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Abstract

Background: Endothelial progenitor cells (EPCs) can migrate to the tumor tissue and enhance the angiogenesis of
hepatocellular carcinoma (HCC); thus, they are associated with a poor prognosis. However, the specific molecular
mechanism underlying the homing of EPCs to the HCC neovasculature remains unrevealed.

Methods: Co-culture experiments of endothelial progenitor cells with HCC cells with modulation of EphA1 were
performed in vitro. Using EPCs as angiogenic promoters by injecting them into HCC xenograft-bearing nude mice
via their tail veins to test homing ability of EPCs changed according to different EphAT level in HCC xenograft.

Results: In this study, we found that the up-regulation of EphAT expression in HCC cells could affect not only the
chemotaxis of EPCs to tumor cells and endothelial cells (ECs) but also the tube formation ability of EPCs in a
paracrine fashion. Further, we revealed that the increased expression of EphA1 in HCC cells led to an increased
SDF-1 concentration in the tumor microenvironment, which in turn activated the SDF-1/CXCR4 axis and enhanced
the recruitment of EPCs to HCC. In addition, the EphAT-activated SDF-1 expression and secretion was partially
mediated by the PI3K and mTOR pathways. In vivo experiments demonstrated that blocking EphA1/SDF-1/CXCR4
signaling significantly inhibited the growth of HCC xenografts. Using immunohistochemistry and
immunofluorescence assays, we verified that the inhibition of tumor angiogenesis was at least partially caused by
the decreased number of EPCs homing to tumor tissue.

Conclusions: Our findings indicate that targeting the EphA1/SDF-1 signaling pathway might be a therapeutic
anti-angiogenesis approach for treating HCC.
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Background

Hepatocellular carcinoma (HCC) is the most common
primary liver tumor; it is the second leading cause of
cancer-related death worldwide, and its incidence is
increasing yearly [1]. HCC is often diagnosed at late
stages when only limited therapeutic options are avail-
able; consequently, the survival rate for HCC patients
is dismal. Thus, there is an urgent need to develop
novel therapeutic approaches for advanced HCC. Re-
search has confirmed that angiogenesis is required for
invasive tumor growth and metastasis; thus, angiogen-
esis is an important point in controlling the malignant
progression of tumors, and angiogenesis inhibition
may be a valuable new approach for cancer therapy.
For example, drugs targeting angiogenic pathways,
such as sorafenib, have been proven to have specific
antitumor effects [2]. Clinically, however, sorafenib
treatment has produced only modest survival benefits
in most patients and is not considered curative [3].
Therefore, the development of anti-angiogenic strat-
egies that are more effective for treating HCC remains
a challenging task.

A number of studies suggest that the recruitment of
circulating endothelial progenitor cells (cEPCs) contrib-
utes greatly to tumor neovascularization and that tumor
growth could be inhibited by retarding the incorporation
ability of EPCs [4-7]. Researchers have found that EPCs
can serve as a critical regulator of tumor progression
from micrometastases to macrometastases [8]. Using an
orthotopic liver tumor model, Li et al. confirmed that
the inhibition of the EPC population could suppress liver
tumor metastasis [9]. In addition, our previous study
verified that bone marrow-derived EPCs can home to
the tumor tissue of orthotopic HCC xenografts [10].
Nevertheless, despite the strong evidence supporting the
promotive role of these cells on neovascularization in
HCC, the mechanisms underlying EPCs’ homing and
recruitment to neovessels in HCC remain unclear.

The erythropoietin-producing human hepatocellular car-
cinoma (Eph) receptors, which comprise the largest family
of receptor tyrosine kinases (RTKs), are involved in normal
tissue remodeling and cancer progression, especially in
tumor angiogenesis [11]. Ephrins/Ephs engage in critical
steps of angiogenesis, including juxtacrine cell-cell con-
tacts, cell adhesion to extracellular matrix, and cell migra-
tion [12]. Recent evidence also suggests the important role
of ephrins/Ephs in regulating EPCs’ recruitment and hom-
ing [13, 14]. EphAl, the first identified Eph family member,
is physiologically expressed in epithelial tissues, and its
pathological overexpression has been reported in a variety
of tumors, including gastric cancer [15], liver cancer [16],
prostate cancer [17], and esophageal squamous cell carcin-
oma [18]. In a previous study, an artificial overexpression of
EphAl in fibroblasts was found to be tumorigenic in nude
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mice [19]. lida et al. reported that EphAl and its ligand
ephrinAl were overexpressed in the tumor cells of HCC
and that exogenous ephrinAl-Fc fusion could lead to
increased EphAl expression and activation of its down-
stream signaling [16]. Our previous study also found that
the targeted suppression of EphAl expression significantly
inhibited the tumor growth of HCC xenografts, mainly by
suppressing tumor angiogenesis [20]. Although research
suggests a close link between EphAl and HCC angiogen-
esis, the question of whether the homing of EPCs to HCC
neovasculature is regulated by ephrinAl and its receptor
EphA1 remains unanswered.

In this study, we used EPCs as angiogenic promoters
by injecting them into HCC xenograft-bearing nude
mice via their tail veins to favor tumor development. By
manipulating the expression of EphAl in xenografted
tumor tissue and in cultured HCC cells, we observed
that the up-regulation of EphA1 expression in HCC cells
promotes the chemotaxis of EPCs to tumors and endo-
thelial cells through a paracrine mechanism. Further,
both in vivo and in vitro experiments confirmed the
pivotal role of the SDF-1/CXCR4 axis in mediating the
promotive effect of EphAl on EPCs’ homing to tumor
neovasculature. Our findings indicate that targeting the
EphA1/SDEF-1 signaling pathway might provide a thera-
peutic anti-angiogenesis approach to HCC.

