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a b s t r a c t

CCL23 is a CC chemokine and exerts its biological activities on endothelial cells as well as on immune
cells through CCR1. We investigated the potential effect of CCL23 on expression of KDR/Flk-1 receptor
in endothelial cells. PCR, confocal microscope and Western blot analysis revealed that CCL23 up-regu-
lated KDR/Flk-1 mRNA and protein levels in endothelial cells. A reporter assay indicated that
CCL23-induced KDR/Flk-1 expression primarily occurred at the transcriptional level. In addition, CCL23
stimulated phosphorylation of SAPK/JNK, and an inhibitor of SAPK/JNK blocks the CCL23-induced KDR/
Flk-1 expression. Furthermore, VEGF-induced ERK phosphorylation was stimulated by CCL23. Finally,
CCL23 promoted VEGF-induced endothelial proliferation and migration, which were correlated with
the maximal stimulation of KDR/Flk-1 expression by CCL23. Taken together, these findings suggest that
CCL23 results in up-regulation of KDR/flk-1 receptor gene transcription and protein expression and that
KDR/Flk-1 up-regulation induced by CCL23 may contribute to potentiation of VEGF action in
angiogenesis.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Angiogenesis occurs in a variety of physiological and patholog-
ical processes such as embryonic development, wound healing,
and tumor growth. Angiogenic processes involve activation, migra-
tion, and proliferation of endothelial cells [1–3]. A number of cyto-
kines and growth factors play roles in the control of angiogenesis
[4,5]. Of the many proangiogenic mediators, VEGF is one of the
most potent factors [6,7]. VEGF, which is known to induce prolifer-
ation, shape change, and migration during angiogenesis, has two
known receptors, KDR/Flk-1 and Flt-1. VEGF exerts mitogenic
and chemotactic effects in endothelial cells via KDR/Flk-1 but not
Flt-1 [8–11]. In addition, up-regulation of VEGF and its receptors
has been observed in tumors and in response to various conditions
such as hypoxia and wound healing [12]. Furthermore, activation
of KDR/Flk-1 stimulates the migration of endothelial cells during
embryogenesis and adulthood [13]. Moreover, changes in VEGF
receptor expression have been shown to result in altered cell pro-
liferation and survival rates both in vitro and in vivo [14].
ll rights reserved.
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A number of chemokines modulate angiogenesis and are known
to be involved in tumor growth and metastatic cell invasion [15].
CCL23 (also known as MPIF-1, MIP-3, or Ckb8) is one of CC chemo-
kines that was initially characterized as a chemoattractant for
monocytes and dendritic cells [16–18]. In addition, it has recently
been reported that CCL23 induces endothelial cell migration, tube
formation and promotes angiogenesis via CCR1, which is a seven-
transmembrane G-protein-coupled receptor [19,20]. In this study,
we investigated the possibility that CCL23 treatment could regu-
late KDR/Flk-1 receptor expression in endothelial cells. Here we
showed new evidence that CCL23 was capable of directly up-regu-
lating KDR/Flk-1 receptor gene transcription and subsequently
increasing KDR/Flk-1 mRNA and protein expression. Furthermore,
up-regulation of KDR/Flk-1 induced by CCL23 resulted in potentia-
tion of VEGF-induced proliferation and migration in human umbil-
ical vein endothelial cells (HUVECs). Our finding may represent an
indirect mechanism for the angiogenic responses of endothelial
cells induced by CCL23.
Materials and methods

