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Abstract. Tumor growth and progression require new blood 
vessel formation to deliver nutrients and oxygen for further 
cell proliferation and to create a neovascular network exit for 
tumor cell metastasis. Endothelial progenitor cells (EPCs) 
are a bone marrow (BM)-derived stem cell population that 
circulates in the peripheral circulation and homes to the tumor 
bed to participate in new blood vessel formation. In addition 
to structural support to nascent vessels, these cells can also 
regulate the angiogenic process by paracrine secretion of a 
number of proangiogenic growth factors and cytokines, thus 
playing a crucial role in tumor neovascularization and devel-
opment. Inhibition of EPC-mediated new vessel formation 
may be a promising therapeutic strategy in tumor treatment. 
EPC-mediated neovascularization is a complex process that 
includes multiple steps and requires a series of cytokines and 
modulators, thus understanding the underlying mechanisms 
may provide anti-neovasculogenesis targets that may be 
blocked for the prevention of tumor development. The present 
review stresses the process and contribution of EPCs to the 
formation of new blood vessels in solid tumors, in an attempt 
to gain an improved understanding of the underlying cellular 
and molecular mechanisms involved, and to provide a poten-
tial effective therapeutic target for cancer treatment.
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1. Introduction

Cancer remains a leading cause of mortality in humans due to 
the limitations of current treatment. Surgery, radiotherapy and 
chemotherapy are common methods of anticancer treatment. 
Despite significant developments in therapeutic strategies, 
cancer remains a major public health issue (1). The growth of 
early-stage tumors relies on the diffusion of oxygen and nutri-
ents from the surrounding tissue, and under these conditions, 
tumor can grow to a size of 1-2 mm3. Further expansion of 
the tumor mass requires establishment of new blood vessels 
to support the increased metabolic demand (2). Tumor devel-
opment depends upon the formation of new blood vessels to 
deliver oxygen and micronutrients, and to facilitate cancer 
metastasis into the systemic circulation (3). The formation of 
blood vessels occurs by two mechanisms: Angiogenesis and 
vasculogenesis. Angiogenesis is the process via which new 
vessel formation occurs through proliferation and migration of 
existing neighboring endothelial cells (ECs) (4,5). It was previ-
ously generally believed to be the only mechanism responsible 
for new blood vessel formation during postnatal life and the 
exclusive result of the sprouting of new vessels to support 
tumor development. This traditional concept of blood vessel 
formation has been challenged by the identification of the bone 
marrow (BM)-derived cell population endothelial progenitor 
cells (EPCs) that could be recruited and differentiate into 
mature ECs in injured endothelium (6). Moreover, EPCs can 
also secrete a series of cytokines to promote new vessel forma-
tion (7). EPCs have been reported to migrate actively to the 
tumor bed and incorporate directly in the neovasculature with 
high specificity (8-10). Thus, EPCs that mediate neovascular-
ization may be crucial contributors to the growth and spread 
of cancer, and have become an important promising target for 
antineoplastic therapies in a variety of solid tumors (2,11,12). 
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EPC-mediated neovascularization is a multiple step process, 
in which numerous cytokines and modulators are involved 
to regulate cell mobilization, recruitment and incorporation 
into the endothelium (13). Although the contribution of EPCs 
to new vessel formation has previously been established, the 
underlying mechanisms remain unclear and require further 
study, which may provide a potential target in therapeutic 
management by blocking the process and signal pathways 
involved in EPC-mediated tumor neovessel formation.

2. Properties of EPCs

EPCs are a BM-derived cell population that circulates in the 
peripheral circulation and homes to the sites of injured vessels 
to participate in new blood vessel formation under physio-
pathological conditions (6). Vascular endothelial growth factor 
receptor-2 (VEGFR-2) and cluster of differentiation (CD)34 
were initially described as specific expression markers of the 
cells; however, these markers are also expressed on hemangio-
blast and hematopoietic progenitors, as well as certain mature 
ECs (6). Putative EPCs encompass different cell populations 
that all originate from the hemangioblast overlap, phenotypi-
cally as well as functionally, and present in different stages of 
endothelial differentiation in the peripheral blood. Recently, 
an array of biomarkers has been used to characterize the puta-
tive EPCs, including CD34, CD133, CD31, VEGFR-2, von 
Willebrand factor (vWF), CD144, Tie2, CD117, CD62E and 
CD45 (14-18). The glycosylated form of the CD133 protein 
has been accepted as a more appropriate marker for immature 
progenitor cells, since it is expressed on immature stem cells, 
but not on mature ECs (19,20). Thus, CD133+/VEGFR-2+ 
cells more likely reflect immature progenitor cells localized 
mainly in the BM, whereas AC133-/CD34+/VEGFR-2+ cells 
may represent more mature cells that are limited in their 
proliferative capacity (21). There are two main types of EPCs, 
early and late EPCs, which are isolated by different culture 
methods (15,16). Early EPCs obtained from short-term blood 
sample cultures possess numerous endothelial characteris-
tics, such as harboring markers of CD31, CD133, CD34 and 
VEGFR-2 (2), while late EPCs express VE-cadherin and vWF, 
as well as endothelial markers such as CD31, CD133, CD34 and 
VEGFR-2 (22). Mounting evidence has suggested that early 
and late EPCs play a critical role in postnatal angiogenesis 
and vasculogenesis under a number of pathological condi-
tions, including myocardial ischemia and infarction, wound 
healing, atherosclerosis, limb ischemia and tumor develop-
ment (8,23-29). Therefore, in the treatment of diseases such as 
solid tumors, EPCs have been considered as potential targets 
that are closely associated with neovascularization (30).