Results

Phenotypic and functional characterization of EPCs
derived from peripheral blood

We successfully isolated EPCs from adult peripheral
blood samples (n=13) and expanded in vitro. EPC
colonies were verified on the 7th day (Additional file 1:
Figure Sla) and were expanded through another 2 weeks
of culture. The cells exhibited a cobblestone-like morph-
ology typical of ECs (Additional file 1: Figure Sla).
Moreover, the cell phenotype was identified using IF assay.
The EPCs were uniformly positive for several endothelial
markers, including CD31, CD133, eNOS, and VEGFR2
(Additional file 1: Figure S1b), and they were able to in-
corporate acetylated-LDL and bind the lectin UEA-1
(Additional file 1: Figure S1c). Importantly, the EPCs were
found to lack the expression of the hematopoietic antigens
CD45 and CD90 (Additional file 1: Figure S1b). Further-
more, Matrigel assays revealed that the EPCs were charac-
terized by their ability to form a network of tube-like
structures (Additional file 1: Figure S1d). These results are
consistent with previous reports [21, 22].

EphAT1 regulates EPCs’ chemotaxis and tube formation
potency

EphrinAl has two native receptors, EphAl and EphA2.
EphA1l is overexpressed in the tumor tissue in HCC pa-
tients [16, 23]. Therefore, we investigated the role of EphA1l
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in EPCs’ chemotaxis and tube formation potency in HCC
cells through manipulating EphA1 gene expression in HLE
cells (EphAl low expression hepatoma cells) and Huh-7
cells (EphA1 high expression hepatoma cells). EphrinA1-Fc
was used to increase EphA1 expression in HLE cells. The
western blot (WB) assay showed that ephrinAl-Fc recom-
bination protein increased the expression of EphA1 but not
EphA2 (Additional file 2: Figure S2a), consistent with the
results of immunofluorescence staining (Additional file 2:
Figure S2b). The result not only confirmed the success of
the EphA1 expression manipulation, but also ruled out the
possibility that EphA2 is involved as a receptor in
ephrinAl-Fc-activated downstream signaling in HLE cells,
despite a previous finding that ephrinAl-Fc can up-
regulated EphA2 expression and activate its downstream
signaling in endothelial cells [24]. Further, the WB assay
verified that EphA1 siRNA successfully suppressed EphAl
expression in Huh-7 cells (Fig. 1al). Subsequently, a Trans-
well assay was conducted to investigate the effect of EphAl
upregulation on EPC chemotaxis to HCC cells. The results
demonstrated that the enhanced EphAl expression in
EphAl-negative HLE cells resulting from ephrinAl-Fc re-
combinant protein increased the chemotaxis of EPCs to
HLE cells, while the decreased EphA1 expression resulting
from EphA1l siRNA transfection in EphAl-positive Huh7
cells had the opposite effect (Fig. 1b). Next, EPC incorpor-
ation into the tubular networks formed by HUVEC was
evaluated. The EPC incorporation assay showed that the
number of Dil-ac-LDL labeled EPCs incorporation into
HUVECs increased after treatment with conditional
medium (CM) from the EphA1 high expression HCC cells
(HLE cells treated with ephrinAl-Fc recombinant protein
or Huh-7 cells transfected with EphA1 scrRNA) compared
to treatment with CM from the EphAl low expression
HCC cells (HLE cells treated with IgG-Fc recombinant pro-
tein or Huh-7 cells transfected with EphAl siRNA)
(Fig. 1a2, a3). Furthermore, wound healing and tube forma-
tion assays were conducted to investigate whether EphA1l
up-regulation in HCC cells promotes EPCs’ potency for
physiological angiogenesis. The results demonstrated that
the migration ability of EPCs remarkably increased after
treatment with conditioned medium from EphA1l-negative
HLE cells stimulated with recombinant human ephrinAl-
Fc and decreased after treatment with conditioned medium
from EphA1 siRNA-transfected EphA1-positive Huh7 cells
(Fig. 1c). The same tendency was found in the tube forma-
tion assay (Fig. 1d). These results indicate that the increased
expression of EphA1 in HCC cells promotes the chemotac-
tic and tube formation abilities of EPCs in the tumor
microenvironment.

EphA1 activates SDF-1/CXCR4 signaling in HCC
Chemokines have been verified as the key factors mediat-
ing EPCs’ homing for tumor neovascularization [25]. To
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verify whether EphA1 can increase chemokine expression
and secretion in HCC cells, we detected 10 chemokines
that are known to be associated with HCC [26-35] and
designed specific primers for PCR assays (Table 1). Using
qPCR and ELISA, we found that among all of the detected
chemokines, the up-regulation of EphAl expression in
ephrinA1-Fc-stimulated HLE cells resulted in the most
significant increase in SDF-1 mRNA expression in cells
(Fig. 2a) and protein secretion into the culture medium
(Fig. 2c). Consistently, the inhibition of EphAl expression
by EphA1 siRNA in EphAl-positive Huh7 cells led to de-
creased mRNA expression (Fig. 2b) and protein secretion
(Fig. 2¢) in SDEF-1. The findings from immunofluorescence
staining with SDF-1 (green) and DAPI (blue) were consist-
ent with those of the qPCR assay (Fig. 2d).

To further verify whether SDF-1/CXCR4 signaling is the
key contributor to EPCs” homing process in response to the
EphA1l level change in HCC cells, we performed an IP
assay using the lysates from EPCs after they were co-
cultured with IgG-Fc- or ephrinA1-Fc-stimulated HLE cells
and the SDF-1 antibody, followed by a WB assay of the
immunoprecipitated eluate (IP eluate) for CXCR4. The re-
sults demonstrated that the IP eluate from the cells with in-
creased SDF-1 expression had a remarkably higher CXCR4
level, suggesting that SDF-1 and CXCR4 interact with each
other (Fig. 3a). In addition, using immunofluorescence (IF),
we verified that compared with the control group, EPCs
co-cultured with ephrinAl-Fc-activated HLE cells showed
significant SDF-1 and CXCR4 co-expression (Fig. 3b).

To rule out the possibility of EphA2 involvement, we
successfully constructed EphA2 siRNA to knock down the
EphA2 gene, as evidenced by the fact that EphA2 siRNA-
transfected Huh-7 cells showed a significantly lower
EphA2 mRNA expression level compared with EphA2
scrRNA-transfected Huh-7 cells (Additional file 2: Figure
S2c). Subsequently, a qPCR assay revealed that EphA2
siRNA-transfected Huh-7 cells did not exhibit any signifi-
cant changes in the mRNA expression levels of any of the
detected chemokines (Additional file 2: Figure S2d).

