the association of the PI3K subunit p85 with
Cbl. Additionally, over-expression of wild-type Cbl and G306E-Cbl (mutation in the tyrosine kinase-
binding domain) inhibited chemotaxis by ~50% as compared with the vector control, whereas the 70Z
mutant (deletion in the RING finger domain) did not reduce migration. However, wild-type Cbl or its
mutants had no effect on the CXCL8-induced activation of MAPK, indicating that Cbl specifically
modulated CXCL8-induced chemotaxis. Furthermore, over-expression of the kinase-dead Akt mutant
decreased CXCL8-induced chemotaxis by 60% and diminished Cbl phosphorylation as compared
with the vector control. The CXCL8-induced phosphorylation of Cbl was also reduced when cells were
pre-treated with the PI3K inhibitor LY294002. Lastly, we have shown that pre-treatment of L1.2 cells
with the proteasome inhibitor Lactacystin blocks CXCL8-induced internalization of the CXCR1 and
CXCR2 receptors. These studies provide new information regarding CXCL8-induced signaling
pathways that may regulate chemotaxis and receptor internalization.

Introduction

Chemokines and their receptors are regulators of cell migra-
tion and growth and play an integral role in immune response.
These molecules have also been shown to be involved in
the pathogenesis of several diseases (1–5). CXCL8 (IL-8) is
a potent chemotactic factor for neutrophils (6) and plays an
important role in the pathogenesis of a variety of inflammatory
diseases such as psoriasis, sepsis, asthma, rheumatoid ar-
thritis and atherosclerosis (7–9). In addition, it has been shown
to regulate the angiogenesis and metastasis of various can-
cers (10, 11). CXCL8 is produced by a variety of cells aside
from neutrophils, including monocytes, T lymphocytes, fibro-
blasts, endothelial cells and epithelial cells, and binds to the
chemokine receptors CXCR1 and CXCR2 (12, 13).

Despite the increasingly prominent role of CXCL8 and its
cognate receptors CXCR1 and CXCR2 in various cell re-
sponses such as inflammation, embryogenesis, wound repair
and metastasis (1–5, 14–16), relatively little is known about the

molecular mechanisms that mediate CXCL8-induced chemo-
taxis. Phosphatidylinositol-3 kinase (PI3K), the GTP-binding
proteins Rac, Rho and cdc42 as well as phospholipase c have
been shown to regulate CXCR1-mediated chemotaxis (17–
20). In the present study, we further delineated CXCR1-
mediated chemotactic signaling mechanisms and found that
Cbl and Akt are key components of this pathway.

Cbl, a 120-kD protein that contains a tyrosine kinase-
binding (TKB) domain can function as an adaptor protein by
binding to several different proteins. It also contains a RING
finger domain and negatively regulates signaling by directing
the ubiquitination and degradation of activated receptor tyro-
sine kinases (21). The Cbl protein has been shown to regulate
cell spreading in response to integrin engagement and is in-
volved in the functional organization of the actin cytoskeleton
(22, 23). However, the precise role of Cbl in chemotaxis is
unclear.
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Akt/PKB, which is a cell survival molecule, has recently been
shown to be activated by various chemokines including
CXCL8 and CXCL12 (24–26). Akt is known to be regulated
by PI3K and is involved in the chemotactic signaling pathways
of endothelial and other cell types (27). It has also been shown
to be recruited to the leading edge of the cell in Dictyostelium
and neutrophils (28, 29).

In order to understand further the regulatory mechanism of
CXCL8-induced and CXCR1/CXCR2-mediated chemotaxis,
we investigated the role of various signaling molecules. Our
results have shown that Cbl and Akt mediate the CXCL8-
induced chemotactic pathway. These proteins most likely act
via a complex composed of the p85 subunit of PI3K and Cbl.
Furthermore, our work has revealed that Cbl is a negative
regulator of chemotaxis and that the RING finger domain of the
protein is essential for this activity.

Methods

Reagents and materials

Antibodies to Cbl, phosphotyrosine (PY99), Akt, p85 and Erk
1/2 were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). P-Akt antibody was obtained from Cell Sig-
naling (Beverly, MA, USA). HA antibody was obtained from
Covance (Princeton, NJ, USA). Proteasome inhibitors were
obtained from Alexis Biochemicals (San Diego, CA, USA).
Anti-phosphotyrosine antibody (4G10) was obtained from
Upstate Biotechnology (Lake Placid, NY, USA). CXCL8 was
obtained from Peprotech (Rocky Hill, NJ, USA).

