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Role of the stromal cell derived factor-1 in the biological functions
of endothelial progenitor cells and its underlying mechanisms
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Abstract. Stromal cell derived factor-1 (SDF-1) is a chemo-
kine that plays a critical role in the homing of stem and
progenitor cells, including endothelial progenitor cells
(EPCs). However, little research has been undertaken to
evaluate the roles of SDF-1 in the biological functions of
EPCs and related signaling pathways. The present study
aimed to investigate the biological functions of EPCs in
response to SDF-1, as well as the underlying mechanisms.
The effects of SDF-1 treatment on EPC proliferation,
migration and tube formation were assessed by performing
MTS, Transwell and in vitro tube formation assays, respec-
tively. The phosphorylation status of Akt and ERK was
evaluated by western blotting. The present results indicated
that SDF-1 treatment enhanced EPC proliferation, migra-
tion and tube formation compared with the control group.
Furthermore, SDF-1-induced EPC proliferation was signifi-
cantly reduced following treatment with a C-X-C Motif
Chemokine Receptor 4 antagonist (AMD3100), a PI3K
inhibitor (LY294002) and the mitogen-activated protein
kinase kinase inhibitor (MEK; PD98059). SDF-1-induced
migration and angiogenesis were significantly suppressed
by the PI3K inhibitor, but not the MEK inhibitor.
Moreover, SDF-1 significantly increased the protein
expression levels of phosphorylated (p)-Akt and p-ERK;
however, SDF-1-induced effects on protein expression
were suppressed by AMD3100, LY294002 and PD98059.
Thus, SDF-1-induced EPC proliferation was mediated by
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activation of the Akt and ERK signaling pathways, whereas
SDF-1-mediated EPC migration and tube formation only
involved activation of the Akt signaling pathway.

Introduction

Since the discovery of endothelial progenitor cells (EPCs)
by Asahara er al in 1997 (1), it has been reported that EPCs
are involved in vascular repair and postnatal angiogenesis
(2). Following stimulation with various factors such as velvet
antler, hydrogen sulfide and danhong, EPCs migrate to sites of
injury to promote angiogenesis and repair vascular endothelial
cell damage (3-5). The mechanism underlying EPC-mediated
repair of injured endothelium is not only associated with
differentiation and transdifferentiation into EPCs, but also
with the biological functions of EPCs, including proliferation,
migration and tube formation (6,7). EPCs can also prevent
neointima formation and participate in re-endothelialization
in damaged vascular tissue (8). Moreover, previous studies
have revealed that EPCs can produce new blood vessels
during tumor growth, development and metastasis (9-11).
Cerebrovascular disease (12), cardiovascular disease (13),
chronic kidney disease (14) and cancer (15) development are
associated with EPC dysfunction. Therefore, investigating the
biological features of EPCs and the underlying mechanisms
will be useful for identifying the therapeutic potential of EPCs
for the repair of damaged vascular endothelium, and also for
the synthesis of effective anti-angiogenic drugs to prevent
EPC-mediated vasculogenesis during tumor growth and
progression.

Stromal cell derived factor-1 (SDF-1), a member of the CXC
chemokine family, is constitutively expressed on stromal cells
in various tissues (16) and can regulate multiple physiological
processes such as organogenesis, regeneration and tumorigen-
esis (17). SDF-1 is a small chemotactic signaling protein that
promotes downstream effects primarily via the C-X-C Motif
Chemokine Receptor (CXCR)4, a specific G protein-coupled
receptor (18). Previous studies have reported that SDF-1 is a
strong chemoattractant for CD34* cells, including hematopoi-
etic stem cells and EPCs, which highly express CXCR4 (19,20).
In addition, SDF-1 overexpression in the peripheral circulation
induces mobilization of hematopoietic progenitors and stem
cells, including EPCs (21). The increased expression of SDF-1
in ischemic muscles acts as a chemoattractant to support the
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homing of CXCR4* EPCs (22). A previous study also revealed
that locally administered SDF-1 promoted EPCs accumulation
at the site of ischemia, which was associated with ischemic
neovascularization (23). Furthermore, it has been reported
that the SDF-1/CXCR4 axis in EPCs serves an important role
during bone fracture healing (24).