The above results indicate that EphA1l is the key receptor
responding to ephrinAl-Fc stimulation in HLE cells and
that the up-regulation of EphAl expression can activate
SDF-1/CXCR4 signaling in the tumor microenvironment.

SDF-1 inhibition suppresses the EphA1-induced chemo-
taxis and tube formation ability of EPCs

To investigate whether SDF-1 inhibition blocks the EphA1-
activated chemotaxis and tube formation ability of EPCs,
we transfected SDF-1 siRNA into ephrinA1l-Fc-stimulated
HLE cells with an up-regulated EphA1 expression and used
scrambled siRNA as a control. WB showed decreased SDF-
1 protein expression and secretion (Fig. 4a, b), confirming
the success of the SDF-1 gene knockdown. The Transwell
experiment demonstrated that compared with the control
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Fig. 1 EphA1 regulates EPC proangiogenic potency in a paracrine fashion in vitro. a A1: WB assay showing the EphA1 protein expression in HCC
cells. A2: EPC incorporation into HUVECs, EPC's uptake of Dil-ac-LDL (red) together with HUVEC tube formation (blue). A3: EPC incorporation assay
analysis data (**P < 0.01). The data are expressed as the means + SD of three independent experiments. b Boyden chamber staining of EPCs’ chemotaxis to
HCC cells with different EphA1 levels, Asterisks indicate significant differences (**P < 0.01, **P < 0.001) with respect to the corresponding control. The data
are expressed as the mean + SD of three independent experiments. ¢: EPC migration. d EPC tube formation. The migration and tube formation of EPCs
were measured after treatment with conditioned medium from HCC cells with different EphAT levels. The data are expressed as the mean =+ SD of three
independent experiments. Asterisks indicate significant differences (**P < 0.01, ***P < 0.001) with respect to the corresponding control

scrambled RNA, the SDF-1siRNA knockdown of HLE cells  decrease the EphAl-induced chemotaxis and tube forma-
with an activated EphAl expression led to a significant  tion ability of EPCs in the tumor microenvironment.
decrease in EPC chemotaxis (Fig. 4cl). In addition, after

treatment with conditioned medium from SDF-1 knock-  EphA1 promotes SDF-1 expression in HCC cells through
down ephrinAl-Fc-activated HLE cells, EPCs’ abilities to  the Akt and mTOR pathway

migrate (Fig. 4c2), form a tubular structure (Fig. 4c3), and  To identify the pathway involved in the EphAl-activated
incorporate into mature EC populations (Fig. 4c4) were all ~ expression and secretion of SDF-1 in HCC cells, we first
suppressed compared with the SDF-1 scrambled RNA  examined the protein expression of three EphAl down-
group. These results suggest that targeting SDF-1 might stream signaling molecules, ERK, Akt and mTOR. WB
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Table 1 The primer sequences of Chemokines used in this article
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Target gene Forward sequence

Reverse sequence

CXCL1 CATCGAAAAGATGCTGAACAGT ATAAGGGCAGGGCCTCCT
CXCL5 CCTTTTCTAAAGAAAGTCATCCAGA TGGGTTCAGAGACCTCCAGA
CXCLo CTGGAGCAGTGTGGAGTTC CCGTTCTTCAGTGTAGCAATG
CXCL10 GAACTGTACGCTGTACCTGCA TTGATGGCCTTCGATTCTGGA
CXCL11 CAGAGAGGCTGAGACCAACC GCTGAAGGTGTGAGCTTTGG
xcL2 CTCGGGATGTGTAATGGCT GCCTCCATGGCATACATAGA
CXCLI6 ACTCGTCCCAATGAAACCAC ATGAAGATGATGGCCAGGAG
CCL2/MCP-1 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA
CCL20 GCCTCTCGTACATACAGACGC CCAGTTCTGCTTTGGATCAGC
CCL22/MDC TGCGCGTGGTGAAACACTT TAGGCTCTTCATTGGCTCAGCT

results revealed that the active EphAl in ephrinAl-Fc-
stimulated HLE cells increased the protein expressions of
phosphor-Akt and phosphor-mTOR; however, no differ-
ence in the protein level of phosphor-ERK was observed.
Consistently, the knockdown of EphAl expression by
EphAl siRNA in EphAl-positive Huh7 cells exhibited the

opposite changes (Fig. 5a, b). Next, using LY294002 (an in-
hibitor of the Akt signaling pathway) and rapamycin (an in-
hibitor of the mTOR signaling pathway), we found that
blocking the Akt and mTOR pathway in HCC cells de-
creased EphAl-activated SDF-1 expression (Fig. 5c). The
findings from immunofluorescence staining with EphAl
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the ephrinAl-Fc-activated HLE cells. Asterisks indicate significant differences (***P < 0.001) with respect to the IgG-Fc-activated HLE cells. B. Huh-7 cells
with different EphA1 expression levels: The result is normalized to the expression in Huh-7 cells transfected with EphAT scrRNA for each chemokine.
The red bar represents the relative SDF-1 mRNA expression level in Huh-7 cells transfected with EphAT siRNA. Asterisks indicate significant differences
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Fig. 3 EphAT increases the binding of SDF-1 to CXCR4 in EPCs. a
Cell lysates from EPCs co-cultured with IgG-Fc-activated (Lane 1) or
ephrinA1-Fc-activated HLE cells (Lane 2) were used for co-IP using
anti-SDF-1 antibodies. WB was performed using antibodies against
CXCR4, with B-actin as a control for protein loading. The histogram
on the right shows the semi-quantification results of WB. The data
represent the mean + SD of three independent experiments. The results
show that the activation of EphA1 leads to an increased pull-down of
CXCR4 in EPCs. b IF staining of EPCs after co-culturing with IgG-Fc-
activated (top panel) or ephrinA1-Fc-activated HLE cells (bottom panel)
using anti-CXCR4 antibody (green fluorescence), anti-SDF-1 antibody (red
fluorescence), and DAPI (blue fluorescence). Yellow fluorescence in the
merged images indicates the co-expression of SDF-1 and CXCR4 in EPCs
after co-culturing with HLE cells activated by IgG-Fc or ephrinA1-Fc.
Images were obtained using a confocal laser scanning microscope.
Magnification: x 400; scale bar, 10 um

(green), SDF-1 (red), and DAPI (blue) were consistent with
those of the WB assay (Fig. 5d). These results suggest that
the Akt and mTOR pathway mediates the enhancement of
SDEF-1 expression and secretion by EphA1 in HCC cells.