Cell culture

CXCR1-L1.2 or CXCR2-L1.2 cells were maintained in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine
serum, 2 mM glutamine, 1 mM sodium pyruvate, 50 lg ml�1

penicillin, 50 lg ml�1 streptomycin, 55 lM 2-mercaptoethanol
and 0.8 mg ml�1 G418 (Invitrogen). CXCR1-L1.2 and CXCR2-
L1.2 cells are murine pre-B cells that are stably transfected
with the CXCR1 or CXCR2 receptor, respectively. L1.2 cells
over-expressing CXCR1 or CXCR2 have ~80% expression of
CXCR1 or CXCR2, respectively.

Transfection of cells

Cells were transiently transfected with Metafectene (Biontex),
and cells were suspended at a concentration of 5 3 105 cells
ml�1 in medium containing serum. In polypropylene tubes, the
DNA–lipid complex was mixed with the following: 1 lg of DNA
[pcDNA 3.1, wild-type Cbl, Cbl mutant 70Z, Cbl mutant G306E
(kindly provided by Hamid Band of Northwestern University)],
wild-type Akt or kinase-dead mutant Akt (kindly provided
by Michael Greenberg of Harvard Medical School) and 4 ll
Metafectene (for every 1 3 106 cells to be transfected), each in
solution with 50 ll RPMI. The mixture was incubated for 20 min
at room temperature to form the DNA–lipid complex. After 20
min, the solution was added to the cells and incubated at 37�C
for 48 h. The cells were then used for the specified experi-
ments. The transfection efficiency was observed to be ~70–80%.

Stimulation of cells

Stimulation of cells was carried out as previously described
(30). Briefly, cells were washed with 13 Hank’s buffered salt

solution (Cellgro) and serum starved for 1 h at 37�C with 13
Hank’s at a concentration of 10 3 106 cells ml�1. The cells
were then treated with 5 nM CXCL8 at 37�C for various time
periods. A concentration of 5 nM CXCL8 was used because,
upon performing a dose–response curve, we found that this
concentration yielded a maximum chemotaxis of the cells. At
the end of the stimulation, cells were harvested by centrifu-
gation and lysed in modified RIPA buffer (50 mM Tris–HCl,
pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride, 10 lg ml�1 aprotinin, 10 lg ml�1

leupeptin, 10 lg ml�1 antipain, 10 lg ml�1 chymostatin, 100
lg ml�1 trypsin inhibitor, 10 lg ml�1 pepstatin, 10 mM sodium
vanadate, 10 mM sodium fluoride and 10 mM sodium pyro-
phosphate). Protein concentrations were determined by the
Bio-Rad detergent-compatible protein assay.

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were carried out as
previously described (30). Briefly, equal amounts of protein
from the stimulated time points were clarified by incubation
with protein A-Sepharose CL-4B or GammaBindTM Sepharose
beads (both from Amersham Biosciences) for 1 h at 4�C. The
Sepharose beads were removed by brief centrifugation, and
the supernatants were incubated with different primary anti-
bodies for 2 h at 4�C. Immunoprecipitation of the antibody–
antigen complexes was performed by incubation at 4�C
overnight with 50 ll of protein A-Sepharose or GammaBindTM

Sepharose (50% suspension). Non-specific interacting pro-
teins were removed by washing the beads thrice with modified
RIPA buffer and once with PBS. Immune complexes were
solubilized in 50 ll of 23 Laemmli buffer, boiled and subjected
to SDS–PAGE. The proteins were transferred onto nitrocellu-
lose membranes, and the membranes were blocked with 5%
non-fat milk protein for 2 h at 37�C or overnight at 4�C. The
membranes were then probed with primary antibody for 3 h at
room temperature or at 4�C overnight. Immunoreactive bands
were visualized using HRP-conjugated secondary antibody
(Amersham) and the enhanced chemiluminescence system
(ECL from NEN).