A review has shown that SDF-1 binding to CXCR4
initiates several signaling pathways, which can result in a
variety of responses that are important during the process
of angiogenesis, such as chemotaxis, cell proliferation,
migration and the secretion of angiopoietic factors (25).
The PI3K/Akt and mitogen-activated protein kinase
(MAPK)/ERK signal transduction pathways, which are
mediated by SDF-1, contribute to cell migration, proliferation,
tube formation, apoptosis and chemotaxis (26,27). For
example, SDF-1-induced Akt and ERK activation results
in lung cancer cell invasion and metastasis (28), sacral
chondrosarcoma and glioblastoma cell cycle progression
and epithelial-mesenchymal transition (29,30), as well
as ovarian cancer cell proliferation (31), and pre-B (26),
F5M2 osteosarcoma (32) and epitheloid carcinoma (33) cell
migration. It has been reported that SDF-1 serves a critical
role in the regulation of EPC cellular functions, including cell
proliferation and migration (23,34). Zheng et al revealed that
the PI3K/Akt signaling pathway, but not the MAPK/ERK
signaling pathway, was required for SDF-1-mediated regulation
of EPC migration (35). However, to the best of our knowledge,
the effects of SDF-1 on EPC proliferation and tube formation,
as well as the underlying mechanisms, have not been fully
elucidated. Therefore, the present study aimed to investigate
the effects of SDF-1 on EPC biological properties and to
identify the possible underlying mechanisms.

Materials and methods

Ethics and animals. A total of 42 male Sprague-Dawley
rats (weight, 150-180 g; age, 5-6 weeks) were provided
by The Experimental Animal Center of General Hospital
of Central Theater Command. All rats were housed in a
temperature-controlled room (22°C) with 50% humidity and
maintained on a 12-h light/12-h dark cycle with food and water
available ad libitum. The animal use and all experimental
protocols were conducted in accordance with the National
Institutes of Health Guide for Care and Use of Laboratory
Animals (36) and were approved by the Animal Research
Committee of The General Hospital of Central Theater
Command (Wuhan, China).

EPC isolation and culture. Sprague Dawley rats were anes-
thetized with ether (50 mg/kg) and rapidly decapitated after
the rats were fully anesthetized, which was determined with
no response to a paw pinch and disappearance of righting
and eyelid reflex. Then, the tibias and femurs were dissected
and cleaned. The bone marrow was slowly flushed out from
tibias and femurs using a syringe filled with PBS and the
mononuclear cells were isolated using the density gradient
centrifugation method (Lymphoprep 1.077; Axis-Shield
Diagnostics Ltd.) at 1,600 x g for 15 min at 4°C. After three
washes with PBS, mononuclear cells were resuspended in
fresh EGM-2 media (Lonza Group, Ltd.) supplemented with

5% FBS (Hyclone; Cytiva), seeded on fibronectin-coated cell
culture plates (2x10° cells/cm?) and incubated at 37°C with 5%
CO,. Following incubation for 24 h at 37°C, the medium was
changed, non-adherent cells were removed and fresh EGM-2
media was replaced every 3 days before cells were used for
subsequent experiments. Alterations in cell morphology were
observed using an IX81 inverted phase-contrast microscope
(Olympus Corporation; magnification, x200).

