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Abstract Neovascularization is a key role of renal cell carci-
noma (RCC) and the status of neovascularization in RCC is
closely correlated with the tumor development and patient
prognosis. Endothelial progenitor cells (EPCs) are considered
as important building blocks for neovascularization. However,
the role of mobilized EPCs in RCC remains unknown. In this
study, the orthotopic RCC model was established to investi-
gate the distribution, frequency, and significance of mobilized
EPCs. We found that circulating endothelial progenitor cell
(CEPC) levels and plasma angiogenic factors (vascular endo-
thelial growth factor (VEGF) and stromal cell-derived factor-1
(SDF-1) were higher in peripheral blood (PB) of the RCC than
those in the normal group and positively correlated with each
other. EPC levels in adjacent nonmalignant kidney tissue (AT)
were significantly higher than those in tumor tissue (TT) and
normal kidney tissue (NT), which were positively correlated
with CEPC levels. VEGF, VEGF receptor-2 (Flk), and SDF-1
and its SDF-1 receptor (CXCR4) expression in AT was sig-
nificantly higher than that in TT and NT. Levels of these
angiogenic factors in ATwere positively correlated with those
in PB. Mean microvessel density (MVD) was higher in AT
than in TT, and that in TT was slightly lower than that in NT.
Our findings propose that mobilized EPCs play an important
role in RCC neovascularization. EPCs in PB and AT can be
used as a biomarker for predicting RCC progression.
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Introduction

Renal cell carcinoma (RCC) represents about 3 % of all
cancers worldwide [1]. Due to the highly angiogenic pheno-
type of RCC, neovascularization is considered to have an
important role in tumor progression, multiplication, metasta-
sis, and recurrence. This is particularly the case for RCC as
these are inherently vascular tumors [2, 3].

Angiogenesis, the formation of new capillaries from
preexisting endothelial cells (ECs), is not the only source of
tumor neovascularization. Tumor capillaries can arise from
vasculogenesis, which is de novo vessel formation by endo-
thelial progenitor cells (EPCs) [4]. Traditionally considered to
occur only in the embryo, it is now thought that both angio-
genesis and vasculogenesis contribute to tumor neovasculari-
zation [5]. EPCs resemble embryonic angioblasts, which char-
acteristically migrate, proliferate, and differentiate into mature
ECs [6]. EPCs in bone marrow are characterized by the
expression of the three cell surface markers CD34, CD133,
and Flk [7]. After migrating into the circulation and localizing
in a particular organ, more mature EPCs are found that have
gradually lost CD133 expression [7, 8]. Circulating endothe-
lial progenitor cells (CEPCs) are generally defined as mono-
nuclear cells (MNCs) that are positive for CD34 and Flk, but
negative for CD133 and CD45 [7, 9, 10].

Clinical studies have reported that EPCs are recruited and
homed with high specificity to solid tumors [11, 12]. Research
in animal models shows that bone marrow-derived EPCs can
home to tumors and become involved in tumor vasculogenesis
and tumor growth, especially in the early phases [13, 14],
while inhibition of EPCs mobilization can prevent tumor
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growth [5, 15]. In addition, studies have reported that CEPC
levels were increased and associated with the clinical behavior
of patients with breast cancer [5], hepatocellular carcinoma
[16], and RCC [17, 18]. A previous study conducted by Yu
et al. [16] suggested that more EPCs are recruited into non-
malignant liver tissue, especially into adjacent nonmalignant
liver tissue. Although there are no reports providing evidence
for the participation of EPCs in RCC neovascularization, our
previous study in an animal model showed that EPCs partic-
ipate in such process by committing to microvascular ECs in
organ regeneration after partial nephrectomy [19]. These con-
clusions support the hypothesis that there exists a functional
role for EPCs in vasculogenesis and growth of human solid
tumors, suggesting that it is possible that EPCs can be either
diagnostic or prognostic markers and vectors for targeting
cancers [20, 21].

RCC is a highly vascularized tumor. The majority of RCC
tissue exhibits a strong expression of proangiogenic factor,
such as VEGF and SDF-1 [22, 23]. These angiogenic factors
are important in human RCC neovascularization and growth
[24, 25]. These factors are also involved in activating, mobi-
lizing, and recruiting EPCs from the bone marrow and in
promoting differentiation of EPCs into ECs in either tumor
or ischemic diseases [26, 27].