Cell cuture. Human vascular endothelial cells (HUVECs) were
cultured in M199 (Invitrogen, Grand Island, NY) supplemented
with 20% fetal bovine serum (Invitrogen, Grand Island, NY),
2 mM glutamine, 100 U/ml penicillin and streptomycin, 5 ng/ml
of bFGF and were incubated at 37 �C in humidified atmosphere of
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Fig. 1. CCL23 up-regulates mRNA expression of KDR/Flk-1 in HUVECs. (A) HUVECs
were incubated for 12 h with the indicated concentrations of CCL23. RT-PCR was
performed as described in Materials and methods. CCL23 increased expression of
KDR/Flk-1 mRNA dose-dependently. CCL23 treated with neutralizing antibody
against CCR1 significantly reduced mRNA expression of KDR/Flk-1 compared to that
of CCL23 alone. (B) Real-time quantitative RT-PCR of KDR/Flk-1. The levels of KDR/
Flk-1 transcripts were measured in the presence of the primers and SYBR Green I
dye in real-time quantitative PCR. (C) HUVECs were transiently transfected with
0.1 lg of KDR/Flk-1 promoter/Luc constructs and 0.1 lg of the control pGL3-basic
plasmid and incubated with various concentration of CCL23 for 36 h. CCL23
increased the promoter activity of the KDR/Flk-1 promoter/Luc fusion gene.
*P < 0.01 versus negative control. The data are mean values ± SD from quadrupli-
cates and are representative of at least three experiments.
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5% CO2. Cells were pretreated with various concentration of CCL23
(R&D Systems, Minneapolis, MN) for 12 h as indicated.

Reverse transcriptase-polymerase chain reaction analysis and real-
time PCR. Total RNA was purified from HUVECs using modified
Trizol reagent (Invitrogen, Grand Island, NY). Total RNA (2 lg)
was reverse transcribed using M-MuLV reverse transcriptase
(MBI Fermentas, Amherst, NY) and PCR was performed as previ-
ously described using specific primers [21]. Real-time PCRs were
performed using the fluorescence detection method using the Light
Cycler System with a First-Start DNA Master SYBR Green I kit
(Roche Diagnostics, Indianapolis, IN). The cycling conditions were
as follows: initial denaturation at 95 �C for 10 min, followed by
40 amplification cycles of 95 �C for 15 s, 56 �C for 5 s and 72 �C
for 15 s. After amplification, the temperature was slowly elevated
above the melting temperature of the PCR product to measure
the fluorescence and thereby to determine the melting curve. A
negative control without cDNA template was performed to assess
the overall specificity.

Western blot analysis. Briefly, HUVECs were lysed in RIPA buffer
(Amersham Corporation, Uppsala, Sweden) containing proteinase
inhibitors. Protein was quantified with a protein assay kit. Equal
amounts of protein (20 lg/lane) were resolved with SDS–poly-
acrylamide gel electrophoresis and transferred to Hybond C nitro-
cellulose membranes (Amersham Corporation, Uppsala, Sweden).
The membranes were probed with rabbit anti-KDR/Flk-1 (Research
Santa Cruz, Santa Cruz, CA) and then incubated for 1 h with sec-
ondary peroxidase-conjugated antibody. The membranes were
developed with an enhanced chemiluminescence system (Amer-
sham Corporation, Uppsala, Sweden) and exposed to X-ray film.

Confocal laser-scanning microscope. HUVECs were fixed with
3.7% paraformaldehyde, washed in PBS, and incubated for over-
night with FITC-conjugated polyclonal anti-KDR/Flk-1 antibody.
To examine the distribution of KDR/Flk-1, immunostained cells
were mounted, cells were observed using a laser-scanning confocal
microscope (Carl Zeiss, Germany).

Cell proliferation assay. The assay was conducted by using BrdU
and a Detection kit (Roche, Indianapolis, IN). In brief, HUVECs were
seeded in 0.1% gelatin-coated 96-well plates. After 12 h of CCL23
(R&D Systems, Minneapolis, MN) treatment, VEGF (10 ng/ml) was
added. The BrdU-integrated DNA was quantitated by the relative
luminescence unit (RLU) of each well using a Wallace Victor2

1420 Multilabel counter (Perkin-Elmer, Norwalk, CT).
Cell migration and scratch wound assays. Cell migration assays

were performed in 48-well microchemotaxis chambers (Neuro
Probe, Inc., Cabin John, MD). The bottom chamber was loaded with
30,000 cells, and polyester membrane was laid over the cells. The
microchamber was then inverted and incubated at 37 �C for 2 h.
The upper wells were then loaded with M199 containing 0.1%
BSA and CCL23. The chamber was reincubated at 37 oC for 2 h,
and the filters were fixed and stained using Diff-Quick (Baxter
Healthcare Corporation, McGraw Park, IL). Each condition was
studied in triplicate wells, and each experiment was performed
three times. Scratch wounds were generated in confluent HUVEC
cultures with a sterile 200-ll pipette tip. Cells were treated with
CCL23 for 12 h prior to VEGF (10 ng/ml) treatment. After 12 h, HU-
VECs were stained with Diff-Quick and photographed.