EPC characterization. The cellular morphologies at days 7
and 14 were used to identify the EPCs. To assess the endo-
thelial phenotype of EPCs, Dil-labelled acetylated low-density
lipoprotein (Dil-ac-LDL; Invitrogen; Thermo Fisher Scientific,
Inc.) uptake was evaluated. Following culture for 7 days,
cells were harvested and washed with PBS and incubated
with Dil-ac-LDL (10 pg/ml) for 4 h at 37°C with 5% CO,.
Following fixation with 4% phosphate-buffered paraformal-
dehyde for 10 min at room temperature, cells were stained
with FITC-labeled Ulex europaeus agglutinin-1 (UEA-1;
Sigma-Aldrich; Merck KGaA) for 1 h at 37°C with 5% CO,.
Subsequently, cells were washed with PBS and stained for
15 min with Hoechst at room temperature. Triple-positive cells
(Dil-ac-LDL, FITC-UEA-1 and Hoechst) were identified as
EPCs. Stained cells were observed using a fluorescence micro-
scope (Olympus Corporation; magnification, x200).

Surface antigen expression was assessed by flow cytometry
using a FC500 flow cytometer (Beckman Coulter, Inc.).
Following culture for 7 days, cells were harvested and washed
in PBS, and then resuspended in flow cytometry wash buffer
(2% FBS; Hyclone; Cytiva) and 0.1% sodium azide in PBS). The
cells were blocked in 10% (v/v) normal goat serum (Abcam)
for 15 min at 4°C. Subsequently, cells (1x10°) were suspended
in PBS, and then incubated with monoclonal antibodies:
FITC-conjugated anti-CD133 antibody (cat. no. orb467002;
Biorbyt Ltd.; 1:300), FITC-conjugated anti-CD34 antibody
(cat. no. sc-7324; Santa Cruz Biotechnology, Inc.; 1:300) and
FITC-conjugated anti-vascular endothelial growth factor
receptor 2 antibody (VEGFR-2; cat. no. ab184903; Abcam;
1:300) for 30 min at 4°C. The stained samples were analyzed
using the flow cytometer.

Cell proliferation assay. To investigate whether SDF-1
treatment regulated EPC proliferation, cells (1x10° cells/well)
were treated with different concentrations of SDF-1 (10, 100
and 500 ng/ml; Abcam) in 6-well plates for 24 h at 37°C with 5%
CO,. Then, EPCs were harvested and seeded (1x10* cells/well)
into 96-well culture plates and incubated with SDF-1 (10, 100
and 500 ng/ml) again for another 48 h.

To investigate the mechanisms underlying SDF-1-mediated
EPC viability, EPCs (1x10° cells/well) were pretreated with
CXCR4 antagonist AMD3100 (60 uM; Sigma-Aldrich; Merck
KGaA), PI3K inhibitor LY294002 (20 uM; Selleck Chemicals)
or MEK inhibitor PD98059 (20 uM; Sigma-Aldrich; Merck
KGaA) for 2 h at 37°C, and then stimulated with SDF-1
(100 ng/ml) for 24 h in 6-well plates at 37°C with 5% CO,.
EPCs were harvested and seeded (1x10* cells/well) into
96-well culture plates and incubated with SDF-1 (100 ng/ml)
again for 48 h.

Cell proliferation was measured using the colorimetric
MTS assay (Cell Titer 96 Aqueous; Promega Corporation),



EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 39, 2021 3

according to the manufacturer's protocol. MTS reagent (20 ul)
was added to each well and incubated for 1 h at 37°C. The
optical density (OD) value of each well was measured at a
wavelength of 490 nm using a 96-well plate reader (Bio-Rad
Laboratories, Inc.).

Cell migration assay. Cell migration assays were performed
using the 8-ym pore 24-well Cell Migration assay kit (BD
Biosciences). Cells were pretreated with AMD3100 (60 xM),
LY294002 (20 pM), PD98059 (20 uM) or control EGM-2
medium for 2 h at 37°C with 5% CO,. Subsequently, cells
were incubated in plates with SDF-1 (100 ng/ml) or control
EGM-2 medium for 24 h at 37°C (n=6 wells/group). Cells
(1x10° cells/well) were serum-starved for 24 h at 37°C with
5% CO, and seeded into the upper chamber with serum-free
culture medium. EGM-2 medium supplemented with 5% FBS
containing SDF-1 (100 ng/ml) or control EGM-2 medium
was added into the lower chambers. Following incubation at
37°C for 24 h with 5% CO,, cells on the upper surface were
removed using cotton-tipped swabs. Cells on the lower surface
of the membrane were fixed using 95% dehydrated alcohol for
30 min at room temperature and stained with crystal violet for
15 min at room temperature. After washing three times with
PBS, stained cells were observed in five random fields of view
using an IX81 inverted phase-contrast microscope (Olympus
Corporation; magnification, x100).