EphA1 promotes EPCs’ homing for neovascularization of
HCC xenografts

To further clarify whether targeting SDF-1 can suppress
EphAl-induced HCC growth and EPCs’ homing process,
we established HLE cell xenograft models with different
EphAL levels in mice, which were then injected with EPCs
through the tail vein on the post-xenograft 14th day. After
36 days, the tumors containing HLE cells with activated
EphA1l had a significantly greater volume than the tumors
containing HLE cells stimulated with control IgG-Fc
(Fig. 6a). In addition, compared with SDF-1 scrambled
RNA, the SDF-1 siRNA-treated HLE cells with activated
EphA1 expression showed remarkably smaller resulting tu-
mors (Fig. 6b, cl), suggesting a pivotal role of SDF-1 in
EphA1l-enhanced tumor growth. Next, we investigated the
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effect of targeting SDF-1 on EphAl-induced HCC angio-
genesis by comparing the microvascular density (MVD) of
the xenografts of mice injected with SDF-1 siRNA-treated
HLE cells and those treated with SDF-1 scrambled RNA-
treated HLE cells. MVD was determined based on the IHC
staining of tumor tissue for CD31. The results indicate that
compared with the scrambled RNA control group, SDF-1
knockdown by siRNA significantly inhibited MVD in the
tumors containing HLE cells with activated EphA1 expres-
sion (Fig. 6¢2, d1). Next, we further verified the role of
SDF-1 in the EphAl-promoted recruitment of EPCs to
HCC for vascularization as a key downstream molecule.
Dil-ac-LDL labeling was used to track the homing of EPCs
to the tumors’ CD31-positive vasculature (Fig. 6¢3), and the
number of EPCs per microscope field of tumor tissue was
counted. The results revealed that compared with the
SDE-1 scrambled RNA-transfected cells with activated
EphAl expression, the HCC xenografts derived from
SDF-1 siRNA-knockdown HLE cells had a smaller num-
ber of EPC cells homing to the tumor vasculature
(Fig. 6d2). These results indicate that the activation of
EphAl expression promoted angiogenesis in HCC and
that targeting SDF-1 might be an effective tool for inhibit-
ing EphAl-induced HCC angiogenesis and EPC recruit-
ment. The working model of how the EphAl-activated
SDEF-1/CXCR4 signaling promote EPCs’ homing to HCC
neovascularization was presented (Fig. 7).

Discussion
By constructing an orthotopic tumor in rat livers and
injecting EPCs through the tail vein after a xenograft tumor
developed, we preliminarily confirmed that EPCs can spe-
cifically chemotax to HCC tumor tissue [20]. However, the
definitive molecular mechanism underlying this homing
process remains to be clarified. In the present study, we ob-
served that up-regulated EphA1 expression in HCC cells in-
creased SDF-1 expression and secretion in the tumor
microenvironment, which in turn not only promoted the
chemotaxis, tube formation and migration ability of EPCs
but also enhanced tumor growth and microvascular density.
Importantly, in vivo experiments revealed that an increased
number of EPCs homed to neovessels in HCC. Moreover,
this study found that EphAl-activated SDF-1 expression and
secretion was mediated by Akt and mTOR pathway.
Previous studies have reported an elevated expression
level of EphA1 and its analogue, EphA2, in the tumor tissue
of HCC patients [16, 36]. Our previous study also showed
that the targeted inhibition of EphAl could inhibit tumor
growth and angiogenesis in HCC [20]. In this study, we
used ephrinAl fusion protein and verified that ephrinAl
can activate EphA1 but not EphA2 receptors in an EphAl-
negative HCC cell line of HLE cells (Additional file 2:
Figure S2), which was similar to Iida’s findings [16].
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Tumor vasculatures develop mainly through angiogenesis
via endothelial sprouting from the existing vessels, and this
sprouting process is based on the recruitment, proliferation
and tube formation of EPCs [37, 38]. The homing of cEPCs
to the tumor participates in the angiogenesis process by
differentiating and incorporating into the EC populations of
the neovessels of HCC or into the tumors themselves. A
number of studies have revealed that ephrin/Eph family
members can regulate the recruitment and homing of EPCs
to tumors. For example, Foubert et al. found that the inhib-
ition of EphB4 activity in EPCs significantly reduced EPC-
induced angiogenesis [13] and further revealed that EPCs
pretreated with ephrin-B2 have a proangiogenic potential
for therapeutic neovascularization [23]. Similarly, Salvucci
et al. [39] reported that the EphB2/ephrinB2 signaling path-
way could promote EPC chemotaxis and accelerate vascu-
lar branching and remodeling. The ephrinAl/EphAl
pathway was also found to be involved in the malignant
biological behavior of HCC tumor cells [16]. However, the
relationship between the ephrinA1/EphAl pathway and

EPC homing ability in HCC remains to be determined. In
this study, the Boyden chamber assays showed that the
chemotaxis of EPCs to the ECs and tumor cells was signifi-
cantly enhanced in the conditioned medium from HLE cell
cultures with activated EphAl. The results of these and
other assays, allowed us to show for the first time that the
ephrinA1/EphAl pathway activated in HCC can promote
EPCs homing process in a paracrine fashion.

