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Abstract Human cancers are endowed with sustained
vascularization capability, and their growth, invasion, and
metastasis are vascularization dependent. Recently, accu-
mulated body of evidence suggests that endothelial pro-
genitor cells (EPCs) can support vasculogenesis and induce
angiogenesis through paracrine mechanisms. In addition,
numerous clinical studies have revealed the increase in the
number of EPCs in the peripheral blood of cancer patients
and demonstrated the correlation of circulating EPCs
(CEPCs) with the clinical outcomes. This review highlights
current enrichment procedures and methods for the detec-
tion of CEPCs and different biomarkers to identify CEPCs
as well as the functions of EPCs in tumor vascularization.
Furthermore, we systematically review available studies on
the clinical relevance of CEPCs in cancer patients to
explore the potential diagnostic and prognostic values of
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CEPCs. Although several contrasting results exist, CEPCs
can conceivably serve as a promising biomarker for the
early diagnosis, prognosis prediction, and treatment
response indication in the future. Additionally, further
well-designed clinical studies with larger sample size and
unique, specific enumeration procedures are warranted to
achieve further insight into the clinical implications of
CEPCs.
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Introduction

Cancer is a major public health problem which serves as
the leading cause of death across the globe. An estimated
1,665,540 newly diagnosed cancer cases and 585,720
cancer-related deaths are projected to occur in the USA in
2014 [1]. Over the past few decades, numerous studies
have been conducted to reveal the underlying mechanism
of carcinogenesis. A rich and complex body of evidence
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has been generated, which suggests that sustained vascu-
larization plays an important and fundamental role in the
development and progression of human malignancies [2,
3]

Tumor neovasculature, a major hallmark of cancer,
plays a crucial role in cell function and survival by sup-
plying essential oxygen and nutrients. Tumor-related neo-
vasculature has been conventionally recognized as the
result of angiogenesis, which depends on the preexisting
endothelial cells to form new capillaries [4]. Several lines
of evidences have emerged indicating postnatal vasculo-
genesis supports as an alternative source of tumor-associ-
ated vascularization [5, 6]. Specifically, vasculogenesis is a
multistep process, which includes the mobilization and
homing of bone marrow (BM)-derived endothelial pro-
genitor cells (EPCs) to neoplastic sites and subsequent
proliferation and differentiation into mature endothelial
cells (ECs) [7, 8]. In 1997, Asahara et al. [9] initially
described EPCs as a specific subtype of stem cells that can
migrate, proliferate, and differentiate into mature ECs.
Since then, considerable attention has been paid on the
potential roles of EPCs in the development and progression
of human cancers [10-12] as well as further clinical
implications [13—15]. However, inconclusive results were
obtained from clinical studies. We conducted this review to
present a state-of-the-art overview of the recent findings in
this field, which may provide implications for the potential
diagnostic and prognostic values of circulating EPCs
(CEPCs) in clinical oncology.

Characteristics of EPCs

EPC:s are a specific subgroup of mononuclear cells (MNCs)
co-expressing vascular endothelial growth factor receptor 2
[VEGFR?2, also known as kinase domain receptor (KDR) or
fetal liver kinase-1 (Flk-1)] and CD34, which could prolif-
erate and differentiate into mature ECs [9]. Intensive studies
on EPCs have revealed specific membrane markers and
molecular probes, such as fibroblast growth factor receptor
(FGFR), Von Willebrand factor (vWF), CD38, CD31, c-kit/
CD117, and vascular endothelial cadherin (VE-cadherin or
CD144) [16-18]. However, given that EPCs and mature ECs
share many identical surface markers, which include CD31,
VEGFR2, vWF, and VE-cadherin, distinguishing EPCs and
ECs is extremely difficult. Thus, an additional marker,
CD133, has been suggested as a means of ensuring the
identity of EPCs. CD133 is a precursor of an EC-like phe-
notype and has been applied in combination with CD34 and
VEGFR?2 to identify presumed CEPCs [19-22]. However,
the CD344-CD1334VEGFR2+ cells only represent
approximately 0.025 % of the peripheral blood MNCs [22],
which complicates the reliable quantification of EPCs and
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limits the translation of prosperous findings about EPCs
from bench to bedside. Furthermore, CD133 has also been
suggested to be expressed in hematopoietic stem cells
(HSCs) [23, 24], and cells identified by CD133 comprise
one subtype of HSCs incapable of forming true endothelial
phenotypes [25, 26]. Consequently, various definitions of
CEPCs, such as CD344-VEGFR2+, CD34+VEG-
FR2+CD45—, and CD34+CD133, have been employed,
which made the comparison and further integration of
results across all individual studies quite challenging.