Tube formation assay. The tube formation assay was
performed using Matrigel® (BD Biosciences), according
to the manufacturer's instructions. Matrigel® was thawed
overnight at 4°C. The 96-well plate and 100 ul pipette
tips were also maintained at 4°C overnight. Subsequently,
Matrigel® (30 ul/well) was added to the 96-well plate and
incubated at 37°C for 1 h. To investigate the effect of SDF-1
on tube formation of EPCs and the underlying mechanism,
AMD?3100 (60 M), LY294002 (20 uM) or PD98059 (20 uM)
was added to culture medium for 2 h at 37°C with 5% CO,.
Then, cells were incubated with SDF-1 (100 ng/ml) for 24 h
at 37°C 5% CO,. EPCs (1x10* cells/well) were added to the
surface of the Matrigel® in the 96-well plate and incubated
at 37°C for 4 h. Tube formation was observed using an 1X81
inverted phase-contrast microscope (Olympus Corporation;
magnification, x100). Images were acquired at the same
magnification. The total branching length of the vascular
network was determined using ImageJ software version 1.51
(National Institutes of Health).

Western blotting. EPCs (1x10° cells/well) were cultured in
6-well plates and at 80% confluence pretreated with AMD3100
(60 uM), LY294002 (20 uM) or PD98059 (20 uM) for 2 h
at 37°C with 5% CO,. Subsequently, EPCs were stimulated
with 100 ng/ml SDF-1 for 1 h at 37°C with 5% CO,. The
concentrations of inhibitor used in the present study were based
on previous studies (17,25,26). Total protein was extracted
using RIPA lysis buffer (Santa Cruz Biotechnology, Inc.) with
phosphatase inhibitor and phenylmethanesulfonyl fluoride.
Total protein was quantified using the Bradford method (37).
The whole cell extracts (30 pug) were separated via 10%
SDS-PAGE and transferred onto PVDF membranes (Bio-Rad
Laboratories, Inc.), which were blocked with 5% non-fat milk

for 1 h at 37°C. Subsequently, the membranes were incubated at
4°C overnight with the following primary antibodies: Anti-Akt
(cat. no. 2920S; Cell Signaling Technology, Inc.; 1:2,000),
anti-phosphorylated (p)-Akt (cat. no. 4051S; Cell Signaling
Technology, Inc.; 1;2,000), anti-ERK (cat. no. 4696S; Cell
Signaling Technology,Inc.; 1:1,000),anti-p-ERK (cat.no.9106S;
Cell Signaling Technology, Inc.; 1:1,000) and anti-f-actin
(cat. no. 3700S; Cell Signaling Technology, Inc.; 1:1,000).
Following primary incubation, the membranes were washed
with TBST [TBS with 0.1% (v/v) Tween-20] and incubated
with corresponding horseradish peroxidase-conjugated goat
anti-rat immunoglobulin G secondary antibody (cat. no. 7077S;
Santa Cruz Biotechnology, Inc.; 1:3,000) for 1 h at 37°C. The
membranes were washed with TBST and protein bands were
visualized using chemiluminescent solution (EMD Millipore).
Protein expression levels were quantified using Quantity One
software (version 4.4; Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the mean + standard
deviation of =3 individual experiments. In cell experiments,
six replicate wells were performed for each group. Statistical
analyses were performed using SPSS software (version 18.0;
SPSS, Inc.). Differences among groups were analyzed using
one-way ANOVA followed by Bonferroni's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