Western blotting

Equal amounts of protein were solubilized in 50 ll of 23
Laemmli buffer, boiled and subjected to SDS–PAGE. The
proteins were transferred onto nitrocellulose membranes. The
membranes were then blocked with 5% non-fat milk protein for
2 h at 37�C or overnight at 4�C and probed with primary
antibody for 3 h at room temperature or at 4�C overnight. Im-
munoreactive bands were visualized using HRP-conjugated sec-
ondary antibody (Amersham) and the ECL system (from NEN).

Migration assays

Migration assays were performed according to procedures
described previously (30). Briefly, cells were re-suspended
at 6.6 3 106 ml�1 in RPMI 1640 medium containing 2.5%
FCS. Twenty-four-well plates containing 5 lm porosity in-
serts (CoStar Corp, Kennebunk, ME, USA) were used for the
assays. 600 ll of medium containing 5 nM CXCL8 was added
to the bottom wells, and 150 ll of cells was placed in the
inserts. A concentration of 5 nM CXCL8 was used because,
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upon performing a dose–response curve, we found that this
concentration yielded maximum chemotaxis. In one set of ex-
periments, CXCR1-L1.2 cells or isolated neutrophils were un-
treated or treated with the proteasome inhibitors Epoxomicin
and Lactacystin, the tyrosine kinase inhibitor Tyrphostin A9
(31), the tyrosine phosphatase inhibitor Vanadate or the PI3K
inhibitors Wortmannin and LY294002. Controls were treated
with appropriate solvents and CXCL8 under similar conditions.
In another set of experiments, cells were transiently trans-
fected with either vector control (pcDNA3.1) or various vectors
containing wild-type Cbl or wild-type Akt and Cbl or Akt
mutants. Forty-eight hours after transfection, the cells were
used for a migration assay. In all cases after 4 h (1 h for
neutrophils), cells that migrated to the bottom wells were
collected and counted on a hemacytometer.

Preparation of neutrophils

Neutrophils were isolated by discontinuous Ficoll-Hypaque
gradient centrifugation of heparinized blood obtained from
disease-free volunteers (32).

Statistical analysis

Statistics were performed using the Student’s t-test.

Results

Proteasome, phosphatase and tyrosine kinase inhibitors
reduce CXCL8-induced chemotaxis

Although CXCL8 is known to be a cytokine important in
immune response, to be a potent chemoattractant, and to play
a role in a variety of diseases (1, 2), little is known about its
chemotactic signaling. Thus, we analyzed stably transfected
CXCR1-L1.2 and CXCR2-L1.2 cells to determine their recep-
tor expression. We observed ~80% CXCR1/CXCR2 recep-
tor expression in these cells using flow cytometry analysis
(Fig. 1A and B). To delineate the pathways involved in CXCL8-
induced, CXCR1- and CXCR2-mediated signaling, we pre-
treated the CXCR1- and CXCR2-L1.2 cells, as well as human
neutrophils, with several types of inhibitors. We found that
the specific proteasome inhibitors Lactacystin and Epoxomi-
cin caused a significant, dose-dependent reduction in the
chemotaxis of CXCR1-L1.2 cells (Fig. 2A), CXCR2-L1.2 cells
(Fig. 2C) and neutrophils (Fig. 2E). At the highest concentra-
tion of both Lactacystin and Epoxomicin in neutrophils (50
lM), migration was reduced to <25% of the vehicle control
(P < 0.01), which was dimethyl sulfoxide (DMSO) for both
inhibitors. Similar results were seen in both types of L1.2 cells,
although at the highest concentration Epoxomicin reduced
CXCR1-mediated migration to 12% of the vehicle control (P <
0.002), while Lactacystin reduced migration to 25% of the
vehicle control (P < 0.004). CXCR2-mediated migration was
reduced by Lactacystin and Epoxomicin to 10% (P < 0.002)
and 5% (P < 0.001), respectively, compared with the vehicle
control. The tyrosine kinase inhibitor Tyrphostin A9, that has
been shown to block the activity of RAFTK (31), also reduced
the CXCL8-induced migration of CXCR1-L1.2 cells (Fig. 2B),
CXCR2-L1.2 cells (Fig. 2D) and neutrophils (Fig. 2F) in a dose-
dependent manner. In both neutrophils and CXCR1-L1.2 cells,
the highest concentration of Tyrphostin A9 reduced migration

