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Abstract
Endothelial cell migration is essential for tumor angiogenesis, and interleukin-8 (IL-8)
has been shown to play an important role in tumor growth, angiogenesis, and metastasis.
This study aimed to investigate the molecular mechanism of IL-8 induced endothelial cell
migration. Our results indicated that IL-8 induced a rapid rearrangement of the actin
cytoskeleton in EA.Hy926 cells, generating extensions resembling membrane ruffling
and stress fibers. These processes required parallel upregulation of the small GTPases
Rac1 and RhoA. Moreover, we demonstrated that IL-8 activated PI3K following the same
kinetics observed from IL-8 induction of cytoskeletal rearrangement, suggesting the participation of PI3K in these processes. Taken together, our study demonstrates that
PI3K–Rac1/RhoA signaling pathway plays a vital role in IL-8 induced endothelial cell
migration, and provides new insight into the molecular mechanisms by which IL-8 contributes to tumor angiogenesis and metastasis.
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Introduction
As an inflammatory and chemotaxis factor, interleukin-8 (IL-8) belongs to the CXC family of proteins and is readily purified from human monocyte
culture supernatant stimulated with lipopolysaccharide (LPS) or phytohemagglutinin (PHA). IL-8 was
discovered by Yoshimura [1] in 1987 and is mainly
secreted by monocytes and endothelial cells. IL-8 activates multiple intracellular signaling pathways
downstream of two cell-surface receptors, CXCR1 and
CXCR2. Increased expression of IL-8 and/or its re-

ceptors has been characterized in cancer cells, endothelial cells, infiltrating neutrophils, and tumor-associated macrophages, indicating that IL-8
may function as a regulatory factor in the tumor microenvironment. Tumor-derived IL-8 has the capacity
to exert profound effects on the tumor microenvironment. For example, IL-8 secretion can activate
endothelial cells in the tumor vasculature to promote
angiogenesis. The multiple effects of IL-8 on different
cell types present within the tumor microenvironment
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suggest that targeting of IL-8 signaling may have
important implications for sensitizing tumors to
chemotherapeutic and biological agents.
The small G protein Rac1 is one of the main regulatory factors involved in the reassembly of the actin
cytoskeleton, which plays important role in coordinating cell migration [2]. It has been found that external stimulus could be transduced through matrix-integrin-Rho GTPases signal pathway, suggesting
that Rac1 may be one of the critical molecules involved in IL-8 induced endothelial cell migration. On
the other hand, phosphoinositide 3-kinases (PI3Ks)
function in maintaining cell polarity and defining the
leading edge of migrating cells [3]. The feedback loops
between Rho GTPases and PI3K can integrate and
amplify cell signaling, and both of them are required
for efficient cell migration.
Our previous study demonstrated that IL-8
could induce endothelial cell migration [4]. In addition, IL-8 induced the expression of Rac1, which then
modulated cell migration [5]. However, whether PI3K
is involved in IL-8 induced endothelial cell migration
remains largely unexplored. Therefore, the present
study focused on the link between PI3K and
Rac1/RhoA downstream of IL-8 in mediating endothelial cell migration. The results demonstrated that
PI3K-Rac1/RhoA signaling pathway plays a vital role
in the IL-8 induced endothelial cell migration.

Materials and methods
Cell culture
The EA.Hy926 cell line (Blood Research Institute,
Jiangsu Province, China) is a hybridoma between
human umbilical vein endothelial cells (HUVECs)
and the epithelial lung tumor cell line A549 [6]. This
cell line retains most features of HUVECs, including
the expression of endothelial adhesion molecules and
human factor VIII-related Ag [7]. EA.Hy926 cells were
grown to confluence in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% fetal bovine
serum (PromoCell, Heidelberg, Germany).

Antibodies and pharmacological reagents
RhoA monoclonal antibody and peroxidase
conjugated goat anti-mouse secondary mAb were
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Rac1 monoclonal mAb was purchased from Cytoskeleton (Cytoskeleton, Denver, CO,
USA). IL-8 was purchased from PeproTech (PeproTech, Rocky Hill, NJ, USA). BODIPY FL phallacidin
was obtained from Invitrogen (Invitrogen, Carlsbad,
CA, USA). DAPI was purchased from Sigma (Sigma,
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St. Louis, MO, USA). Wortmannin was obtained from
Calbiochem (Calbiochem, San Diego, CA, USA).