EPC characterization. Cells displayed spindle-like
morphology at day 7 and cobblestone-like morphology at
day 14 (Fig. 1A). Following cell culture for 7 days in EGM-2
media, the tube formation ability of the attached cells was
determined using the Matrigel® network formation assay
(Fig. 1B). Following culture for 7 days in EGM-2 media,
cells were harvested and assessed by flow cytometry. FACS
analysis indicated that the adherent cells expressed progenitor
or stem cell markers CD133 and CD34, and the endothelial cell
marker VEGFR2 (Fig. 1C). EPCs were further characterized
by performing a Dil-ac-LDL uptake and FITC-UEA-1 binding
assay after 7 days of culture in EGM-2 media (Fig. 1D), and it
was identified that the cultured cells were EPCs.

Effect of SDF-1 on EPC proliferation and the underlying
mechanism. The effects of SDF-1 on EPC proliferation were
investigated. The maximum increase in EPC proliferation
was observed in the 100 ng/ml SDF-1 treatment group, and
no further increase in EPC proliferation was observed in the
500 ng/ml SDF-1 treatment group. SDF-1 (100 and 500 ng/ml)
significantly enhanced EPC proliferation compared with the
control, and 100 ng/ml SDF-1 was selected for subsequent
experiments (Fig. 2A). Moreover, there was no statistical
difference in the OD values between the 10 ng/ml SDF-1
group and the control group.

To investigate the underlying signaling pathway associ-
ated with SDF-1-induced EPC proliferation, the MTS assay
was performed. SDF-1 group could significantly increase
the proliferation of EPCs compared with the control group.
SDF-1-induced proliferation was significantly inhibited
by pretreatment with AMD3100, LY294002 or PD98059,
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Figure 1. Identification of EPCs. (A) Typical cell morphology following 7 and 14 days of culture (magnification, x200). (B) Tube formation ability on Matrigel®
matrix (magnification, x200). (C) Adherent cells were analyzed for CD34, CD133 and VEGFR2 expression by flow cytometry. (D) Following culture for 7 days,
cells were able to take up Dil-ac-LDL and bind with FITC-UEA-1. Cell nuclei were stained blue with Hoechst (magnification, x200). EPC, endothelial progenitor
cell; VEGFR2, vascular endothelial growth factor receptor 2; Dil-ac-LDL, dil-labelled acetylated low-density lipoprotein; UEA, Ulex europaeus agglutinin.

compared with the SDF-1-treated group (Fig. 2B). Collectively,
the results suggested that the Akt and ERK signal transduction
pathways were associated with SDF-1-induced EPC
proliferation.

LY294002 reverses SDF-I1-induced EPC migration and
tube formation. To investigate the effect of SDF-1 on EPC
migration, the migratory ability of EPCs was evaluated using
the Transwell assay. The number of migratory cells in the
SDF-1-treatment group was significantly increased compared
with the negative control group. Furthermore, AMD3100
and LY294002 significantly reduced SDF-1-induced EPC
migration compared with the SDF-1 group. There was no
significant difference in the migration of EPCs between the
SDF-1 group and PD98059 group (Fig. 3). Therefore, the
results demonstrated that the Akt signaling pathway served an
important role during SDF-1-induced EPC migration.

The tube-like formation assay was performed to examine
the effect of SDF-1 on tube-like structure formation. Compared
with the control group, the number of tube-like structures
in the SDF-1 group was significantly increased (Fig. 4).
Pretreatment with AMD3100 and LY294002 significantly

attenuated SDF-1-induced EPC tube-like tube formation. No
significant difference in tube formation of EPCs was found
between the SDF-1 group and PD98059 group. Thus, the
results suggested that the Akt signaling pathway, but not ERK
signaling, was associated with SDF-1-induced EPC tube-like
formation.