to <17% of the vehicle control (P< 0.01), while in CXCR2-L1.2
cells it reduced migration to <3% of the DMSO vehicle control
(P < 0.003). In addition, the phosphatase inhibitor Vanadate
significantly decreased CXCL8-induced migration, with the
highest concentration (10 lM) reducing the migration of
CXCR1-L1.2 cells to 17% of the vehicle (water) control (P <
0.005) (Fig. 3A) and CXCR2-L1.2 cells to 57% of the vehicle
control (P < 0.03) (Fig. 3B). Treatment of cells with the PI3K
inhibitor LY294002 also caused a block in migration, with both
CXCR1-L1.2 and CXCR2-L1.2 cells reduced to ~30% of the
vehicle control (DMSO) (P < 0.02 for both cell lines) (Fig. 3C
and D). However, the MAPK inhibitor PD98059 had no effect
on the CXCL8-induced migration of the CXCR1-L1.2 and
CXCR2-L1.2 cells as compared with the DMSO vehicle control
(Fig. 3E and F). The inhibitor-treated cells were also subjected
to viability tests at the end of the migration assay to rule out the
possibility that the inhibited cell migration was an artifact
resulting from cell death following the inhibitor treatments. All
cells were stained with trypan blue to test for the possible
toxicity of the inhibitors. However, we found no significant
differences between the inhibitor-treated and DMSO control-
treated cells, as ~4–7% cell death was seen under both
conditions (data not shown). We determined the ED50 values
for the toxicity of these inhibitors using various inhibitor con-
centrations (data not shown). The ED50 values for the inhib-
itors were as follows: Epoxomicin (400 lM), Lactacystin
(600 lM), PD98059 (100 lM), LY294002 (160 lM), Vanadate

Fig. 1. Receptor expression of CXCR1-L1.2 and CXCR2-L1.2
cells. CXCR1-L1.2 cells (A) or CXCR2-L1.2 cells (B) were stained
with cy-chrome antibody (BS Pharmingen) for CXCR1 and CXCR2,
respectively, or with cy-chrome control antibody. Cells were then
analyzed by flow cytometry. The filled line represents the antibody
control and the unfilled line represents the receptor expression.
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(10 lM) and Tyrphostin A9 (20 lM). These values were at least
3–10 times greater than the highest inhibitor concentration
used in our chemotactic assays, with the exception of the
value for Tyrphostin A9, which was two times greater than the
highest inhibitor concentration used. These inhibitor studies
suggest that different signaling pathways play a role in
CXCL8-induced chemotaxis.

CXCL8 induces the phosphorylation of Cbl and Akt

We next decided to explore the activation of Cbl and Akt in
CXCL8-induced signaling pathways. First, we examined the
CXCL8-induced phosphorylation of Cbl. Cbl is known to be an
E3 ubiquitin ligase that mediates the ubiquitination of proteins
leading to proteasomal degradation (21, 33). CXCR1/CXCR2-
L1.2 cells or human neutrophils were treated with CXCL8 (5
nM) and then analyzed for Cbl phosphorylation. We observed
that stimulation of CXCR1-L1.2 and CXCR2-L1.2 cells with
CXCL8 resulted in the rapid phosphorylation of Cbl (Fig. 4A
and B, top panels, respectively). Cbl has been shown to be
principally phosphorylated at three different sites: Tyr 700, 731
and 774 (21). We observed increased Cbl phosphorylation at

Tyr 700 in neutrophils following stimulation with CXCL8 by flow
cytometry using a phospho-specific Cbl antibody (Fig. 4C).
We employed the more sensitive flow cytometry methods
using phospho-specific antibodies since we had difficulty in
detecting Cbl phosphorylation in activated neutrophils using
immunoprecipitation and western blotting procedures. Simi-
lar technical difficulties in detecting Cbl phosphorylation in
neutrophils have been reported by other authors (34). We
further found that CXCL8 induces Akt phosphorylation in the
CXCR1-L1.2 and CXCR2-L1.2 cells (Fig. 4D and E, top panels,
respectively), as well as in neutrophils (Fig. 4F, top panel).
Equal amounts of protein were present in each lane (Fig. 4A–B
and D–F, bottom panels).