Yang et al. [28] reported that the circulating level of EPCs
was elevated in patients with RCC and might correlate with
the aggressiveness of the tumor. Furthermore, there were
positive correlations between levels of CEPCs and plasma
VEGF. However, there is no report showing the exact mech-
anism of mobilization for EPCs in RCC.

Therefore, we hypothesize that EPCs are mobilized from
the bone marrow in the RCC model by angiogenic factors
(VEGF and SDF-1) and increase vasculogenesis. To test this,
we examined levels of CEPCs and the distribution and num-
bers of EPCs in the kidney of the RCCmodel and analyzed the
relationships between EPCs and RCC neovascularization.

Materials and methods

Establishment of orthotropic RCC model The human ACHN
RCC cell line was purchased from the American Type Culture
Collection (Manassas, VA, USA). The ACHN cell line was
cultured in MEM (KeyGen Biotech, Nanjing, People’s Re-
public of China) with 10 % fetal bovine serum (Gibco, Grand
Island, NY, USA) and 1 % penicillin/streptomycin. All exper-
imental animals were bred and housed in the animal house of
the Experimental Animal Centre affiliated with Nanjing First
Hospital and were maintained on a 12-h light/12-h dark cycle
at 20–25 °C and received standard laboratory chow and water
ad libitum. Animal experiments were approved by the Com-
mittee on the Ethics of Animal Experiments of Nanjing Med-
ical University (Permit Number: SYXK 2009–0015).

Three experiments were conducted. Male 5-week-old
BALB/c nude mice were randomly divided into three groups.
All surgical procedures were done under anesthesia with
50 mg/kg body weight pentobarbital sodium and placed on a
warming table in a prone position to maintain a rectal temper-
ature of 37 °C. All efforts were done to minimize suffering. In
group 1, the tumor-implanted group (RCC group), the inferior
pole of the right kidney was exposed by a right transverse, 1-
cm lumbotomy incision, and 1×106 viable ACHN cells
(20 μL) were implanted into the kidney through a hole made
in the renal capsule. After carefully establishing hemostasis,
the abdomen was sutured. Normal saline was injected after
surgery for fluid repletion, calculated to a volume of 3–5 % of
the preanesthetic weight, with an addition of 0.05mg/kg of the
analgesic Temgesic in a volume of 0.1 mL. In group 2, the
sham-operated group (sham group), the same operation was
conducted as for group 1, except that animals were injected
with 20 μL phosphate-buffered saline (PBS). In group 3, mice
were normal without any treatment (normal group). After
treatment, treated mice were killed at days 21, 28, 35, 42,
and 49, with each group containing eight mice per time point.

Sample collection At the end of each experimental time point,
the peripheral blood, normal kidney tissue (NT), sham-
operated kidney tissue (ST), tumor tissue (TT), and adjacent
nonmalignant kidney tissue (AT; 0–3 mm away from the
tumor edge) were harvested. NTand STwere control samples.
A portion of the blood samples was processed for flow cy-
tometry (FCM). The other blood samples were centrifuged at
3,000 rpm for 10 min and then stored at −80 °C for enzyme-
linked immunosorbent assay (ELISA). A portion of each
tissue sample was placed in formalin and underwent
paraffin embedding. Another portion of tissue samples
was saved on ice for isolation of monoplast suspensions,
and the residual tissue samples were rapidly frozen in
liquid N2 and stored at −80 °C.

Histological examination Tumor tissues were stained with
hematoxylin and eosin (H&E) to confirm whether the RCC
implantation was successful. Tissues were embedded in par-
affin and sectioned at 4 μm and stained with H&E. Sections
were microscopically examined by an experienced
pathologist.

Immunohistochemical staining Mean microvessel density
(MVD) was evaluated by using purified anti-mouse CD34
polyclonal antibody (1:100; Abnova, Taipei, Taiwan) and
anti-mouse CD31 polyclonal antibody (1:400; Santa Cruz,
CA, USA) and stained by using immunohistochemistry. Brief-
ly, paraffin-embedded blocks were sectioned at 4 μm,
dewaxed, and rehydrated. Paraffin sections were then set in
citrate buffer, endogenous peroxidase was blocked with 3 %
H2O2 for 15 min, and nonspecific binding sites were blocked
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with 4 % goat serum diluted at 1:10 in PBST (pH 7.4 PBS and
0.05 % Tween 20). Sections were then incubated overnight
with anti-CD34 antibody or anti-CD31 antibody at 4 °C. On
the following day, primary antibodies were detected with
horseradish peroxidase-conjugated secondary antibody and
developed with 3,3′-diaminobenzidine tetrahydrochloride.
An immunoglobulin-negative control was used to rule out
nonspecific binding. After scanning for areas with the highest
levels of brown staining, the three areas of highest staining
were examined under ×200 magnification, and these were
taken as the MVD and expressed as the absolute number of
microvessels on a microscope with an Olympus camera
(Olympus Corporation, Tokyo, Japan). The number of
microvessels was counted by two independent investigators.
Brown-stained ECs or clusters of contiguous ECs were con-
sidered to represent a single microvessel. Counts by each
investigator were averaged.