Various inhibitors attenuate SDF-I-stimulated Akt and
ERK phosphorylation. To investigate whether the PI3K/Akt
signaling pathway was involved in EPC biological functions,
the phosphorylation/activation levels of Akt were examined
by western blotting following stimulation with SDF-1. SDF-1
treatment significantly upregulated the protein expression
of p-Akt, which was reversed by AMD3100 or LY294002
(Fig. 5A and B), indicating activation of the Akt signaling
pathway. Based on the finding that SDF-1-induced EPC prolif-
eration, migration and tube formation were attenuated by
LY294002, it was speculated that the Akt signaling pathway
was associated with SDF-1-mediated EPC proliferation,
migration and tube formation.

SDF-1 also upregulated the protein expression of p-ERK in
EPCs, and pretreatment with AMD3100 or PD98059 significantly
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Figure 2. EPC proliferation assessed by the MTS assay. (A) EPCs were treated
with SDF-1 at different doses (10, 100 and 500 ng/ml) and cell proliferation
was assessed using the MTS assay. (B) EPCs were pretreated with AMD3100
(60 uM), LY294002 (20 #uM) or PD98059 (20 M) and incubated with SDF-1
(100 ng/ml). Cell proliferation was measured using the MTS assay. “P<0.01
vs. control; #P<0.01 vs. SDF-1. EPC, endothelial progenitor cells; SDF-1,
stromal cell-derived factor-1.

reduced SDF-1-induced increases in ERK phosphorylation
(Fig. 5C and D), thus suggesting that the ERK signaling pathway
was required for SDF-1-induced EPC proliferation.

Discussion

In the present study, the potential effects of SDF-1 on EPCs
and the underlying mechanisms were investigated. The results
suggested that SDF-1 significantly stimulated EPC functional
characteristics, such as cell proliferation, migration and tube
formation. SDF-1-induced EPC proliferation was inhibited
by the CXCR4 antagonist (AMD3100), the PI3K inhibitor
(LY294002) and the MEK inhibitor (PD98059). However,
SDF-1-induced migration and tube formation were only
attenuated by AMD3100 and LY294002. To further investigate
the underlying molecular mechanisms, western blotting was
performed. Theresultsindicated that SDF-1 treatment stimulated
Akt and ERK phosphorylation; however, pretreatment with
AMD3100, LY294002 and PD98059 blocked SDF-1-induced
phosphorylation. Moreover, SDF-1-induced EPC proliferation
was accompanied by Akt and ERK phosphorylation. Thus,
the Akt signaling pathway via CXCR4 may serve critical roles
during SDF-1-induced EPC proliferation, migration and tube
formation. In addition, ERK activation was associated with
EPC proliferation, but it was not required for SDF-1-induced
EPC migration and tube formation.

A____ Control SDF-1 SDF-1+AMD3100
Pl =R A S »
Bl Sl
o N EIIEY N P e ag Bl ¥ e Vo S s 01
LR G iA s &‘;-;'-f‘ P 7 R AR

SDF-1+LY294002 SDF-14+PD98059
R U 1 N N

W S | ¥ .oy gk 4!

Relative cell migration
- [ ¥
I
=
[*

0
SDF-1 - + + + +
AMD3100 — o + i “
LY294002 - “ - + -
PDY8059 # " »

Figure 3. EPC migration assessed using the Transwell migration assay.
(A) Representative images of migratory cells (magnification, x100).
(B) Relative cell migration. “P<0.01 vs. control; ""P<0.01 vs. SDF-1. EPC,
endothelial progenitor cell; SDF-1, stromal cell-derived factor-1.

Since Asahara et al (1) first described human circulating
CD34* cells as EPCs, other studies have reported that EPCs
migrate to sites of injured blood vessels, differentiate into
mature endothelial cells and participate in re-endothelializa-
tion (38-40). It has also been revealed that EPCs have important
roles during neovascularization (41), vascular repair (42)
and various diseases, such as cerebrovascular disease (12),
cardiovascular disease (13), chronic kidney disease (14) and
cancer (15).