Western blot analysis
Cell lysate was prepared following the standard
procedure and protein concentrations were determined using the Bio-Rad system (Hercules, CA, USA).
The lysate was mixed with Laemelli sample buffer,
boiled at 100℃ for 5 min, and then separated by 15%
SDS-acrylamide electrophoresis and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were
blocked overnight in PBS with 5% nonfat dried milk
and 0.1% Tween-20, then incubated with the relevant
primary and secondary antibodies in blocking buffer
for 1 h and washed three times in PBS plus 0.1%
Tween-20 after the incubation. Blots were developed
using the Super-Signal detection system (Pierce,
Rockford, IL, USA), exposed to Hyperfilm (Amersham, Arlington Heights, IL, USA) and quantified
with quantity one software. Antibodies were diluted
as follows: 1:200 for anti-RhoA monoclonal mAb,
1:500 for anti-Rac monoclonal mAb, and 1:4000 for
peroxidase conjugated goat anti-mouse secondary
mAb.

Scratch-wound migration assays
EA.Hy926 cells were grown to 80-90% confluence in a 6-well plate (Corning, NY, USA), and incubated in medium containing 1% FBS overnight.
EA.Hy926 monolayers were scratched with a 200 μL
pipette tip (Fisher Scientific, Suwanee, GA, USA),
washed to remove debris and cultured with medium
containing 5% FBS to facilitate cell migration. Cells
were pretreated with wortmannin (100 nM) for 20 min
and then IL-8 (100 ng/ml) was added and incubated
for 6 h. Images were collected at the indicated time
points using a 4× objective on an Olympus microscope (Olympus, Tokyo, Japan).
EA.Hy926 cell migration during the wound repair was analyzed using the image analysis software,
Image Pro Plus 6.0 (Media Cybernetics). The acquired
images were converted from pixels to micrometers
with the use of a calibration image. For each experiment, 10 cells were randomly chosen along each edge
of the wound, and cell migration distance at the end
of each recording period was computed by
Dn = Ln –L0
Where Dn and Ln are the net cell migration distance
and the cell position at the metering point n (h), respectively. L0 is the original position.
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Immunofluorescent staining

Statistical analysis

Cells were plated on collagen I-coated coverslips
for 24 h before the experiment. After incubation in the
absence or presence of IL-8, cells were rapidly fixed
and permeabilized by immersion in 3.7% paraformaldehyde, 0.1% glutaraldehyde, and 0.15% mg/ml
saponin fix buffer at 37℃ for 1 h. The fixed cells were
then incubated with BODIPY FL phallacidin (Invitrogen, Carlsbad, CA, USA) and DAPI for 30 min and
then mounted in 50% glycerol-PBS containing 6
mg/ml of N-propyl gallate. All fluorescent images
were obtained using laser scanning confocal microscope (Leica TCS SP5, Germany).

Data were presented as mean ± SD from at least
10 images obtained from three independent experiments, unless otherwise indicated. Statistical analysis
was performed by one-way ANOVA test using SPSS
11.5 software package. Differences were considered
significant if P<0.05.

Plasmids
The expression plasmids for activated mutant of
Rac1 (pcDNA3-EGFP-Rac1-Q61L) and the dominant
negative form of Rac1 (pcDNA3-EGFP-Rac1-T17N)
were purchased from Addgene (Boston, MA, USA)
[8]. The expression plasmids for activated mutant of
RhoA (RhoA63L) and the dominant negative form of
RhoA (RhoA188A) were kindly provided by Prof.
Chen Yong-Chang (Jiangsu University, China).

Transient transfection
EA.Hy926 cells were transfected with plasmids
using Lipofectamine 2000 (Invitrogen) and OptiMEM
medium (Gibco BRL) in the absence of antibiotics according to the manufacturer’s instructions. After
transient transfection, the mRNA expression of Rac1
and RhoA was detected by RT-PCR. The transfection
efficiency was measured by a fluorescence microscope. Transfected cells were passaged at 56-60 h and
used after 72 h.