Transfection and luciferase reporter assays. Transient transfec-
tions were carried out by Lipofectamine method as described by
manufacturer (Invitrogen, Grand Island, NY). Reporter containing
KDR/Flk-1 promoter plasmids were transient transfected to HU-
VECs and treated with various concentrations of CCL23 for 36 h,
harvested and lysed in Report lysis buffer (Promega). Luciferase
activities were measured by the method using enhanced luciferase
assay kit (Promega). Experiments were repeated at least three
times with duplicate samples, and values are expressed as
means ± standard deviations (SD).
Statistical analysis. Unless otherwise stated, all experiments
were performed with triplicate sample and repeated at least three
times. The data are presented as means ± SD and statistical com-
parisons between groups were performed using one-way ANOVA
followed by Student’s t-test.

Results and discussions

CCL23 induces KDR/Flk-1 mRNA and protein expression in HUVECs

RT-PCR revealed that treatment of HUVECs with CCL23 resulted
in induction of KDR/Flk-1 mRNA expression at a maximal level of
approximately 10 ng/ml (Fig. 1A). It has been reported that
CCL23 displayed its biological activities via binding to CCR1
[16–19,22] and human endothelial cells expressed CCR1 [23].
Treatment of HUVECs with anti-CCR1 effectively reduced CCL23-
induced up-regulation of KDR/Flk-1 mRNA expression, indicating
that CCL23 may up-regulate KDR/Flk-1 via CCR1.

Quantitative real-time PCR analysis demonstrated that the KDR/
Flk-1 mRNA levels increased by approximately 2-fold following
CCL23 treatment (Fig. 1B). Furthermore, KDR/Flk-1 promoter/Luc
reporter assays demonstrated that KDR/Flk-1 treatment specifi-
cally increased the KDR/Flk-1 promoter activity by approximately
2-fold, which was similar to the increase in mRNA levels that
was observed (Fig. 1C). Taken together, these results indicate that



Fig. 3. CCL23 stimulates phosphorylation of SAPK/JNK and inhibition of SAPK/JNK
blocks CCL-stimulated KDR/Flk-1 up-regulation. (A) Western blot of phosphory-
lated MAPK in cultured HUVECs in presence of CCL23. Cells were incubated with
various concentration of CCL23 (0.1, 1, 10, 50 ng/ml) for 30 min, and phosphory-
lated ERK1/2, p38 MAPK and SAPK/JNK were determined using specific antibodies.
CCL23 stimulated phosphorylation of SAPK/JNK significantly but affect little
phosphorylation of ERK1/2 and p38. (B, C) HUVECs were cultured in medium with
CCL23 in the presence or absence of SAPK/JNK inhibitor, SP600125 at 10 lM. RT-
PCR analysis (B) and Western blot analysis (C) showed that co-treatment of HUVECs
with CCL23 and SP600125 significantly inhibited CCL23-induced KDR/Flk-1 mRNA
and protein expression.
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the up-regulation of KDR/Flk-1 mRNA expression was largely ac-
counted for by an increase in KDR/Flk-1 gene transcription.

Next, we measured the protein levels by Western blot analysis
and confirmed that CCL23 induced an increase in the levels of KDR/
Flk-1 protein (Fig. 2A). Blockage of CCL23 with a neutralizing
anti-CCL23 antibody or heat-inactivated CCL23 abolished the
CCL23-induced KDR/Flk-1 up-regulation (Fig. 2B). These results
demonstrate that CCR1 is indeed functional receptors important
for up-regulation of KDR/Flk-1 expression induced by CCL23 in
endothelial cells. In addition, confocal microscopic analysis re-
vealed the presence of KDR/Flk-1 proteins in immunofluorescent-
stained cells. As expected, the fluorescence intensity of KDR/Flk-1
expression was higher in CCL23-treated cells than in control cells
(Fig. 2C). These results demonstrate that functional CCL23 is re-
quired to induce the up-regulation of KDR/Flk-1.