Immunofluorescence staining The number of EPCs residing
in the RCC was observed by double immunofluorescence
staining. Briefly, tissue sections were deparaffinized in xylene
and rehydrated in ethanol at room temperature. Endogenous
peroxidase activity was blocked by 3 % H2O2 in methanol for
5 min. Sections were then washed several times in PBS
containing Triton X-100 for 10 min. To block nonspecific
binding of antibodies, sections were processed for 20 min
with PBS containing 2 % goat serum. Blocking serum was
removed and sections were incubated with 1:100 rabbit anti-
CD34 antibody and 1:100 goat anti-Flk antibody (both from
Abcam, Cambridge, UK) at 4 °C overnight. For controls, the
primary antibodies for CD34 and Flk were replaced with
normal rabbit immunoglobulin G and normal mouse immu-
noglobulin G, respectively (both diluted at 1:100). After
washing twice with 10 mM PBS for 10 min, slides were
incubated with phycoerythrin-conjugated donkey anti-goat
and fluorescein isothiocyanate-conjugated chicken anti-
rabbit secondary antibody (Santa Cruz) for 2 h in the dark.
Finally, CD34+/Flk+ protein expression was analyzed with
confocal laser scanning microscopy.

Flow cytometry FCMwas used to evaluate the degree of EPC
mobilization. Blood samples (200 μL) were obtained from all
mice at days 21, 28, 35, 42, and 49 after the treatment. MNCs
were separated by using density-gradient centrifugation. Iso-
lated MNCs were quickly washed with red blood cell lysis
solution and gently washed once with bovine serum albumin.
MNCs were incubated for 30 min at 4 °C with Alexa Fluor
488-conjugated anti-CD34 (RD, San Diego, CA, USA) and
phycoerythrin-conjugated anti-Flk antibody (Miltenyi,
Bergisch Gladbach, Germany). For quantitative detection of
EPCs in TT and AT, FCM was applied. MNCs were isolated
by a series of mechanical steps. Briefly, approximately 30 mg
of fresh tissue were placed in a glass homogenizer with 2 mL

PBS, homogenized, and then filtered. After washing once
with bovine serum albumin, the MNC suspension was incu-
bated with CD34 and Flk for 30 min at 4 °C. Appropriate
fluorochrome-conjugated isotypes were used as controls. Im-
munofluorescence was detected with a BD-FACSCanto II
flow cytometer after washing once, and analysis was per-
formed with the FACSDiva software (BD, San Jose, CA,
USA). The number of CD34/Flk double-positive cells within
the MNCs population was used to quantify EPCs.

Enzyme-linked immunosorbent assay analysis Measurements
of plasma VEGF and SDF-1 in treated and normal groups
were done by using the Quantikine mouse sandwich enzyme-
linked immunosorbent assay Kit (Abcam, Cambridge, UK)
according to the manufacturer’s instructions, following the
collection of sera at the same time points as stated above.
All assays were performed in duplicate.

Real-time polymerase chain reaction analysis Messenger
RNA (mRNA) expression of VEGF, SDF-1, Flk, and CXCR4
was assessed using quantitative PCR (qPCR). Total RNAwas
extracted from NT, ST, TT, and AT of three groups by using
the MicroElute Total RNAKit (Omega, Norcross, GA, USA).
Total RNA concentration was measured by UV spectropho-
tometry at 260 nm, purity was analyzed by the 260/280 nm
absorbance ratio, and then quality was confirmed by agarose
gel electrophoresis. Total RNA (1 μg) was reverse transcribed
by using oligo-dT primers and the Reverse Transcription
System (Takara, Tokyo, Japan) according to the manufac-
turer’s instructions. Transcript expression was analyzed by
using qPCR with SYBR Premix Ex Taq Kit (Takara, Tokyo,
Japan) and a 7,500 Fast Real-Time PCR System (Applied
Biosystems, San Diego, CA, USA). PCR was performed in
triplicate for 40 cycles comprising an initial denaturation stage
of 95 °C for 2 min, followed by 95 °C for 15 s, and finally
60 °C for 1 min. Sequences of primers, which were synthe-
sized by Invitrogen, Co. (Carlsbad, CA, USA), were as
follows:

Glyceraldehyde-3-phosphate dehydrogenase:

F: 5′-GTCTCCTGCGACTTCAACAGC-3′
R: 5′-GTGGTCCAGGGTTTCTTACTCC-3′

VEGF:

F: 5′-GCACATAGAGAGAATGAGCTTCC-3′
R: 5′-CTCCGCTCTGAACAAGGCT-3′

Flk:

F: 5′-CAAACCTCAATGTGTCTCTTTGC-3′
R: 5′-AGAGTAAAGCCTATCTCGCTGT-3′
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SDF-1:

F: 5′-TGCATCAGTGACGGTAAACCA-3′
R: 5′-CACAGTTTGGAGTGTTGAGGAT-3′

CXCR4:

F: 5′-GACTGGCATAGTCGGCAATG-3′
R: 5′-AGAAGGGGAGTGTGATGACAAA-3′

A standard curve was constructed in each of the experi-
mental repetitions by serial dilution of cDNA (1 to 1:10,000).
PCR specificity was examined by dissociation curve analyses.
To determine the relative concentration of the products, we
used the comparative CT (2−△△CT) method, according to the
instructions supplied by Applied Biosystems.

Statistical analysis All data were expressed as mean±
standard error of mean (SEM). Statistical comparisons
were done by using the t test, one-way analysis of variance
(ANOVA), and Pearson’s correlation coefficients when data
were normally distributed. Means of the different groups were
compared by using ANOVA. Pearson’s coefficients were used
to compare results of two or more subgroups. The level of
significance for all comparisons was set at P<0.05 or 0.01.

Results

Successful establishment of the orthotropic RCC model The
vast majority of xenografts (90 %) formed primary tumors.
Tumor diameters were determined during necropsy and grad-
ually increased over time (diameters at day 21, 2.16±
0.13 mm; day 28, 2.66±0.15 mm; day 35, 3.14±0.11 mm;
day 42, 3.50±0.19mm; and day 49, 4.20±0.14mm; P<0.01).
Lesions were then stained with H&E and confirmed to be
tumors (Fig. 1).

Effects of tumor on accumulation of EPCs in RCC Mobilized
EPCs were increased in the peripheral blood (PB) of the RCC
model compared to the sham and normal groups. To explore
relationships between EPCs and RCC development, we first
examined CEPC levels at five time points. Sham and normal
groups were assessed for comparison (Fig. 2i). In the sham
group, EPC levels in PB were not significantly different from
those in the normal group after day 28 (P>0.05). In the RCC
group, EPC levels were significantly higher than those in the
normal and sham groups (P<0.01). These decreased to their
lowest levels at day 28 and then gradually increased (P<0.01)
(Fig. 3a).

EPCs were recruited and incorporated into vessels in RCC,
being especially abundant inAT. FCMand immunofluorescence
analyses were performed to elucidate whether differences in
morphology and function between TT and AT tissues were
associated with increases in the number of EPCs (Figs. 2(II)
and 4). In ST, levels of EPCs were not significantly different
from those in NT after day 28 (P>0.05). The percentage of
double-positive cells were significantly elevated inATcompared
to that of TT, and NTat all five time points (P<0.01). In AT, the
EPC quantity dropped to the lowest number at day 28 and then
gradually increased (P<0.01). EPC levels in TT first gradually
increased then decreased but were elevated compared to those in
NT (P<0.01; Fig. 3b). An immunofluorescence assay was used
to observe the precise location of EPCs in RCC. The double-
positive cells were incorporated into vessel walls of different
sizes, such as those in the medullopapillary region and
microvessels. CD34+/Flk+ cells were mainly concentrated in
vasculature of AT, but only a rare representationwas observed in
TT, and that was slightly higher than that in NT. In ST, however,
there was a modest expression of CD34+/Flk+ cells in the
vascular area (Fig. 4).