Transwell migration assay
Transwell (8 μm, Corning, NY, USA) filters were
equilibrated in serum containing 1640 medium for 2 h.
The 1640 medium containing 10% FBS was added into
the lower chamber of the migration filters. Cells were
plated in a volume of 1.5 ml serum-free DMEM per
Transwell filter with a density of 1×106. Cells were
allowed to migrate in 5% CO2 at 37ºC for 6 h and were
subsequently fixed by immersion of the filters in
methanol at room temperature for 15 min. Filters were
washed with deionized water and stained in 0.2%
crystal violet in a 20% methanol/water solution for 10
min. Cells were removed from the upper surface of
the membrane with a cotton swab. Cells that had migrated to the underside of the membrane were
counted at 200× magnification from five random
fields on each membrane.

Results
IL-8 promotes the migration of endothelial cells
Figure 1 showed the migration distance of the
cells after stimulated by IL-8 at 100 ng/ml concentration. The cells migration distance was increased with
the duration for both of the IL-8 stimulated group and
the control group (Figure 1A). The migration distance
of IL-8 stimulated group (at 2 h, 4 h, and 6 h) were
longer than that of the control group (Figure 1B,
P<0.05). These results suggested that IL-8 enhances
the migration of EA.Hy926 cells.

IL-8 modulates the actin cytoskeleton reorganization in endothelial cells
We examined the cytoskeletal changes after cells
were stimulated by IL-8. Figure 2 showed that the
cytoskeleton changes occurred at different time points
when the cells were stimulated by IL-8. In unstimulated serum starved cells (control group), actin filaments were well organized and distributed throughout the cells. However, after stimulated by IL-8,
prominent stress fibers appeared in the cells, and one
kind of F-actin rich spike-like filopodia, a phenotype
associated with active Cdc42, was observed (1 min to
10 min). In response to IL-8, membrane ruffles formed
in the 5 min group and 10 min group. Both in 15 min
group and 30 min group, lamellipodium could be
found at the leading edge of migrating cells. These
results indicated that IL-8 induces the actin filaments
reorganization which then forms cell-motility structures at the leading edge of the cells. Note the prominent induction of stress fibers from 2 h to 6 h. Taken
together, these data suggest that IL-8 not only induces
the membrane ruffling and lamellipodial extensions,
but also promotes the formation of actin fibers.

Upregulation of Rac1 and RhoA in the endothelial
cells stimulated by IL-8
The expression of Rac1 and RhoA in endothelial
cells was detected by Western blotting when stimulated by IL-8 for different durations (Figure 3). The
results showed that the expression of Rac1 increased
rapidly (in 5 min), and was distinctive with the control group. Then Rac1 expression decreased (from 10
min to 2 h). However, Rac expression increased again
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and reached to about 2-fold of the control group at the
4 to 6 h duration (Figure 3A). These results indicated
that IL-8 could induce the upregulation of Rac1.
Compared with Rac1, the expression of RhoA
changed more slowly. There was no significant
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change in RhoA expression compared to the control
group from 0 to 15 min, but RhoA expression increased significantly in 30 min and 1 h duration
groups (P<0.05) (Figure 3B). Later on, RhoA expression decreased to the level of control group.

FIG.1. IL-8 induces EA.Hy926 cell migration. (A) Wound healing assay. EA.Hy926 cells were grown to 80-90% confluence in a 6-well plate, and incubated in medium containing 1% FBS overnight. EA.Hy926 monolayers were
scratched and cultured in medium containing 5% FBS to facilitate cell migration. Cells were treated with 5% FBS
medium alone (Control), or 100 ng/mL IL-8 (IL-8 group). Cell migration was recorded by phase contrast microscopy
over 6 h time course after wound scratch. Shown were representative images of wound healing from 0 to 6 h after
wound scratch. (B) The level of cell migration into the wound scratch was quantified as the wound healing distance
and compared to that of control cells at each time point. *P < 0.05 vs. control group. Values represented averages ±SE
of three independent measurements along
the wound scratch. Scale bar=600 μm.