CCL23 up-regulates KDR expression in endothelial cells via the SAPK/
JNK signal pathway

CCL23 specifically binds to CCR1 on the surface of monocytes
and dendritic cells [17]. CCR1 has been detected in endothelial cells
[23], and its signaling pathways are known to consist of seven-
transmembrane G-protein-coupled receptors that are sensitive to
inhibition by pertussis toxin. However, these pathways have not
yet been elucidated in endothelial cells, although the transduction
of CCR1 signals is known to occur through the ERK MAP kinase
pathway in HOS cells that overexpress CCR1 [24]. Therefore, we
evaluated CCL23 to determine if it activated the ERK, SAPK/JNK,
and p38 MAP kinase pathways. To accomplish this, subconfluent
HUVECs were treated with various concentrations of CCL23 for
30 min and subsequently analyzed for the phosphorylation status
of the three MAP kinases by immunodetection using specific
anti-phospho ERK, SAPK/JNK, and p38 antibodies. As shown in
Fig. 2. CCL23 up-regulates protein expression of KDR/Flk-1 in HUVECs. (A) HUVECs
were treated with various concentration of CCL23 for 12 h. Western blot analysis
showed that CCL23 significantly increased KDR/Flk-1 protein levels in HUVECs. (B)
HUVECs were incubated with CCL23 in the presence of polyclonal anti-CCL23
antibody (Ab) or with heat-inactivated CCL23 (Heat). Western blot analysis was
carried out as described in Materials and methods. A control isotype-matched IgG1
was used as a control. (C) KDR/Flk-1 protein levels were increased in HUVECs
treated with CCL23 in immunofluorescent staining of cells with FITC–anti-KDR/Flk-
1 antibodies. The photo figures in the left panels are photomicrographs and those in
the right are immunofluorescence-stained cells. Magnification: 400�.
Fig. 3A, CCL23 significantly stimulated the phosphorylation of
SAPK/JNK, with the peak effects being observed in response to
treatment with 10 ng/ml; however, it caused little or no activation
of the ERK1/2 and p38 MAP kinases. These results suggest that
CCL23 induces KDR/Flk-1 expression via the SAPK/JNK pathway.

Inhibition of the signaling molecules was used to further eluci-
date the mechanism responsible for KDR/Flk-1 up-regulation.
When cells were co-incubated with SP600125, a specific inhibitor
of SAPK/JNK kinase, during CCL23 exposure, inhibition of the
CCL23-induced KDR/Flk-1 expression was observed at the mRNA
and protein levels (Fig. 3B and C). These results demonstrate that
activation of SAPK/JNK is necessary for CCL23-induced KDR/Flk-1
up-regulation.

CCL23 potentiates the VEGF-induced proliferation and migration of
endothelial cells

Proliferation and migration of endothelial cells can be stimu-
lated by a variety of growth factors, including VEGF [6,25]. We
found that treatment with CCL23 alone did not induce a significant
increase in endothelial cell growth. However, when HUVECs were
pretreated with CCL23 for 12 h and subsequently exposed to VEGF,
CCL23 enhanced the stimulation of cell proliferation that was in-
duced by VEGF (Fig. 4A). Specifically, CCL23 enhanced VEGF-in-
duced cell proliferation significantly when compared to
treatment with VEGF alone. In addition, these findings were corre-
lated with the CCL23-induced increase in KDR/Flk-1 mRNA and
protein levels.

VEGF is known to induce ERK via a PKC-dependent pathway,
and this pathway is essential for VEGF stimulation of endothelial
cell proliferation [26]. In this study, we demonstrated that VEGF-
induced ERK1/2 phosphorylation increased markedly when cells
were pretreated with CCL23 (Fig. 4B). These results suggest that
the cell proliferation induced by VEGF and CCL23 was associated
with sensitization of the MAPK pathway in HUVECs.