Cbl and PI3K associate in response to CXCL8 stimulation

In order to further elucidate the signaling mechanisms that
govern CXCL8-induced chemotaxis, we analyzed whether Cbl
and PI3K associate upon activation by CXCL8. CXCR1-L1.2
and CXCR2-L1.2 cells were treated with CXCL8, and cell
lysates were analyzed for the association of Cbl with p85.
Figure 5 shows the increased association of Cbl with p85 in
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Fig. 2. Effect of proteasome and tyrosine kinase inhibitors on CXCL8-induced chemotaxis. CXCR1-L1.2 cells (A and B), CXCR2-L1.2 cells (C and
D) or neutrophils (E and F) were pre-incubated with the indicated concentrations of the proteasome inhibitors Lactacystin (Lacta) and Epoxomicin
(Epox) (A, C and E) or Tyrphostin A9 (B, D and F) for 1 h. The cells were then treated with CXCL8 (5 nM) and subjected to chemotaxis assay. The
experiments were done in duplicate and are represented as the mean 6 SEM; *P< 0.05, **P< 0.005. The experiments were done three times and
representative graphs are shown.
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both CXCR1-L1.2 cells (A) and CXCR2-L1.2 cells (B) upon
stimulation with CXCL8 (5 nM). This data indicates that a
signaling complex comprised of Cbl and the PI3Ks subunit
p85 is formed in response to CXCL8.

Cbl modulates CXCL8-induced chemotaxis

We further investigated the role of Cbl in CXCL8-induced,
CXCR1- and CXCR2-mediated chemotaxis by transiently
transfecting CXCR1-L1.2 and CXCR2-L1.2 cells with wild-
type Cbl, the Cbl mutants 70Z-Cbl and G306E-Cbl or with the
vector control (pcDNA 3.1). We then examined their effects on
the cells in response to CXCL8 treatment (5 nM). We found that
wild-type Cbl reduced the CXCR1-L1.2 cell migration to ~50%
of the vector control (P < 0.027) (Fig. 6A), and decreased the
migration of CXCR2-L1.2 cells to ~60% of the vector control
(P < 0.05) (Fig. 6C). 70Z-Cbl, that lacks the 17 amino acids
near the RING finger region and has previously been reported
to activate the transforming potential of Cbl, restored the
level of the CXCL8-induced migration to that of the vector-
transfected control cells in both CXCR1- and CXCR2-L1.2
cells (Fig. 6A and C). The G306E mutant of Cbl (in which the
glycine at position 306 in the TKB domain is replaced by
glutamic acid) also inhibited cell migration to a similar degree
as the wild-type Cbl. The success of the transfection was

confirmed by showing over-expression of Cbl in the lysates
of the wild-type- and mutant-transfected cells as compared
with those transfected with the vector control (Fig. 6B), or by
showing expression of HA in the cells (the wild-type Cbl and
Cbl mutants have an HA tag) (Fig. 6D).

Cbl has no effect on the phosphorylation of Erk 1/2

Because the MAPK pathway is known to be involved in
chemokine signaling and migration (35–39), we analyzed by
western blotting whether stimulation of transfected CXCR1-
L1.2 and CXCR2-L1.2 cells with 5 nM of CXCL8 showed any
effect on the phosphorylation of Erk 1/2 MAPK. While CXCL8
did induce phosphorylation of Erk 1/2 in both the CXCR1-L1.2
(Fig. 7A, top panel) and CXCR2-L1.2 (Fig. 7B, top panel) cells,
there was no difference in phosphorylation between the L1.2
cells when transfected with wild-type Cbl, 70Z-Cbl, G306E-Cbl
or the vector control. Equal amounts of protein were present in
each lane (Fig. 7A and B, bottom panels). These data suggest
that Cbl has no effect on CXCL8-induced MAPK activation.