Recent studies have found that in addition to the EPCs’
physical contribution to newly formed vessels, the en-
hanced secretion of chemokines might be a supportive
mechanism underlying the homing process of EPCs to
tumor neovasculature [25]. As one of the most important
chemokines involved in the angiogenesis of HCC [30],
SDF-1 mediates the homing of cEPCs to neovessels by
binding to the receptor CXCR4 on EPCs [40]. In this study,
the activation of the ephrinA1/EphAl signaling pathway in
HCC cells led to an elevated SDF-1 protein level in the
HCC tumor microenvironment. Moreover, targeting SDF-1
with siRNA suppressed the ephrinAl/EphAl-enhanced



Wang et al. Journal of Experimental & Clinical Cancer Research (2016) 35:65 Page 8 of 15

and rapamycin (2 ng/ml). Magnification: x 400; scale bar: 10 um

A B ERK protein p-ERK protein
! F 150 ns s & 150 ns ns
HLE cells Huh 7(ce||s S L2 1 £ o 1 ™
> = H 2
£ & ¢ E EE ::"z‘ § s E o
E 9 G- £ &5 &2 8 <
o e BN ® U np g || € O
TTHLE HuhT THLE  HuhT
ERK | et Sy N | | Sl s s
AKT protein p-AKT protein
p'ERK — | — — — = — g150 ns ns gtoo -
8 100 4 § 300
AKT | e o | | s s s £ £ 200 ara
o A
g o 2
e — - HOFe e S v
p-AKT — it e et
mTOR N — mTOR protein p-mTOR protein
@ 150, NS z e
5 ri <
p_mTOR —— m— — — —— -§ 100 u% .
- =
B-actin |-'-| R YT mwens 3 . 3
o s wo-Fe R
HLE Huh-T HLE
SDF-1 protein in HLE cells
C . D HLE cells
£ 500 L
5 400 DAPI EphAl SDF-1 Merge
g 300
g EphrinA1-Fc
2 100
]
x 0
1gG-Fc 4 - - -
EphrinAl-fc - 4+ +  + EphrinAl-Fc
LY294002 - - + - +LY294002
Rapamycin = - - +

soF-1| e - EphrinAl-Fc

| | +Rapamycin
B-actin

Fig. 5 EphA1 increases SDF-1 expression via activation of the Akt and mTOR pathways. a WB assay of the EphA1 downstream signaling molecules
ERK, AKT and mTOR, expressed in untreated and treated HLE cells as well as Huh-7 cells with manipulated EphA1 levels, with B-actin as a control
or protein loading. b Histograms show the relative (Rel) protein expression results from WB, which were normalized to the expression level in
untreated cells. The data represent the mean + SD of three independent experiments. Asterisks indicate significant differences (**P < 0.01; ***P <
0.001), and “ns” indicates an insignificant difference. ¢ The WB assay of SDF-1 in IgG-Fc- or ephrinA1-Fc-activated HLE cells after the respective
blockage of the Akt and mTOR pathways with the corresponding specific inhibitors LY294002 (2 ng/ml) and rapamycin (2 ng/ml). B-actin served
as a control for protein loading. The data represent the mean + SD of three independent experiments. Asterisks indicate significant differences
(**P <0.01) d Double IF staining of SDF-1 (green) and EphA1 (blue). Images were obtained using a confocal laser scanning microscope. The results
show that SDF-1 expression decreases after the blockage of the Akt and mTOR pathways with their respective specific inhibitors, LY294002 (2 ng/ml)

potential of EPCs to migrate to the tumor cells. In in vivo
experiments, SDF-1 blockage reversed the promotive effect
of ephrinAl-Fc against tumor growth and angiogenesis in
the nude mouse HCC xenograft model. Meanwhile, the
number of EPCs in the tumor neovessels drastically

decreased. Therefore, we believe that the reduction of EPC
recruitment might be a major contributor to the change in
tumor angiogenesis resulting from SDF-1/CXCR4 axis
blockage. In HCC, previous studies have verified that SDF-
1/CXCR4 axis could be up-regulated by TIMP-1 [41] and
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density of HLE cells with ephrinA1-Fc-activated EphA1 expression transfected with SDF-1 siRNA (red bar) or scrRNA (black bar) in the
xenografts; Bottom: Number of EPCs homing to the tumor vasculature of HLE cells with ephrinA1-Fc-activated EphA1 expression transfected

with SDF-1 siRNA (red bar) or scrRNA (black bar) in the xenografts

urokinase [42]. Interestingly, tacrolimus, an immunosup-
pressor, can also promote HCC by activating SDF-1/
CXCR4 axis [43]. Here, for the first time, we observed that
the SDF-1/CXCR4 axis can be activated by the increased
expression of EphA1l in HCC cells in the tumor microenvir-
onment. This finding is similar to a previous report that
EphB2 and EphB4 might possess the ability to up-regulate
the expression of SDF-1 [39]. In addition to SDF-1, other
chemokines, such as CXCL16/CXCR6 [44], CXCL10/
CXCR3 [28], and CCL5/CCR5 [45], might play a regulatory
role in EPCs mobilization and recruitment. However, we

did not notice any significant gene expression changes in
these chemokines in HCC cells in response to EphAl
activation.

The ephrin/Eph family executes various biological func-
tions by regulating multiple downstream pathways [11]. For
example, ephrinAl-induced activation of EphA2 stimulates
the MAP/ERK kinase signaling cascade [46], EphB4 recep-
tor signaling mediates endothelial cell migration and prolif-
eration via the PI3;K/Akt pathway [47], and the mTOR
pathway is a crucial mediator of EphA signaling in neurons
[48]. Because mTOR is known to be an important
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downstream molecule of Akt, we hypothesized that the
Akt/mTOR pathway can be activated by ephrinA1/EphAl
and thus become involved in the homing process of EPCs
to HCC. Using specific chemical pathway inhibitors to in-
vestigate the role of the Akt/mTOR pathway, we found that
the blockage of the PI;3K/Akt and mTOR pathways remark-
ably suppressed EphAl-activated SDF-1 expression and
secretion, suggesting that the Akt/mTOR pathway mediates
the up-regulation of SDF-1 by EphA1l. Our results were in
accordance with a previous study that observed the involve-
ment of the ephrinA1/EphAl-activated PI3K/Akt pathway
in chemokine-mediated T lymphocyte migration [49].