FIG.2. IL-8 induces the actin cytoskeleton
reorganization. EA.Hy26 cells grown on glass
coverslips were fixed with cold methanol
and then immunostained with BODIPY FL
phallacidin (green) and DAPI (blue). Filopodia were observed at the leading edge of
migrating cells (from 1min to 10min). Cells
showing membrane ruffles were indicated
from 5min group to 10min group. Lamellipodia at the leading edge was showed from
15min to 30 min. Note the prominent induction of stress fibers from 2 h to 6 h. Scale
bar=25 μm. Shown were representative
images of an interphase cell.
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FIG.3. Rac1 and RhoA play important roles in the cell migration induced by IL-8. EA.Hy926 cells were incubated with
100 ng/ml IL-8 for 6 h, and then subjected to Western blot analysis using indicated antibodies. β-actin served as
loading control. (A) Rac1 expression in 4 h and 6 h group was significant different from other groups, # P < 0.05; (B)
RhoA expression in 30 min group and 1 h group was significant different from other groups. * P < 0.05. (C) Cells were
transiently transfected with pcDNA3-EGFP-Rac1-Q61L (10 μg) or pcDNA3-EGFP-Rac1-T17N (4 μg). Forty-eight hours
after transfection, cells were examined for cell migration in 6-well plates with Transwell chambers. *P < 0.05 vs.
control group; (D) Cells were transiently transfected with RhoA63L (4 μg) or RhoA188A (6 μg) and cell migration assay
of transfected cell was performed as in (C), *P < 0.05 vs. control group.
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Rac1 and RhoA are essential for cell migration
stimulated by IL-8
We transfected cells with dominant negative
(DN) forms of RhoA or Rac1 and found that
DN-RhoA and DN-Rac1 decreased IL-8 induced cell
migration significantly (Figure 3C and Figure 3D).
On the other hand, compared with the control
group (addition of Lipofectamine only), the amount of
migrating cells in the pcDNA3-EGFP-Rac1-Q61L (activated mutant of Rac1) transfection group increased
significantly
(P<0.05);
while
that
in
the
pcDNA3-EGFP-Rac1-T17N (DN-Rac1) transfection
group was decreased (Figure 3C). Consistent with
these results, overexpression of Rac1 significantly
enhanced cell migration induced by IL-8, and IL-8
was unable to further increase cell migration in those
cells transfected with DN-Rac1. These results suggest
that Rac1 might play an important role in IL-8 induced migration of endothelial cells.
Following IL-8 stimulation, the cell migration
ability of the RhoA63L (activated mutant of RhoA)
transfection group was higher than that of the other
groups (P<0.05), while the cell migration ability of the
RhoA188A (DN-RhoA) transfection group was inhibited (P<0.05) (Figure 3D). These results indicate that
RhoA also plays an important role in IL-8 induced
migration of endothelial cells.

PI3K inhibitor inhibits the cell migration induce
by IL-8

787
cells with wortmannin (a PI3K inhibitor) and found
that wortmannin reduced the migration of EA.Hy926
cells (Figure 4A). It was obvious that the cell migration distance in both the wortmannin group (w group)
and the control group was increased with the duration, but there was no significant difference between
them. In addition, the cell migration distance of IL-8
group increased significantly compared with the other group at same time point (Figure 4B, P<0.05). Specifically, the cell migration distance of w+IL-8 group
was significantly decreased compared to IL-8 group
from 2 h to 6 h (Figure 4B, P<0.01), suggesting that
PI3K is involved in IL-8 induced cell migration.

PI3K inhibitor inhibits IL-8 induced cytoskeleton
changes
Figure 5 showed that wortmannin induced an
increase in filopodia formation, but led to decreased
membrane ruffling and reduced formation of the actin
stress fiber. In 5 min group and 10 min group, filopodia could be observed. Cells did not show actin accumulation at the leading edge lamellipodia in 30 min
group. Wortmannin treatment abrogated IL-8 induced rearrangements of actin filaments in 1 h, 2 h, 4h
and 6 h group. Taken together, these results suggest
that wortmannin pretreatment prevents IL-8 induced
actin filaments rearrangements and PI3K signaling is
required for the cytoskeletal changes stimulated by
IL-8.