Mutant Akt blocks migration

Since we found that Akt is phosphorylated upon stimulation
with CXCL8, we next examined cells over-expressing either
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Fig. 3. Effect of phosphatase, MAPK and PI3K inhibitors on CXCL8-induced chemotaxis. CXCR1-L1.2 (A, C and E) or CXCR2-L1.2 (B, D and F)
cells were pre-incubated for 1 h with the indicated concentrations of the phosphatase inhibitor Vanadate (Van) (A and B), the PI3K inhibitor
LY294002 (C and D) or the MAPK inhibitor PD98059 (PD) (E and F). The cells were then treated with CXCL8 (5 nM) and subjected to chemotaxis
assay. The experiments were done in duplicate and are represented as the mean 6 SEM; *P < 0.05, **P < 0.005. The experiments were done
three times and representative graphs are shown.
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wild-type Akt or a kinase-dead mutant of Akt for any effects on
migration. CXCR1-L1.2 and CXCR2-L1.2 cells were transiently
transfected with pcDNA3.1, wild-type Akt or mutant Akt (both
types of Akt DNA had HA tags) and, 2 days after transfection,
were exposed to CXCL8 in a migration assay. Two concen-
trations of CXCL8 were used to rule out the possibility that the
transfection of the cells merely modified the efficacy of the
chemotactic gradient. As shown in Fig. 8, CXCR1-L1.2 and
CXCR2-L1.2 cells over-expressing wild-type Akt showed no
difference in migration as compared with the vector control.
The kinase-dead mutant of Akt, however, blocked CXCR1-L1.2
cell migration by ~60–70% when using either a 5 nM (Fig. 8A)
or a 1 nM (data not shown) concentration of CXCL8. CXCR2-
L1.2 cell migration was reduced by only 25% when using 5 nM
of CXCL8 (Fig. 8C) and by 40% with 1 nM of CXCL8 (data not
shown). These results indicate that Akt is important for CXCL8-
induced chemotaxis. CXCR1-L1.2 (Fig. 8B) and CXCR2-L1.2
(Fig. 8D) cells were checked for successful transfection by
using immunoprecipitation with Akt antibody and western blot-
ting with HA antibody.

Akt regulates Cbl phosphorylation

In order to further study the effects of Akt on the regulation of
chemotaxis by Cbl, we transiently transfected CXCR1-L1.2

and CXCR2-L1.2 cells with pcDNA3.1 (vector control), wild-
type Akt or mutant (kinase-dead) Akt. We found that Akt
modulates the phosphorylation of Cbl. While over-expression
of wild-type Akt had little effect on Cbl phosphorylation (data
not shown), over-expression of the kinase-dead Akt mutant,
which impedes CXCL8-induced chemotaxis, significantly
diminished Cbl phosphorylation in CXCR1-L1.2 (Fig. 9A,
upper panel) and CXCR2-L1.2 (Fig. 9B, upper panel) cells
as compared with cells transfected with the vector control.
Equal amounts of protein were present in each lane (Fig. 9A
and B, lower panels). Densitometric imaging analysis showed
that the intensity of phosphorylation decreased 3- to 4-fold
from the vector to the Akt mutant in a comparison by time
point. Furthermore, pre-treatment of untransfected CXCR1-
L1.2 cells with the PI3K inhibitor LY294002 also significantly
reduced CXCL8-induced Cbl phosphorylation as compared
with the DMSO solvent control-treated cells (Fig. 9C, upper
panel). The protein levels were similar in all lanes (Fig. 9C,
lower panel). This suggests that the PI3K/Akt pathway re-
gulates the CXCL8-induced phosphorylation of Cbl.

Proteasome inhibitor blocks receptor internalization

To determine whether the proteasomal activity had any effect
on receptor internalization, we pre-treated CXCR1- and

Fig. 4. CXCL8 induces the phosphorylation of Cbl and Akt. CXCR1-L1.2 cells (A and D), CXCR2-L1.2 cells (B and E) or human neutrophils (C and
F) were unstimulated (0) or stimulated with CXCL8 (5 nM) and then lysed at the indicated time points. Cell lysates (1 mg) were immunoprecipitated
(IP) with anti-Cbl antibody and the complexes resolved on SDS-PAGE, then western blotted (WB) with anti-phosphotyrosine antibodies (PY99,
4G10) (A and B, top panels). Total protein was detected by probing the blots with anti-Cbl antibody (A and B, bottom panels). Cell lysates (50 lg)
were also run on SDS-PAGE and immunoblotted with anti-phosphorylated Akt (p-Akt) (D–F, top panels). Total protein was detected by probing the
blots with anti-Akt antibody (D–F, bottom panels). The phosphorylation of Cbl was determined by performing flow cytometry analysis in whole cells
after stimulation with CXCL8 (5 nM), using staining for Cbl Tyr 700. For the quantitative analysis of protein phosphorylation, the ratio of phos-
phorylation versus total protein in each sample was obtained by flow cytometry. The phosphorylation index for Cbl, as shown in the graph (Fig. 4C),
was determined by calculating the value of this ratio in each sample and presenting the ratio as the fold increase over the control sample. Each
experiment was performed three times and representative ones are shown. AbC ¼ antibody control, TCL ¼ total cell lysate.
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CXCR2-L1.2 cells with the proteasome inhibitor Lactacystin for
1 h and then stimulated the cells with CXCL8 (1 lg ml�1) at
37�C. Cells were stained for the CXCR1 and CXCR2 receptors
and their expression was analyzed by flow cytometry in order
to determine receptor internalization. We found that Lactacys-
tin treatment inhibited ligand-induced internalization in the
CXCR1-L1.2 (Fig. 10A) and CXCR2-L1.2 (Fig. 10B) cells. This
indicates that proteasomal activity is important for both cell
migration and receptor internalization and that proteasome in-
hibitors may inhibit cell migration by blocking this internalization.