EPCs are mainly divided into two subtypes in terms of
functional phenotypes: early and late outgrowth EPCs [27,
28]. Early outgrowth EPCs, also known as colony-forming
unit-ECs (CFU-ECs) or CFU-Hill, appear after short-term
(4-10 days) culture of MNCs from peripheral blood, dis-
play peak growth at 2-3 week, and live up to 4 week [9,
29]. By contrast, late outgrowth EPCs, now generally
termed as endothelial colony-forming cells (ECFCs), are
cobblestone-shaped cells that can be found after long-term
culture (>2 week), achieve peak growth at 4-8 week, and
survive up to 12 week [30-32]. Furthermore, the two types
of EPCs have been proven to carry different gene expres-
sion signatures by genome-wide transcriptional profiling
and protein electrophoresis methods [33]. Notably, over a
decade have passed since the first description of CEPCs,
but the understanding of the fundamental basic science
governing the biology of EPCs is still incomplete, and no
golden criteria for defining CEPCs exist.

Role of EPCs in tumor vascularization

Human cancers can sustain vascularization, and their
growth, invasion, and metastasis are vascularization
dependent [2, 3]. Tumor vascularization has long been
considered solely through the mechanism of angiogenesis,
which means sprouting from preexisting blood vessels [34,
35]. EPCs identification resulted in a paradigm shift,
inducing vasculogenesis as a novel mechanism for vessel
formation into the tumor setting. The first proof-of-prin-
ciple of EPCs contribution to cancer-induced vasculogen-
esis was demonstrated by Lyden et al. in [36]. With the use
of angiogenesis-defective Id-mutant mice, they reported
that BM transplantation from wild-type mice rather than
from Id-mutant mice could restore tumor vascularization
and growth of several types of tumor cell lines [36]. In
subsequent animal xenograft models, the levels of incor-
porated EPCs in newly formed blood vessels have been
reported to be as high as 50 % [37], whereas lower but
significant levels between 10 and 20 % were reported in
another study [38]. However, other studies have challenged
the contribution of EPCs to tumor vasculature because they
hardly or even failed to observe the presence of EPCs in
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tumor capillaries [39—41]. In a clinical study, Peters et al.
[42] analyzed tumors from six patients who developed
cancers after sex-mismatched BM transplantation. Fluo-
rescence in situ hybridization studies with sex-chromo-
some-specific probes have demonstrated that BM-derived
EPCs contributed to tumor endothelium, but with various
levels as the incorporation levels which ranged from 1 to
12.1 %.

The inconclusive or even controversial findings from the
different studies suggest that EPCs may induce tumor vas-
cularization through an alternative autocrine/paracrine
mechanism [43]. This paracrine aspect of EPCs activity was
supported by Gao et al., who demonstrated that blocking
EPCs mobilization could cause severe angiogenesis inhi-
bition and remarkably impair cancer progression. Further-
more, gene expression analysis of EPCs revealed the
upregulation of various key proangiogenic genes, such as
FGFRI, VEGF-C, and platelet-derived growth factor alpha
[44]. Along this line, our own study confirmed that EPCs
could induce angiogenesis by synthesizing angiogenesis
factors, such as SDF-1 and VEGF [45, 46]. In summary, a
growing body of evidence indicates that EPCs can directly
and indirectly contribute to tumor vascularization.

Circulating levels of EPCs in cancer patients

Given the important functions of vascularization in human
malignancies, both as a pathogenic mechanism and treat-
ment target, numerous efforts have been undertaken to
identify surrogate biomarkers that could accurately reflect
the angiogenic/vasculogenic activity of the tumor and
therapy effects on tumor vasculature. Considered as potent
surrogate biomarkers, microvessel density (MVD) and
VEGF expression level have been extensively investigated
and proven to be of both diagnostic and prognostic values
in clinical oncology [47-50]. In addition to these two
biomarkers, the EPCs concentration in the peripheral blood
has emerged as a promising and potent biomarker because
it could reflect the tumor vascularization activity more
accurately, directly, and non-invasively. Various EPCs
concentration in the peripheral blood of cancer patients was
first reported in 2003, during which Kim et al. examined
the CEPCs levels using a culture assay of peripheral blood
MNCs after recruiting 16 healthy controls and 71 newly
diagnosed cases (19 breast cancer and 52 gastric cancer
patients). They found that the number of CEPCs in the
cancer patients was comparable to that in the healthy
controls (37.6 =4.2 vs. 40.2 &+ 10.2/mm?* P > 0.05).
They also conducted subgroup analysis based on cancer
types and failed to detect higher EPC concentration in the
peripheral blood of both breast and gastric carcinoma
patients [S51]. Subsequently, Ho et al. [19] compared the