To examine whether PI3K is involved in IL-8
induced migration of endothelial cells, we treated the

FIG.4. Wortmannin inhibits the cell migration induced by IL-8. (A) After 20 min pretreatment with 100 mM wortmannin, EA.Hy926 cells were subjected to a migration assay in the absence or presence of 100 ng/ml IL-8. The cell
migration was increased along with the stimulated time. (B) The changes of the cell migration distance in different
groups with the duration. IL-8 group. *P<0.05 vs. other groups; ##P<0.01 vs. IL-8 group. Scale bar=600 μm. Three
independent experiments were conducted.
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FIG.5. Wortmannin inhibits IL-8-induced cytoskeleton changes. After 20 min pretreatment with 100 mM wortmannin,
EA.Hy926 cells were treated as described in Fig.2. In the 5 min and 10 min groups, filopodia could be observed. Cells
did not show actin accumulation at the leading edge lamellipodia in 30 min group. In 1 h, 2 h, 4 h and 6 h groups,
wortmannin treatment abrogated IL-8 induced rearrangements of actin filaments. Scale bar=25 μm. Shown were
representative images of an interphase cell.

PI3K inhibitor inhibits IL-8 induced upregulation
of Rac1 and RhoA in the endothelial cells
We stimulated EA.Hy926 cells with IL-8 in the
presence or absence of wortmannin and examined the
expression of Rac1 and RhoA (Figure 6). When cells
were pretreated with wortmannin alone, RhoA expression showed no significant change after the cells
were treated by up to 2 h. However, in 4 h and 6 h
groups, RhoA expression increased significantly
compared to control group, indicating that the wortmannin mediated inhibition of RhoA expression
might be reversed after 4 h (Figure 6A, P<0.05). In
contrast, Rac1 expression in all wortmannin pretreated groups decreased significantly compared to
control group (P<0.01) (Figure 6B). These results

suggest that PI3K is implicated in Rac1 expression.
Compare to Rac1, RhoA seems less sensitive to
wortmannin.
When cells were pretreated with wortmannin
and then stimulated by IL-8, RhoA expression decreased at 5 min (Figure 6C, P<0.05), 30 min, 1 h and 2
h (Figure 6C, P<0.01) compared to IL-8 stimulation
alone at the same time points. On the other hand, as
shown in Figure 6D, Rac1 expression induced by IL-8
was notably inhibited by wortmannin at the 5 min, 2
h, and 6 h time points (P<0.01). Collectively, these
results suggest that IL-8 induced upregulation of Rac1
and RhoA in the endothelial cells is at least partially
mediated by PI3K signaling.
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FIG.6. Wortmannin inhibits the upregulation of Rac1 and RhoA induced by IL-8. After 20 min pretreatment with 100
mM wortmannin, the level of total RhoA in EA.Hy926 cells was determined by Western blotting (A). *P<0.05 vs. control
group; and the level of total Rac1 in EA.Hy926 cells was determined by Western blotting (B). **P<0.01 vs. control
group. After 20 min pretreatment with 100 mM wortmannin and stimulated by IL-8 for the indicated time, the level of
total RhoA in EA.Hy926 cells was determined by Western blotting (C) # P<0.05; ## P<0.01; and the level of total Rac1
in EA.Hy926 cells was determined by Western blotting (D) # P<0.05; ## P<0.01.

Discussion
Cell migration is usually initiated in response to
extracellular cues, including diffusible factors, signals
on neighboring cells, and/or signals from the extracellular matrix [9]. Our previous study demonstrated
that IL-8 could induce endothelial cell migration.
Specifically, cell motility was induced by IL-8 significantly at a concentration of 100 ng/ml [4]. However,
the mechanism by which IL-8 induces cell migration
remains elusive. It is well known that cell migration is
closely related to cytoskeleton. The remodeling of
actin cytoskeleton includes filopodia, lamellipodia,
and stress fibers. All the three structures are essential
to drive the several steps of actin-based endothelial
cell motility [10]. Schraufstatter et al. showed that IL-8