Discussion

CXCL8 acts as a potent chemoattractant for neutrophils.
Moreover, CXCL8-induced and CXCR1/CXCR2-mediated che-
motaxis has been reported to play a key role in inflammatory
responses and in the defense against infectious agents (1–7).
Recently, CXCL8 was also shown to increase the motility of
cancer cells and to enhance tumor angiogenesis and
metastasis (10, 11, 15, 16). However, the signaling pathways
that regulate CXCL8-induced chemotaxis have not been fully
elucidated. In the present study, we have further explored
CXCR1/CXCR2-mediated chemotactic signaling mechanisms
and have shown that Cbl and Akt are key components of this
pathway. Previous studies have found that Cbl can recruit
ubiquitin-carrier enzymes or ubiquitin-conjugating enzymes
as well as direct the multi-ubiquitination and degradation of
various proteins (40, 41). Cbl also contains multiple protein
interaction motifs that form complexes with several signal
transducers and regulators (42–44). It has been suggested
that the tyrosine phosphorylation of Cbl regulates its ubiquitin

ligase function (45, 46). Cbl has been shown to be both
a positive and negative regulator, depending on whether it is
utilizing its function as an adaptor protein or as a ubiquitin
ligase (23, 42, 44, 47, 48). We have shown that over-
expression of wild-type Cbl reduces CXCL8-induced chemo-
taxis in CXCR1- and CXCR2-expressing cells. We have further
shown that 70Z/3 Cbl, which lacks E3 ubiquitin ligase activity,
has no effect on the migration of these cells. Our studies also
demonstrated that the proteasome inhibitors Epoxomicin and
Lactacystin inhibit CXCL8-induced chemotaxis. In addition,
we observed that Lactacystin blocks the down-modulation
of CXCR1 and CXCR2 induced by CXCL8. Although

Fig. 6. Cbl regulates CXCL8-induced chemotaxis in CXCR1-L1.2 and
CXCR2-L1.2 cells. CXCR1-L1.2 (A and B) and CXCR2-L1.2 (C and D)
cells were transfected with pcDNA3.1 (vector control), wild-type (Wt)
Cbl, 70Z-Cbl or G306E-Cbl using Metafectene. After 48 h, the cells
were treated with CXCL8 (5 nM) and subjected to chemotaxis assay
(A and C). Over-expression of Cbl was demonstrated by analyzing
lysates of the transfected cells using SDS-PAGE and then western
blotting with anti-Cbl antibody (B), or by immunoprecipitation with
anti-Cbl antibody and western blotting with anti-HA antibody (D). The
experiments were done in duplicate, and are presented as the
mean 6 SEM. Data are representative of three different experiments.
*P < 0.05.