Numerous cytokines are released in injured or ischemic
tissue, of which SDF-1 and VEGF are the most important (43).
VEGF is the most specific and potent angiogenic factor (44).
A previous study showed that SDF-1 can mobilize and recruit
EPCs to participate in angiogenesis, and VEGF is an important
factor involved in this process (35). A recent study has also
reported that VEGF and SDF-1 have significant synergistic
effects on the angiogenic properties of EPCs (45). Collectively,
it was speculated that VEGF and SDF-1 exert significant
synergistic effects on the angiogenesis of EPCs.

SDF-1 is primarily secreted by stromal fibroblasts and
vascular endothelial cells, and is constitutively expressed
in multiple tissues, including the liver, lung, brain, kidney,
heart, colon, lymph nodes, skin and bone marrow (18). SDF-1
binds to the transmembrane G protein-coupled receptors
CXCR4 and CXCR7 (46). CXCR4 was previously considered
to be the only SDF-1 receptor until the identification of
CXCR7 in T lymphocytes (47,48). Compared with CXCR4,
the affinity of CXCR7 to SDF-1 is higher (47). Furthermore,
SDF-1 binding to CXCR4 leads to the activation of G protein
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signaling kinases, including PI3K and MAPK signaling path-
ways, as well as the NF-«xB signaling pathway (18). However,
binding of SDF-1 to CXCR?7 signals via the P-arrestin
pathway, which is not via a G protein-mediated signaling
pathway (49). CXCR7 can form heterodimers with CXCR4
to form a structural trigger of the downstream signaling
pathway (50). Although the exact function of CXCR?7 is not
completely understood, previous studies have reported that
CXCRY7 is closely related to cell survival (51), prolifera-
tion (52) and adhesion (53), as well as the formation of the
SDF-1 concentration gradient (54).

SDF-1 binds to the G-coupled protein receptor CXCR4
to initiate downstream signaling molecules and induce
diverse biological processes, including cell proliferation,
migration, survival and senescence (55). Previous studies
have revealed that CXCR4 expression is associated with
EPC homing, subsequent endothelial regeneration and the
angiogenic response (56,57). The present results suggested
that SDF-1 treatment increased EPC migration, which was
consistent with the results of previous studies (23,35). In
addition, SDF-1-induced proliferation and angiogenesis were
significantly blocked by the CXCR4 antagonist AMD3100.
In line with previous studies (35,56,57), the present study
identified a potential role for CXCR4 for the integration of
EPCs into the vascular bed, and further indicated that SDF-1
modulated EPC proliferation, migration and angiogenesis.
However, the underlying downstream pathways of SDF-1 that
are associated with EPC viability, migration and angiogenesis
require further investigation.

Previous studies have revealed that the SDF-1/CXCR4 axis
is associated with cell proliferation and migration via activa-
tion of several signal transduction pathways, including the
PI3K/Akt signaling pathway (29,33). Akt serves an important
role during cell proliferation, differentiation and survival, and
regulates a number of genes that are downstream targets of
PI3K (58). The PI3K/Akt signaling pathway is also required
for the biological features of EPCs that are induced by diverse
pathophysiological and interventional interventions (59). A
recent study revealed that SDF-1 increased EPC proliferation,
colony formation, migration and angiogenesis (60); however,
the molecular mechanisms underlying the biological activities
of SDF-1 on EPCs are not fully understood. Consistent with
a previous study (60), the present results also demonstrated
that SDF-1 promoted the functional activities of EPCs.
Furthermore, inhibition of Akt blocked SDF-1-induced EPC
biological functions, such as proliferation, migratory and
angiogenesis. To further investigate the involvement of the Akt
signal transduction pathway in the process, the effect of SDF-1
on the protein expression levels of Akt and p-Akt in EPCs
were assessed by western blotting. The results demonstrated
that SDF-1-treated EPCs had increased Akt phosphoryla-
tion, and pretreatment with the PI3K inhibitor LY294002
significantly decreased SDF-1-induced p-Akt expression. It
was also found that the Akt signaling pathway was required
for SDF-1-induced EPC biological functions. Moreover,
CXCR4 inhibition by ADM3100 significantly attenuated
SDF-1-induced EPC biological functions and p-Akt activity.
Therefore, the CXCR4-mediated PI3K/Akt signaling pathway
may serve a key role during SDF-1-induced EPC viability,
migratory and angiogenesis.
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Figure 4. EPC tube formation on Matrigel®. (A) Representative images of
Matrigel® tube formation (magnification, x100). (B) Quantification of the
total branching length. “P<0.01 vs. control; #P<0.01 vs. SDF-1. EPC, endo-
thelial progenitor cell; SDF-1, stromal cell-derived factor-1.