activated both the CXCR1 and the CXCR2 (two IL-8
receptors). Activation of the CXCR1 was transient and
characterized by stress fiber formation, whereas activation of CXCR2 was prolonged and associated with
cell contraction [11].
In the present study, we found that IL-8 treatment not only induced the membrane ruffles and lamellipodia extensions, but also increased the actin
stress fibers. Compared to other cytokines, the cytoskeleton change induced by IL-8 lasted for a long
time. Especially, the stress fiber maintained for about
5 h, which indicated that the effect of IL-8 on stress
fiber was relatively persistent.
Rac1 induces the assembly of a meshwork of actin filaments at the cell periphery to produce lamel-
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lipodia and membrane ruffles. Our results showed
that when endothelial cells were stimulated by IL-8
for 5 min, Rac1 expression increased, accompanied by
the formation of membrane ruffles. Therefore, RhoA
expression at this time point may play a role in the
membrane ruffles formation. Interestingly, in our
study, lamellipodia at the leading edge was observed
in the cells after IL-8 stimulation for 15 min or 30 min,
but the expression of Rac1 decreased compared to
unstimulated control group, suggesting that RhoA
may participate in the lamellipodia formation in cell
migration stimulated by IL-8. Based on these results,
we conclude that IL-8 could quickly upregulate Rac1
expression within 5 min to induce membrane ruffles,
while the formation of stress fibers is associated with
the upregulate of Rac1 and RhoA expression in cells
treated for longer time, i.e. 1 h to 6 h.
Interestingly, the expression of RhoA was more
abundant than Rac1 both in the control group and
experimental groups. However, the results from the
transient transfection showed that dominant negative
forms of RhoA and Rac1 could both decrease the cell
migration induced by IL-8 remarkably. In addition,
dominant active forms of Rac1 or RhoA alone significantly enhanced the cell migration. Thus we conclude
that both RhoA and Rac1 take part in IL-8 induced cell
migration, since interference with either pathway
strongly impaired these responses. Taken together,
we postulate that the relative quantity of RhoA and
Rac1 might have no relationship with their function in
the cell migration induced by IL-8, and both Rac1 and
RhoA play important roles in IL-8 induced migration
of endothelial cells.
PI3K is one of the most important regulatory
proteins involved in controlling key cellular functions, such as cell growth, aging, transformation and
cell migration [3]. Activation of the PI3K p110 subunit
in breast cancer cells has been reported to be necessary for EGF induced actin nucleation, an important
cytoskeleton change for cell migration. Huang et al.
reported that PI3K played an important role in EGF
induced cell migration in MDA-MB-231 cells [12].
Moreover, PI3K could activate Rac1 at the leading
edge which was activated either via tyrosine kinases
or via G-protein-coupled receptors [13]. PI3K inhibitor wortmanin and dominant-negative PI3K constructs could inhibit the membrane ruffling by
Rac-dependent pathway which was stimulated by
platelet-derived growth factor (PDGF) and insulin.
This inhibition would be override by overexpression
of wild type or constitutively active Rac. Therefore,
PI3K might be upstream of Rac activation in cells
stimulated by IL-8.
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In this study, we firstly confirmed the critical
role of PI3K in IL-8 induced cell migration by
demonstrating that wortmannin could obviously inhibit the cell migration induced by IL-8. The changes
of cytoskeleton showed that pretreatment by wortmannin would reduce the membrane ruffling and
stress fibers significantly. These observations suggest
that PI3K signaling is required for these cytoskeletal
changes. Furthermore, by Western blot analysis we
found that wortmannin led to decreased expression of
Rac1 and RhoA in cells treated by IL-8. Collectively,
these data suggest that PI3K functions as an upstream
activator of Rac1 and RhoA and subsequently affects
the cytoskeleton and induces endothelial cell migration.
In summary, our data demonstrate that
IL-8-PI3K-Rac1/RhoA signaling pathway plays a vital
role in IL-8 induced endothelial cell migration. Further analysis of this signaling cascade will provides
new insight into the molecular mechanisms by which
IL-8 contributes to tumor angiogenesis and metastasis.
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