Distribution and expression of CD34 and CD31 in kidney
with RCC:CD34 and CD31 rich in AT In NT and ST, expres-
sion of CD34 was restricted to ECs mainly in the
glomerular region (Fig. 5a and b). In the tumor region,
however, expression of CD34 was different from that in

A B C

Fig. 1 RCC orthotopic xenografts with primary tumors. Macroscopic
appearance (b) and histopathology of the tumor in the right kidney (c)
(both with black arrows), implanted with ACHN cells (a). Microscopic

appearances are H&E staining sections and were examined by using light
microscopy at ×200 magnification. Scale bars=25 μm
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NT (Fig. 5c). We detected the most highlighted microvessels
in the AT (Fig. 5b). The image suggests that MVD-CD34 in
ATwas increased as compared to that in NTand TT (P<0.01).
These effects were consistent with patterns of EPC expression.
The MVD-CD34 in TT was slightly lower than that in NT
(P<0.05). MVD-CD34 values (means±SEM) were 2.78

±0.56 in TT, 11.65±1.93 in AT, 7.37±1.39 in ST, and
7.20±1.18 in NT (Fig. 5e). The distribution and expres-
sion of CD31 are consistent with CD34 (Fig. 6). MVD-
CD31 values (means±SEM) were 2.18±0.33 in TT,
9.65±0.83 in AT, 5.37±1.14 in ST, and 5.11±1.36 in
NT (figure not shown).

Fig. 2 Quantitative evaluation of EPCs in PB (II) and relevant tissues (II)
by FACS analyses. Representative FACS data in which CD34+/Flk+ cells
were identified as EPCs. PB of normal group at day 21 (A), PB of RCC

group at five time points (B–F); control tissue (NT) at day 21 (G), AT at
five time points (H–L), and TTat five time points (M–Q). Graphs of sham
group are not shown
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mRNA expression of angiogenic factors and their
receptors Quantitative PCR was used to investigate the

mRNA expression of several factors at the first four time
points. mRNA expression of AT, VEGF, SDF-1, Flk, and

Fig. 3 Percentage of CD34+/Flk+ cells within PB and relevant tissue
population of MNCs. In the sham model, EPC levels in PB and NTwere
not significantly different from those in the normal group after day 28
(P>0.05). Peripheral blood: in contrast, the RCC model had a marked
increase in EPC number. Tissue: levels of EPCs were gradually increased

in ATafter day 28 (P<0.01) and significantly higher than those in TTand
NT (P<0.01). Levels of EPCs in TT were first increased and then
decreased (P<0.01). When compared to NT, EPCs in TT were higher
(P<0.01). a Blood and b tissue

Fig. 4 Double
immunofluorescence staining to
show the presence of EPCs in
relevant tissues at day 35 after
modeling. Cellular co-expression
of CD34 (red) and Flk (green) in
vasculature of tissues, indicating
the presence of EPCs. In NT
(a–c), there was only slight
expression of EPCs. There was no
significant difference in
fluorescence intensity in ST (d–f)
compared to that in NT. AT (g–i)
showed significant increases in
the fluorescence intensity of
EPCs. TT (j–l) had a slightly
higher fluorescence intensity than
that of NT. Magnification, ×200
(a–l) and ×400 (M arrow
indicated)
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CXCR4 initially decreased and then gradually increased
(P<0.01), which were consistent with the patterns of expres-
sion of EPCs. Expression of VEGF, Flk, SDF-1, and CXCR4
was significantly higher in AT compared to that in TT and NT
(P<0.01). mRNA expression of VEGF, SDF-1, Flk, and
CXCR4 in TT was initially increased and then gradually
decreased (P<0.01). VEGF, Flk, SDF-1, and CXCR4

expression in TTwas significantly high than that in NT, except
at day 21 (P<0.01) (Fig. 7).

Plasma VEGF and SDF-1 as indicators of mobilization and
recruitment of EPCs to RCC Themean level of plasmaVEGF
and SDF-1 in the RCC group was higher than that in the
normal and sham groups (P<0.01; Fig. 8). In the PB of
the RCC group, there was a reasonable correlation be-
tween CEPC levels and plasma VEGF (r=0.584;
Fig. 9a). For its part, there was a correlation between
CEPCs and SDF-1 (r=0.479; Fig. 9b). Furthermore,
there was a correlation in AT between plasma factors
and tissue mRNA for VEGF (r=0.618; Fig. 9c) and
SDF-1 (r=0.421; Fig. 9d). There was no correlation
between PB and TT for VEGF or SDF-1 (data not
shown). For the analysis of EPCs, we also found a
similar situation. There was a significant correlation be-
tween EPC levels in PB and those in AT (r=0.857;
Fig. 9e), which were consistent with MVD and tumor
diameters. However, there was no correlation between
EPC levels in PB and those in TT (data not shown).