circulating levels of EPCs in 80 hepatocellular carcinoma
(HCC) and 14 healthy subjects by employing another
culture assay described by Hill et al. [29]. They found a
significantly elevated EPC level in HCC patients
(P = 0001). Interestingly in the same study, fluorescence-
activated cell sorting (FACS) quantification of EPCs, in
which CD34, CD133, and VEGFR2 were used as markers,
was also employed to validate the CFU scores.

Numerous studies that only used FACS technique have
been conducted to reveal the dynamics of CEPCs in vari-
ous cancer types such as lung cancer [22, 52-54], malig-
nant glioma [20, 55, 56], HCC [21, 57], breast cancer [58,
59], head and neck cancer [60], ovarian cancer [61-63],
cervical cancer [63], colorectal cancer [64], prostate cancer
[65], renal cell carcinoma (RCC) [66, 67], osteosarcoma
[68], and multiple myeloma [69] (Table 1). However,
inconclusive and controversial results were obtained;
although in most studies, a significantly higher EPCs
concentration was observed in the peripheral blood of
cancer patients. In five case—control studies, the number of
CEPCs was demonstrated to be comparable to that in
control subjects [51, 54, 56, 65, 68]. However, Goon et al.
[59] reported a significantly lower EPCs concentration in
breast cancer patients (median: 121 vs. 169 cells/ml;
P < 0.05). The contrasting results may be attributed to the
fact that the majority of the included patients were at early
stage, and the “healthy” controls were actually patients
with benign breast lesions. To validate the diagnostic value
of CEPCs, the selection criteria of both cancer patients and
healthy controls should be stricter because of numerous
confounding factors such as background cardiovascular
diseases, diabetes mellitus, and lifestyles, which include
smoking status, physical exercise, among others [70, 71].

Prognostic value of CEPCs

The paradigm of CEPCs as a surrogate biomarker of vas-
cularization has stimulated numerous researchers to
explore the prognostic power of CEPCs in cancer patients.
TNM classification and histological grade are the main
prognostic indicators in clinical oncology. Supplementary
Table S1 underscores the data from available studies [19,
22, 51-53, 55, 56, 58-62, 64, 65, 67-69, 72-74] that
assessed the correlation of CEPCs with clinicopathological
features such as TNM stage, pathological grade, and other
specific variables, which could indirectly support the
prognostic value of CEPCs in studies without long-term
follow-up data. CEPCs levels have been confirmed to be
significantly correlated with tumor stage [22, 61, 62, 64,
67, 69, 72, 74], tumor size [19, 58, 61], MVD [55, 73], and
serum VEGF concentration [55, 67]. Further detailed
information is presented in Supplementary Table S1.
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To illustrate the usefulness of the circulating levels of
EPCs in predicting long-term outcomes such as progres-
sion, recurrence, or survival, the impacts of pre-treatment,
post-treatment level, and/or intratreatment changes in the
EPCs on disease outcome have been assessed in several
studies with long-term follow-up [52-54, 61, 69, 75-77]
(as summarized in Table 2). Patients with lower pre-
treatment CEPCs levels have achieved longer overall sur-
vival (OS) length [52, 53, 61, 77], recurrence-free survival
(RFS) [54], and response duration (RD) [69]. However,
Sakamori et al. [76] failed to detect any association of EPC
concentration with progression-free survival (PES). Inter-
estingly, Bhaskar et al. [69] analyzed the association
between the number of CEPCs at baseline and RD and
found that the median RD was higher (23 months) for the
group with <19.6/ul (n = 44) than that (14 months) for the
group with >19.6/ul (n = 15). Furthermore, they analyzed
the prognostic power of circulating level of EPCs after
therapy and confirmed that the arm with <6.5/pl benefitted
in longer median RD (23 vs. 9 months; P = 0.001). Sim-
ilarly, in another cohort of patients with multiple cancers,
CEPC:s level at day 7 after chemotherapy was significantly
median PFS (<11.5 vs. >6.2 months; P = 0.046) [75]. The
prognostic value of the changes in the number of CEPCs
has also been investigated [54, 76] and will be discussed in
the next section. Thus, although divergence exists, the
prognostic value of CEPCs is so overwhelming, and further
clinical studies are warranted to validate the conclusion.