In summary, the most significant and novel finding of
this study is that the activation of the ephrinA1/EphAl
pathway in HCC cells can significantly increase the ex-
pression and secretion of SDF-1 in the tumor micro-
environment, thus promoting tumor angiogenesis by
enhancing the homing and tube formation abilities of
EPCs in a paracrine fashion. The homing of EPCs in
tumor angiogenesis is a multi-step process involving the
interactions and mutual influence of multiple factors
and complicated signal transduction pathways. Our
identification of the signal pathway and its function in
HCC progression could be breakthrough that sheds new
light on tumor anti-angiogenesis therapy.

Conclusions

Our findings indicate that ephrinA1/EphA1l pathway ac-
tivation in HCC cells can promote tumor angiogenesis
by enhancing the homing and tube formation abilities of
EPCs in a paracrine fashion, and targeting the EphAl/

SDEF-1 signaling pathway might be a therapeutic anti-
angiogenesis approach for treating HCC.

Methods

Cell culture

After EPCs were isolated from peripheral blood, they were
expanded ex vivo, as previously described [50]. Early pas-
sage EPCs (passage 2) were seeded in flasks pre-coated
with type I rat tail collagen and cultured in complete
EGM-2 medium (Lonza, NJ, USA). Human umbilical vein
endothelial cells (HUVECs) were isolated from human
umbilical venous blood via collagenase digestion and then
cultured in complete EGM-2 medium in flasks coated
with type I collagen. All cultures were maintained in a hu-
midified incubator at 37 °C in an atmosphere containing
5 % CO,. Passage 2 EPCs and passage 2 HUVECs were
used in the related experiments in this study. In addition,
two human hepatoma cell lines, HLE (EphAl-negative)
and Huh-7 (EphA1l-positive) were obtained from the Japan
Health Science Research Resources Bank (HSRRB, Osaka,
Japan). HLE was cultured in complete MEM medium con-
taining 10 % fetal bovine serum (FBS; Gibco, NY, USA).
The Huh-7 was cultured in 10 % FBS-containing Dulbec-
co’s Modified Eagle’s Medium (DMEM).

Animal studies

The Wenzhou Medical University Committee for the Use
and Care of Animals approved all animal experiment pro-
cedures prior to the study. Forty-eight 6- to 7-week-old
male C57BL/6 nude mice (Center for Laboratory Animals,
Wenzhou Medical University, Wenzhou, China) were
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randomly divided into four groups for xenograft implant-
ation at the right flank of the fourth inguinal mammary.
The Group 1 mice were injected with IgG-Fc-treated HLE
cells as controls. The Group 2 mice were injected subcuta-
neously with 1x 10" HLE cells stimulated with 5 mg/ml
EphA1-Fc, while the Group 3 and 4 mice were injected
with the same amount of EphAl-Fc-stimulated HLE cells
transfected with SDF-1 specific siRNA (GenPharma,
Shanghai, China) or control scrRNA (GenPharma,
Shanghai, China), respectively. Tumor development
was monitored regularly by observing tumor growth
and measuring the tumor size with a caliper once
every 3 days. At post-xenograft Day 14, all of the mice
were injected with 5x 10> EPCs through tail veins, at
a time when endogenous tumor angiogenesis was com-
pleted [51]. Prior to injection, the EPCs were co-incubated
with 2 g/mL Dil-ac-LDL (Biomedical Technologies,
Stoughton, Mass) for 1 h. At post-xenograft Day 36, all of
the mice were sacrificed for tumor removal. The tumor vol-
ume was determined using the formula volume = width® x
length x 0.52. A portion of the harvested tumor tissue was
fixed in 10 % buffered formalin and embedded in paraffin
for immunohistochemical (IHC) analysis, and the rest was
snap-frozen in liquid nitrogen and stored at -80 °C.

Preparation of conditioned medium (CM-HLE and CM-
Huh-7)

Huh-7 cells transfected with EphAl siRNA or EphAl
scrRNA were prepared as previously described [20]. To
prepare the transfected HLE cells, after they had grown to
70 %-80 % confluency, the cells were washed three times
with phosphate buffered saline (PBS) and then incubated
in 0.5 % FBS-containing DMEM medium for 48 h. For the
IgG-Fc (R&D, MN, USA) and ephrinAl-Fc (R&D, MN,
USA) activated HLE cell groups, after the cells reached
50-60 % confluency, they were washed three times with
PBS and then incubated in 5 mg/ml IgG-Fc or ephrinAl-
Fc MEM medium containing 0.5 % EBS for 48 h. The cells
were washed three more times with PBS and then
cultured in 0.5 % FBS-containing MEM medium for
another 48 h. For SDF-1 specific siRNA or scramble
siRNA transfection, the ephrinAl-Fc activated HLE cells
were incubated with SDF-1 specific siRNA or scrambled
siRNA (scrRNA) for 6 h and then cultured for another
48 h after the medium was replaced with fresh MEM
medium containing 0.5 % FBS. The conditioned media of
both the transfected HLE and Huh-7 cell cultures were har-
vested and centrifuged at 1000 rpm for 10 min to remove
cell debris. After being filtered through a 0.22-um filter, the
conditioned media were stored at 4 °C for subsequent use.

Co-culture experiments
After stimulation with 5 mg/ml IgG-Fc or ephrinAl-Fc
for 48 h, the EphAl-negative HLE cells were washed three

Page 11 of 15

times and cultured in 0.5 % FBS-containing medium. The
EPCs were cultured on cell culture inserts with a 0.4-um
pore size (BD Biosciences, CA, USA) at a density of 1 x
10° cells/insert in 0.5 % FBS-containing medium. After
24 h of equilibration, the inserts containing the EPCs were
added to the plates, with the pretreated HLE cells in the
lower compartment. The cells were co-cultured for 48 h
to allow the diffusion of the medium components without
cell migration. The EPCs were then collected for immuno-
fluorescence (IF) and western blot (WB) assays. All of the
independent experiments were conducted in triplicate.