The MAPK/ERK signaling pathway is a chain of proteins
in the cell that can transduce extracellular information into
intracellular responses, and are associated with the regulation
of a variety of growth and differentiation signaling pathways
via several phosphorylation cascades (58). Previous studies
have reported that low-dose radiation and basic fibroblast
growth factor can promote EPC proliferation and migra-
tion via activation of the ERK signaling pathway (61,62). In
addition, the ERK signaling pathway is associated with the
regulation of EPC angiogenesis (63). Thus, the aforementioned
studies revealed that the ERK signaling pathway may serve
an important role during EPC proliferation, migration and
angiogenesis. SDF-1/CXCR4 signal transduction stimulates
ERK activation during lung cancer (28), sacral chondrosar-
coma (29), glioblastoma (30) and in ovarian cancer (31) cell
lines. To the best of our knowledge, the association between
SDF-1-induced EPC functions and the ERK signaling pathway
has not been previously reported. Therefore, the present
study investigated whether the ERK signaling pathway was
regulated in EPCs in response to SDF-1. The results indicated
that SDF-1-induced proliferation was accompanied by ERK
phosphorylation. Moreover, the MEK inhibitor PD98059
decreased SDF-1-induced p-ERK protein expression and EPC
proliferation, but had no effect on SDF-1-induced migration
and tube formation. Therefore, it was speculated that the ERK
signaling pathway was associated with SDF-1-induced EPC
proliferation, but not EPC migration and tube formation.
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Figure 5. Signaling pathway inhibition reverses SDF-1-induced Akt and ERK phosphorylation. (A) t-Akt and p-Akt protein expression levels were determined
by western blotting and (B) quantified. (C) t-ERK and p-ERK protein expression levels were determined by western blotting and (D) quantified. “P<0.01 vs.
control; #P<0.01 vs. SDF-1. SDF-1, stromal cell-derived factor-1; p, phosphorylated; t-, total.

The present study had a number of limitations that require
consideration. For example, the SDF-1/CXCR4 axis activates
several signaling pathways (18), including the PI3K/Akt,
MEK/ERK, NF-«B, Ras-activated, Janus kinase/STAT and
G protein-coupled receptor kinase-B-arrestin signaling
pathways. However, the present study primarily focused on
the PI3K/Akt and MAPK/ERK signaling pathways. Thus,
whether SDF-1 promotes EPC proliferation, migration
and tube formation via other signaling pathways should be
examined in future studies. Furthermore, the other SDF-1
receptor, CXCR7, requires further investigation. The roles of
the SDF-1/CXCR4 and SDF-1/CXCR?7 signaling pathways, as
well as their crosstalk in EPC biological functions should also
be investigated in future studies.

In conclusion, to the best of our knowledge, the present
study was the first to demonstrate that SDF-1 stimulated
EPC proliferation via activation of the CXCR4-dependent
Akt and ERK signaling pathways. Moreover, the Akt
signaling pathway also contributed to SDF-1-induced EPC
migration and tube formation. The results of the present
study may further the understanding of the molecular
mechanisms underlying SDF-1-mediated EPC functions, as
well as provide an insight into potential therapeutic targets

for cerebrovascular disease, cardiovascular disease, chronic
kidney disease and cancer.
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