Fig. 4. CCL23 stimulates VEGF-induced proliferation and migration of endothelial cells. (A) HUVECs were treated with CCL23 at the indicated concentrations for 12 h and then
treated with or without VEGF or CCL23 (10 ng/ml) as indicated. Proliferation of HUVECs pretreated with CCL23 at the indicated concentrations was compared with that
observed in the presence of VEGF alone. (B) Pretreatment of HUVECs with CCL23 increased the VEGF-induced phosphorylation of ERK1/2 in a dose-dependent manner. (C)
HUVECs were treated as described in (A). Human CCL23 significantly stimulated the VEGF-mediated migration of HUVECs over the presence of VEGF alone. (D) HUVECs were
pretreated with CCL23 at the indicated concentrations for 12 h and then treated VEGF (10 ng/ml). CCL23 enhanced VEGF-induced endothelial cell migration in scratch wound
assay. Magnification: 40�. *P < 0.01 versus VEGF alone. The data are mean values ± SD from quadruplicates and are representative of at least three experiments. RLU: relative
luminescence unit.
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We previously reported that CCL23 induces endothelial cell migra-
tion only slightly [19]. Therefore, we evaluated CCL23 to determine if
it potentiates VEGF-induced cell migration to a greater degree than
VEGF alone. Using a Boyden Chamber assay, we found that pretreat-
ment with CCL23 followed by VEGF induced a greater degree of migra-
tion among HUVECs than treatment with either CCL23 or VEGF alone
(Fig. 4C). This increase in VEGF-mediated endothelial cell migration
by CCL23 was also demonstrated by scratch wound assays (Fig. 4D).
The maximum stimulatory activity of CCL23 was observed at a con-
centration of approximately l0 ng/ml. Taken together, these results
suggest that potentiation of VEGF-induced cell migration by CCL23
coincided with an increase in KDR/Flk-1 protein levels.

In this study, we demonstrated that CCL23 up-regulated KDR/
Flk-1 receptor expression in endothelial cells and potentiated
VEGF-induced endothelial cell proliferation and migration, which
are important steps in the angiogenic processes. Regulation of
KDR/Flk-1 expression can occur at various levels of expression.
Therefore, we used RT-PCR to monitor the effect of VEGF on KDR/
Flk-1 gene expression and real-time PCR analysis to quantify the
observed changes in gene expression. The results of these analyses
demonstrated that treatment of HUVECs with CCL23 resulted in an
approximately 2-fold increase in KDR/Flk-1 mRNA. Furthermore,
the results of a luciferase reporter assay demonstrated that
CCL23 treatment induced an approximately 2-fold increase in
KDR/Flk-1 promoter activity, which indicates that the up-regula-
tion of KDR/Flk-1 occurred at the transcriptional level.

The signaling pathway that involves the CCL23 interaction with
CCR1, a seven-transmembrane G-coupled receptor, is not well
understood in endothelial cells. In this study, we demonstrated that
the SAPK/JNK MAP kinase pathway is activated after treatment with
CCL23, which indicates that CCL23 transduces its signal through the
SAPK/JNK MAP kinase pathway in endothelial cells. Furthermore,
SP600125, a potent SAPK/JNK kinase inhibitor, completely blocked
the CCL23-induced KDR/Flk-1 up-regulation. These findings indi-
cate that activation of SAPK/JNK kinase is involved in the signaling
cascade that leads to KDR/Flk-1 up-regulation by CCL23.

Angiogenesis is regulated by a variety of growth factors and cyto-
kines, including VEGF, FGF, and chemokines such as IL-8 and CCL23
[4,15]. Angiogenic factors including bFGF and VEGF have also been
reported to increase KDR/Flk-1 receptor expression [27–30]. How-
ever, the mechanism responsible for the up-regulation of KDR/Flk-
1 expression by these other growth factors is not well understood.
Based on the results of this study, CCL23 up-regulates the expression
of KDR/Flk-1. This up-regulation, in turn, renders the cells more sen-
sitive to the action of VEGF, as demonstrated by a significant poten-
tiation of the VEGF-induced proliferation and migration of HUVECs.
Most importantly, the increased activity of the KDR/Flk-1 is directly
linked to angiogenesis and tumor metastasis. Taken together, these
data strongly support the notion that up-regulation of KDR/Flk-1
expression, and consequently the sensitization of endothelial cells
to VEGF are at least partially responsible for CCL23-mediated angio-
genesis. These findings can be used for future fine tuning of VEGF-
based therapies that exert their effects through modulation of
KDR/Flk-1 expression.
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