Discussion

Neovascularization is a crucial factor for RCC growth and
metastasis. The role of EPCs in tumor neovascularization is
still debated [29, 30]. Although the mobilization of EPCs has
been demonstrated in patients with RCC [28], the precise
mechanism for mobilization and the role of EPCs in vascular-
ization are not well understood. An understanding of the
mobilization mechanisms and role of EPCs in RCC

Fig. 5 Immunohistochemical
staining for CD34 at day 35 after
modeling (×200 magnification). a
Immunostaining for CD34 in NT.
bHighlighted and diffuse positive
microvessels in AT compared to
those in NT and TT. c Small
quantities of positive segments
were found in TT but were
slightly lower than those in NT. d
There were no significant
differences between ST and NT
(P>0.05). e Data are shown as
mean±SEM. Significant
differences versus either NTor TT
(*P<0.01); significant differences
versus NT (#P<0.01)

Fig. 6 Immunohistochemical staining for CD31 at day 35 after modeling
(×200 magnification). Immunostaining for CD31 in NT (a), AT (b), TT
(c), and ST (d)
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neovascularization may provide novel insight and a basis for
changes in current therapeutic and diagnostic strategies for
patients with RCC.

The clinical significance of CEPCs has been considered for
lung cancer [12], hepatic carcinomas [31], breast cancer [32],
and RCC [17, 18]. Although studies have reported a higher
level of EPCs and angiogenic factors in peripheral blood of
patients with RCC or hepatocellular carcinoma (HCC) com-
pared to healthy controls [28, 31], mechanisms for EPC mo-
bilization have not been investigated in RCC. Richter-
Ehrenstein et al. [33] reported that CEPCs were strongly
correlated with angiogenic factors released by tumor cells,
and the tumor, as a source of angiogenic chemokines, is most

important for recruiting EPCs [34]. Involvement of VEGF in
EPCs growth has been questioned when the cells are mobiled
in RCC patients [35]. However, studies have demonstrated that
VEGF could stimulate EPCs migration through the VEGF/Flk
pathway [25]. Agents that promote EPCs mobilization may act
through the matrix metalloproteinases (MMP-9) [36, 37].
VEGF can activate MMP-9, which may make EPCs from
stationary into proliferation [38]. SDF-1 was found to be
highly expressed in bone marrow, and a high-level of CXCR4
expression was also found in EPCs. SDF-1 induces EPCs
migration, protects it from apoptosis, and the SDF-1/CXCR4
axis has been confirmed to play a key role in EPCs mobiliza-
tion in response to either hypoxia or ischemia [39, 40]. In the

Fig. 7 Relative expression of
VEGF (a), Flk (b), SDF-1 (c), and
CXCR4 (d) mRNA. For above
mRNA expression, there were no
significant differences between
NTand STafter day 28 (P>0.05).
Significant differences versus
either NT or TT (*P<0.05);
significant differences versus NT
(#P<0.05); significant differences
in either AT or TT versus
neighboring time group
(**P<0.05)

Fig. 8 Plasma VEGF and SDF-1 in the RCC group versus the normal
and sham group. Plasma VEGF and SDF-1 levels in the RCC group were
significantly higher compared to those in the other group. Significant

differences versus either sham or normal group (*P<0.01); significant
differences in RCC model versus neighboring time group (**P<0.05)

9338 Tumor Biol. (2014) 35:9331–9341



current investigation, we found a clear correlation between
plasma factors and AT factors (VEGF and SDF-1). Levels of
CEPCs in the RCCmodel gradually increased after day 28 and
were significantly higher than those in the normal model.
These correlated with plasma factors (VEGF and SDF-1) and
were consistent with MVD and tumor diameters. We reason-
ably inferred that with RCC proliferation, the EPCs were
mobilized into the circulation by mobilization factors released
from RCC and subsequently entered into kidney via the blood
stream. Mice with larger RCC had higher levels of EPCs.
These results imply that EPCs might independently contribute
to tumor growth. Our results support the significance of mon-
itoring CEPC levels during tumor progression [41, 42].