Fig. 5. CXCL8 enhances the association of Cbl with p85. Lysates of
CXCR1-L1.2 cells (A) and CXCR2-L1.2 cells (B), prepared from un-
stimulated (0) or CXCL8-stimulated (5 nM) cells for the indicated time
points, were immunoprecipitated (IP) with anti-Cbl antibody. The com-
plexes were resolved on SDS-PAGE and western blotted (WB) with
anti-p85 antibody to analyze the association of p85 with Cbl in re-
sponse to CXCL8 (A and B, upper panels). The blots were stripped
and re-probed for total protein with anti-Cbl antibody (A and B, lower
panels). The experiments were done in duplicate. Representative blots
are shown. AbC ¼ antibody control.
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over-expression of wild-type Cbl partially inhibited the CXCL8-
induced CXCR1 down-modulation and 70Z/3 Cbl had no
effect (data not shown), it was not possible to precisely inter-
pret the role of Cbl in the receptor internalization process due

to the variable inhibition observed between experiments. These

results suggest that Cbl and the proteasome pathway may

regulate CXCL8-induced chemotaxis and receptor trafficking.

The trafficking properties of the CXCR1/CXCR2 receptors have

been shown to be important for CXCL8-induced chemotaxis

(49, 50). It was demonstrated that CXCR2 mutants that do

not undergo internalization exhibit a reduced chemotactic

response toward their ligand, CXCL8 (51–53). Internalization

and recycling of other chemokine receptors, such as CXCR4

and CCR5, have also been reported to be important for

chemotaxis (30).
Additionally, Cbl may function by regulating the activity

of downstream signaling mediators. We found that over-
expression of wild-type Cbl or Cbl mutants has no effect on
CXCL8-induced MAP (Erk 1/2) kinase activation and that
the MAPK inhibitor PD98059 does not block CXCL8-induced
chemotaxis. This suggests that Cbl does not mediate MAPK
activation. MAPK activation has previously been shown to
have no effect on CXCL8-induced chemotaxis (38), but has
been reported to regulate chemotaxis mediated by other
chemokine receptors (36).

We have demonstrated that Akt regulates CXCL8-induced
chemotaxis, as over-expression of a dominant negative Akt
mutant inhibited this chemotaxis. The mechanism through
which Akt regulates chemotaxis is not well known. In neu-
trophils, Akt has been found to be recruited to the leading
edge of cells during chemotaxis. Furthermore, Akt has been
observed to modulate cell motility through PAK (54). PAK
phosphorylates myosin light chain kinase, which in turn
regulates cell spreading (55).

Since chemotaxis requires orderly changes in cytoskeletal
structure, it is possible that the complex formation of Cbl and

Fig. 7. Cbl regulates chemotaxis via a MAPK-independent pathway.
CXCR1-L1.2 (A) and CXCR2-L1.2 (B) cells were transfected with
pcDNA3.1 (vector control), wild-type (Wt) Cbl, 70Z-Cbl or G306E-Cbl
using Metafectene. After 48 h, the cells were treated with CXCL8 (5
nM) for the indicated time points. The cell lysates were analyzed using
SDS-PAGE and western blotting (WB) with anti-phospho-Erk 1/2 (p-Erk
1/2) antibody (upper panels). The blots were then stripped and re-
probed for total protein with anti-Erk 1/2 antibody (lower panels). The
experiment was done multiple times and representative blots are
shown.

Fig. 8. Akt is involved in CXCL8-induced chemotaxis. CXCR1-L1.2 (A and B) and CXCR2-L1.2 (C and D) cells were transfected with pcDNA3.1
(vector control), HA-tagged wild-type Akt (Wt) or an HA-tagged kinase-dead Akt mutant (mutant). Forty-eight hours after the start of
transfection, the cells were treated with 5 nM CXCL8 (A and C) and subjected to a chemotaxis assay. This experiment was done in duplicate, and is
presented as the mean 6 SEM. The success of the transfection was confirmed by immunoprecipitating (IP) cell lysates with anti-Akt antibody, and
then performing western blotting (WB) with anti-HA antibody (B and D). Data shown are representative of three experiments. AbC ¼ antibody
control.
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p85 leads to changes in phosphorylation resulting in alter-
ations to the cytoskeleton and focal contacts. Cbl has also
been reported to interact with proteins that co-localize to
actin and modulate cytoskeletal responses (56). In addition,
several cytoskeletal proteins such as dynamin and the
p130cas–Crk II complex associate with Cbl (57, 58). Thus,
our study demonstrates that CXCR1- and CXCR2-mediated
signal transduction involves the participation of Cbl and
Akt during chemotaxis. Further analysis of these processes
should significantly increase our understanding of CXCL8-
induced, CXCR1- and CXCR2-mediated chemotactic signal-
ing pathways.
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