RNA extraction and quantitative real-time reverse tran-
scription polymerase chain reaction (RT-PCR) analysis
Total RNA was extracted using the RNAeasy mini kit
(Qiagen, CA, USA). cDNA synthesis was performed using
the High-Capacity cDNA Reverse Transcription kit from
Applied Biosystems (Grand Island, NY, USA) to transcribe
2 pg of total RNA. RT-PCR was used to semi-quantify the
mRNA levels using an ABI 7300 system. The assay was
performed with specific primers at 95 °C for 10 min,
followed by 38 cycles of 95 °C for 15 s and 60 °C for 60 s.
The mRNA level was determined before and after treat-
ment with the comparative AACt method using 18S ribo-
somal RNA as the normalization gene. The statistical
significance and standard error were determined using the
ACt values. All reactions were performed in triplicate. The
primer sequences are listed in Table 1.

Western blot analysis

The siEphA1/Huh-7 cells and scrEphA1/Huh-7 cells were
cultured overnight in DMEM medium containing 0.5 %
EBS. The HLE cells were stimulated with 5 mg/ml
EphrinAl-Fc or 5 mg/ml IgG-Fc in MEM medium
containing 0.5 % FBS for 48 h, with the latter serving as a
negative control. Subsequently, the ephrinA1-Fc-stimulated
HLE cells were treated with 2 ng/ml LY294002 (SIGMA,
MO, USA), a phosphoinositide 3-kinases (P13K)/Akt inhibi-
tor, or 2 ng/ml rapamycin (SIGMA, MO, USA), an mTOR
signaling pathway inhibitor, for 24 h. The cells were then
washed and lysed using lysis buffer. After protein quantifi-
cation with a bicinchoninic acid (BCA) protein assay kit
(Pierce, IL, USA), equal amounts of protein (40 pg/lane)
were separated using 4-15 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore, MA, USA). After blocking for 1 h with 5 % BSA
and washing with TBST, the membranes were probed with
polyclonal or monoclonal antibodies against EphAl
(1:1000), EphA2 (1:1000), SDE-1 (1:1000), ERK (1:1000),
phospho-ERK (1:1000), Akt (1:1000), phospho-Akel:1000),
mTOR(1:1000), phospho-mTOR (1:1000), or p-actin
(1:5000) via incubation at 4°C overnight. Subsequently,
goat anti-mouse or goat anti-rabbit horseradish
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peroxidase (HRP)-conjugated secondary antibodies
(1:10000) were used to detect antigen antibody com-
plexes. Immune complexes were visualized using the
HyGLO HRP detection kit from Denville Scientific
(Metuchen, NJ, USA) and exposed to X-ray films. -
actin was detected to verify equal loading. Each experi-
ment was repeated at least three times. All antibodies
are listed in Additional file 3: Table S1.

SDF-1 and CXCR4 co-immunoprecipitation (IP)

EPCs collected from the co-culture experiment were
washed twice with ice-cold PBS and lysed via incubation on
ice for 30 min in 1 ml of modified RIPA lysis buffer con-
taining 50 mM Tris—HCI, pH 7.4, 1 % NP-40, 0.25 % Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSE,
aprotinin, leupeptin, and pepstatin: 1 pg/ml each,] mM
Na3VO,, 1 mM NaF, and a commercial protease inhibitor
mixture (Complete-Mini Protease Inhibitor Mixture; Roche
Diagnostics). After the proteins were quantified and the
concentration was adjusted with PBS to approximately
2 ug/ul, the cell lysate was pre-cleared by adding 20 pl of
protein G sepharose bead slurry per ml of cell lysate and in-
cubating at 4 °C for 1 h on a rocker. SDF-1 and CXCR4
proteins were immunoprecipitated by incubating pre-
cleared lysate with rabbit anti-SDF-1 antibody or mouse
anti-CXCR4 antibody and protein G-Sepharose (40 pl)
overnight at 4 °C. The immune complexes were pelleted by
centrifugation for 1 min at 14,000 x g, washed three times
with lysis buffer, and released from the beads by boiling for
5 min in 40 pl 2x sample buffer. The beads were collected
using centrifugation, and the supernatants were resolved
with SDS-PAGE and subjected to WB analysis, as described
in the preceding section.

IHC staining

For IHC staining, the tumor tissues were fixed in forma-
lin, embedded in paraffin, cut into 4-pm sections, and
stained using antibodies against CD31 (1:600). Negative
controls were established by substituting the primary
antibody with 1 % BSA-TBS. To quantify the tumor
microvascular density (MVD), CD31-positive cells were
identified by a brown precipitate in the cytoplasm of the
endothelial cells, and the vessels in each section were
counted in five independent microscope fields [52].

IF staining and confocal microscopy

Sections of HCC cells and tumor tissues were perme-
abilized with 0.1 % Triton X-100 in PBS for 30 min. The
sections were then blocked with 5 % goat serum for 1 h at
room temperature and incubated with anti-CD31 or anti-
SDEF-1 overnight at 4 °C. Next, the sections were rinsed in
PBS and incubated for 1 h at room temperature with
Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor
594-conjugated anti-rabbit IgG from Molecular Probes
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(Grand Island, NY, USA) and Invitrogen (Carlsbad, CA,
USA), respectively. The sections were mounted with Pro-
long Gold anti-fade reagent with DAPI from Invitrogen
(Carlsbad, CA, USA).

The aforementioned EPCs were seeded on Falcon™
eight-well culture slides. After rinsing with Dulbecco’s
PBS (D-PBS) at room temperature, the cells were fixed
with 2.5 % formaldehyde in PIPES for 20 min. They were
then rinsed with D-PBS and blocked with 5 % normal goat
serum for 1 h at 37°C. After incubation with antibodies
against SDF-1, CXCR4, EphAl, CD31, CD133, CD45,
CD90, VEGEFR2, or eNOS for 1 h at 37°C, the cells were
processed IF procedures similar to those described above.
The slides were examined under a confocal microscope
(Zeiss LSM 510, Carl Zeiss Inc., Thornwood, NJ). For the
negative control sections, the primary antibody was re-
placed with PBS.