It is generally accepted that tumor vascularization arises
exclusively from endothelial sprouting. In this regard, Shira-
kawa et al. [13] used tumor models to show that EPCs are also
involved in tumor vasculogenesis, especially in the tissue
surrounding the tumor. Until recently, some clinical studies

have indicated that tumor-adjacent tissues are rich in EPCs
when compared to tumor tissue, and a higher microvessel
density was detected in tissues adjacent to tumors [16]. In this
study, the EPC levels in TT initially increased and then de-
creased and were significantly lower than those in AT. This
change may be induced by the AT because, after EPCs were
initially recruited to the transplanted tumor, rapid tumor pro-
liferation occurred, resulting in augmented blood supply. The
EPCs were then mobilized to AT for neovascularization,
which is necessary for tumor invasion. Moreover, the number
of EPCs in AT was gradually increased after day 28. High
levels of EPCs before day 21 are partly due to recovery of the
lesion after surgical injury. The increasing numbers of cells
revealed that AT enhances mobilization of EPCs and vascu-
larization. Although the exact distribution of mobilized EPCs
in the target organ is still unclear [13, 14], it is clear that
recruitment into target tissues is a prerequisite for EPCs effec-
tiveness. However, further tumor growth is accompanied by

Fig. 9 Correlation analyses. a, b
Pearson’s correlation analysis
revealed that levels of CEPCs
were correlated with those plasma
factors (VEGF and SDF-1). c, d
Plasma factors (VEGF and SDF-1)
levels were correlated with those
of related genes in AT. e Levels of
CEPCs were correlated with those
of EPCs in AT
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the formation of tumor vessels as the RCC needs more EPCs,
in accordance with RCC neovasculature development. Image
data substantiated this hypothesis. EPCs were mainly concen-
trated in AT rather than TT. Our previous studies confirmed
that the MVD in tumor-adjacent tissue was higher than that in
normal kidney [25], but MVD in TT was lower compared to
that in NT. It may be that in the early stage of tumor develop-
ment, vessels mainly derive from the surrounding normal
tissue, and a larger number of capillaries appear late. Increas-
ing EPC numbers in AT was consistent with the increasing
tumor diameter and MVD. Therefore, mobilized EPCs partic-
ipate in tumor vasculogenesis of RCC. EPCs in AT could
promote RCC invasion.

Some studies have reported that proangiogenic factors,
such as VEGF [43] and SDF-1 [22], have a higher ex-
pression in the surrounding tissue than in tumors, which is
consistent with our results. Plasma VEGF and SDF-1
were positively correlated with values in AT. These find-
ings are consistent with the EPC levels between PB and
AT. Suggested reasons for differences in levels of EPCs
have been discussed above. EPCs were mobilized into the
circulation and then finally deposited on RCC tissues
specifically due to the induction of a high local content
of angiogenic factors (i.e., VEGF and SDF-1). It is
established that expression of VEGF and SDF-1 in tumor
cells is upregulated by hypoxia. In addition, EPCs can
synthesize VEGF and SDF-1 [25, 44, 45]. Furthermore,
tumor stroma provides pathways for neovessels and serve
as a reservoir for growth factors and other macromole-
cules [46]. CXCR4 and Flk showed a positive feedback
action. SDF-1/CXCR4 and VEGF/Flk signaling pathways
perhaps play a major role in the vascularization process.

There has been a debate on whether EPCs and plasma
angiogenic factors are true reflections of tumor activity
in cancer patients, and whether they derive from periph-
eral blood. Previous reports have indicated the clinical
significance of CEPCs in lung cancer, hepatic carcino-
mas, breast cancer, and RCC. Zhu et al. [47] found that
EPCs mobilized into the circulation and then finally
became arrested on HCC. In this study, there was a
considerable correlation between EPC levels and angio-
genic factors (VEGF and SDF-1) in PB and AT. How-
ever, precise mechanism for mobilization of EPCs re-
quires further investigation. EPCs in AT and PB may
be used as a biomarker to predict RCC progression.

In conclusion, despite remaining uncertainties, our findings
suggest that mobilized EPCs participate in RCC neovascular-
ization and may serve as biomarkers for predicting RCC
progression. As EPCs are endowed with the capacity to home
to the tumor vasculature, they might be used to deliver drugs.
Therefore, the identification of chemokines and cytokines that
are involved in the recruitment of EPCs in RCCmight provide
new targets for RCC treatment.
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