CEPCs as an indicator of treatment response

The efficacy of antitumor treatments is typically assessed
by measuring the direct effects on tumor burden and/or
survival and is mostly confined to imaging techniques such
as X-ray, computed tomography, magnetic resonance
imaging, and ultrasound [78]. However, the assessment of
these parameters cannot reflect the efficacy immediately
and directly, thus necessitating a reliable surrogate bio-
marker. The potential of CEPCs in the prediction and
response monitoring to a therapeutic intervention is deter-
mined by distinguishing the impact of various interventions
(e.g., surgery, chemotherapy, and radiation) on CEPCs in
different cancers, including breast cancer [59, 72], head
and neck cancer [60], lung cancer [22, 54, 76], ovarian
cancer [61, 63], RCC [66, 67], colorectal cancer [79],
multiple myeloma [69], glioma [56], gastric cancer [74],
and mixed types [75] (Table 3). In all studies, the CEPCs
levels were quantified by FACS technique, which are not
presented in Table 3.

With respect to chemotherapy (including anti-angio-
genic target therapy), a significantly decreased CEPCs

concentration was demonstrated in three studies [69, 72,
76], whereas others reported no significant changes [22,
79], and another presented a remarkably higher EPCs
level post-treatment [75]. Roodhart et al. analyzed the
changes in CEPCs in a cohort of patients receiving che-
motherapy and found that the increase in EPCs level
started a few hours after the initiation of chemotherapy,
exceeded to 114 % (95 % CI 78-151 %; NS) after 7 days
and continued to increase to 304 % (95 % CI
176-1,431 %; P < 0.01) on day 21, and was not limited
to the regimens applied in the chemotherapy [75]. How-
ever, they included heterogeneous population of chemo-
therapy and cancer types as well as applied the definition
of EPCs as CD31+CD133+CD45— cells, which could
partially explain the contradictory results. Notably, timing
is a relevant issue because the circulating level of EPCs
changes time-dependently [76].

The postoperative EPCs concentration in cancer patients
has been compared with the preoperative level in several
studies, but inconclusive results were obtained [54, 56, 59,
63, 66, 67, 74]. Yang and his colleagues quantified the
CEPCs levels in 38 RCC patients who underwent surgery
and found that the CEPCs level 3 months after surgery was
significantly lower than the preoperative level (P < 0.001;
Table 3) [67]. However, similar results have not been
replicated in other studies. Such contradictory findings
could be explained by confounding factors such as surgery
types, BM-EPCs mobilization, and consumption caused by
recruitment to surgical injury sites and to stress reaction to
surgical insult [80]. Additionally, the time to assess the
post-surgery CEPCs varies greatly, ranging from 2 days to
6 months. Furthermore, EPCs concentration has been
examined in a cohort of patients with head and neck cancer
who had been receiving radiation therapy, but no signifi-
cant change was found [60].

The prognostic value of varying CEPCs post-treatment
has been investigated in two clinical studies [54, 76]
(Table 2). After classifying 38 patients according to the
changes in the number of CEPCs relative to day 1 level
before the second cycle of chemotherapy, Sakamori et al.
[76] demonstrated that patients with high percentage
changes in the number of CEPCs did not achieve a signif-
icantly longer median PFS (139 vs. 120 days; P = 0.295).
Subsequently, Pirro et al. reported that a total of 15 non-
small cell lung cancer patients experienced a 48-h postop-
erative increase in the number of CEPCs, whereas the
remaining 19 patients had stable or decreased EPCs level
compared with preoperative levels. Thus, patients with
stable or decreased EPC level achieved a significantly
longer RES (P = 0.012) [54]. Therefore, CEPCs can act as
potent indicator of clinical response to various interventions
after validation by further large-scale clinical studies.
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Future directions and conclusions

Further, basic studies are required with the following
objectives: To clarify the origin, function, and molecular
pathways of EPCs; to refine the identification, isolation,
and molecular characterization of CEPCs; and to under-
stand the process of tumor vascularization. After the unique
specific markers have been determined, higher-quality
clinical studies with larger sample size to allow adjusted
analysis focusing on clinically important outcomes will aid
in clarifying the potent diagnostic and prognostic values of
CEPCs. Despite several diverging results, our review of the
available literature apparently supports the diagnostic and
prognostic power of CEPCs in clinical oncology.
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