Enzyme-linked immunosorbent assay (ELISA)

The conditioned media were collected from the siE-
phA1/Huh-7, scrEphAl/Huh-7, and siEphA2/Huh-7,
and scrEphA2/Huh-7 cell cultures and from the HLE
cell culture in which the cells were incubated in low
serum medium (0.5 % FBS) for 48 h after stimulation in
low serum medium (0.5 % FBS) MEM medium contain-
ing 5 mg/ml IgG-Fc or ephrinA1l-Fc for 48 h. The SDF-1
concentrations were measured using a human SDEF-1
immunoassay kit from Abcam (Cambridge, MA, USA).

Cell chemotaxis assay

The chemotaxis of EPCs to different HCC cell groups was
measured using the Transwell assay according to the fol-
lowing procedures. First, 5x10* EPCs in 500 pL of
serum-free medium were seeded in a 24-well chamber
with an 8-pm pore size (BD Biosciences, CA, USA). Sub-
sequently, siEphA1l and scrEphA1l-transfected Huh-7 cells
and ephrinAl-Fc- or IgG-Fc- stimulated HLE cells were
seeded in the lower compartment. After 24 h of culturing
at 37 °C, the cells on the upper surface of membrane were
completely wiped away with a cotton swab. The migrated
cells adhering to the lower surface of the membrane were
fixed with 100 % methanol, stained with crystal violet and
counted under a light microscope. The migrated cells
were counted in five randomly selected microscopic fields
for each chamber, and chemotaxis was expressed as the
number of migrated cells per field.

EPCs incorporation assay

EPCs and HUVECs were used for tube formation assays as
described previously [53]. EPCs were labeled with Dil-ac-
LDL (Molecular Probes, 2 ug/mL) at 37 °C for 20 min.
After washing with PBS, 1,000 of the Dil-ac-LDL labeled
EPCs were mixed with 10,000 of HUVECs in 100 uL of
10 % FBS/EGM-2 MV medium (Lonza) in order to evaluate
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the contribution of EPCs to Endothelial Cells derived tube
formation. 100uL of cell suspensions were applied to 50 pL
of Matrigel coated Falcon™ eight-well culture slides and
then incubated for 24 h. After this, cell were fixed, followed
by mounting with Prolong Gold anti-fade DAPL The slides
were examined and counted under a confocal microscope
(Zeiss LSM 510, Carl Zeiss Inc., Thornwood, NJ).

Cell tube formation assay

First, growth factor-reduced Matrigel (BD Biosciences, San
Jose, CA, USA) was thawed and placed in a precooled 96-
well plate. The plate was then kept at 37 °C for 1 h to allow
the matrix solution to gel. After culturing in conditioned
medium from the 05 % FBS-containing siEphAl- or
scrEphA1l-transfected Huh-7 cell cultures and ephrinAl-
Fc- or IgG-Fe-stimulated HLE cell cultures for 12 h, the
EPCs were resuspended in the respective conditioned
media at a density of 1x10° cells/mL. Subsequently,
100 pL of the cell suspension was loaded onto the surface
of the gelled matrix and incubated at 37 °C for 8 h. The
tubule length was measured using Image ] image analysis
software downloaded from the NIH website (Bethesda,
MD, USA). In another set of experiments, the EPCs were
incubated with conditioned media from the HLE cell
cultures that were stimulated with 5 mg/ml ephrinA1-Fc or
IgG-Fc and then transfected with SDF-1-specific siRNA or
control siRNA. Each experiment was performed in
triplicate.

Wound healing assay

Cell migration ability was tested using a wound healing
assay. SiIEphA1/Huh-7 cells, scrEphA1/Huh-7 cells and
ephrinAl-Fc- or IgG-Fc-stimulated HLE cells in their cor-
responding 0.5 % FBS-containing medium were seeded at a
density of 1x 10° cells/well in a six-well plate and incu-
bated until an even monolayer at 90 % confluence was
achieved. Two mechanical scratches were made to create
uniformly sized wounds in all wells. Imaging of the healing
wounds was performed at 0, 24 and 48 h post-scratch. The
percentage of wound closure was calculated for each well,
and the data were normalized to controls.

Statistical analysis

The results are expressed as the means + standard de-
viation (SD). Multiple comparisons were conducted
using the Student ¢-test. Statistical significances were
accepted at *p < 0.05 and **p < 0.001.

Additional files

Additional file 1: Figure S1. Identification of EPCs. A. Representative
images of EPCs at the 7th day (top panel) and 21st (bottom panel) day
after separation from peripheral blood. B. EPCs were characterized
according to the presence of endothelial-specific markers, such as CD31,
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CD133, eNOS, or VEGFR2, or the absence of mesenchymal-specific
markers, such as CD45 and CD90. Scale bar: 50 um. C. Representative
images of EPC's uptake of Dil-ac-LDL and binding of FITC-UEA-1. Scale
bar: 50 um. D. Representative images showing the capacity of EPCs to
induce tube formation on Matrigel. (JPG 95 kb)

Additional file 2: Figure S2. EphrinA1-Fc increases EphA1 expression in
HLE cells. A. WB assay of EphA1 and EphA2 expressed in HLE cells after
activation with IgG-Fc or ephrinA1-Fc, with 3-actin expression as a control
for protein loading. B. IF staining of EphAT and EphA2 expressed in HLE
cells after activation with IgG-Fc or ephrinA1-Fc. Scale bar: 10 um. C.
EphA2 knockdown in Huh-7 cells. A. EphA2 mRNA expression in Huh-7
cells after EphA2 knockdown by EphA2 siRNA, determined with RT-PCR.
B. Bar graph shows EphA2 mRNA expression after EphA2 scrRNA (black
bar) and EphA2 siRNA transfection (white bar). The data represent the
mean + SD of three independent experiments. Asterisks indicate significant
differences (**P < 0.001). D. Huh-7 cells with different EphA2 expression
levels: The result is normalized to the expression in Huh-7 cells transfected
with EphA2 scrRNA for each chemokine. (JPG 154 kb)

Additional file 3: Table S1. List of antibodies used in the study.
(DOCX 15 kb)
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