3. Tumor development

Tumors arise from several sequential genetic mutations in 
DNA that result in the cell deregulation of normal growth 
control mechanisms and uncontrolled proliferation. Eventu-
ally, these mutated cells expand to become a cell mass that 
is able to obtain adequate nutrients and oxygen via the diffu-
sion from surrounding tissues to support growth at an early 
stage (31). Once cell deposits reach a size of 1-2 mm3, expansion 
of the tumor requires nascent vasculature to deliver nutrients 

and oxygen for further cell proliferation (32). In addition to 
delivering oxygen and micronutrients to the tumor mass, the 
ECs promote tumor growth via paracrine growth and survival 
signals (33-35). Tumor angiogenesis can also facilitate cancer 
metastasis by allowing cells to exit through the neovascular 
network into the systemic circulation (36). The production 
of new blood vessels from an existing vascular bed is known 
as angiogenesis. However, recent attention has focused on 
tumor-associated vasculogenesis that occurs through mature 
ECs via the proliferation and differentiation of BM-derived 
EPCs. Accumulating data indicate that EPCs provide not only 
structural support to nascent vessels (37-39), but that they also 
regulate the angiogenic process via paracrine secretion of a 
number of proangiogenic growth factors (2). Through these 
mechanisms, EPCs have a dual role in tumor development. 
Thus EPCs may be an essential component in cancer growth 
and progression, and the inhibition of EPC-mediated neovas-
cularization may efficiently block tumor development.

4. Association of EPCs with tumor neovascularization

EPCs were first described as a subtype of stem cells that gave rise 
to mature ECs in culture and were able to incorporate themselves 
into sites of active neovascularization in animal models (6). 
The cells were then extensively studied regarding their role in 
neovascularization. Accumulating data has confirmed that early 
and late EPCs participate in the process of new vessel formation 
under a wide range of physiopathological conditions. Early EPCs 
promote angiogenesis by secreting a series of growth factors 
and cytokines, such as VEGF, stromal cell-derived factor-1 
(SDF-1), granulocyte colony-stimulating factor (G-CSF) and 
insulin-like growth factor 1, which enhance EC proliferation 
and survival, and direct endogenous progenitor cell recruitment 
into nascent vessel sites (6,40). Late EPCs contribute to vascu-
logenesis by providing structural support via differentiation into 
mature ECs (16). Late EPCs can also promote angiogenesis 
by the secretion of numerous cytokines (7). The contribution 
of EPCs in postnatal endothelial repair and vasculogenesis has 
been documented in physiological and pathological conditions, 
such as myocardial ischemia (24), limb ischemia (27), ischemic 
stroke (26), wound healing (28) and tumor vascularization (41). 
Accumulating evidence has suggested that the number of 
circulating EPCs is elevated in a wide range of cancer types, 
such as glioma, non-small cell lung cancer, myeloid leukemia, 
hepatocellular carcinoma, colorectal cancer, lymphoma 
and breast cancer (42,43). EPCs are considered to be a key 
contributor to the new vessel formation of a tumor during its 
development (2,44). Initial evidence of the involvement of EPCs 
in tumor neovessels was discovered in Id1+/-Id3-/- tumor mouse 
models (41). The study demonstrated that the defection in the 
recruitment of BM-derived endothelial precursor cells blocks 
tumor angiogenesis and growth, and that this could be reversed 
by the transplantation of circulatory EPCs. Significantly, 
the donor-derived cells were detected throughout the tumor 
neovessels in the animal cancer models (41). Subsequent studies 
showed that the blockage of EPC mobilization from the BM or 
recruitment to the tumor bed can result in significant inhibition 
of tumor neovasculogenesis and growth (45,46). These data 
demonstrate that EPCs contribute to new vessel formation in 
tumor development.



ONCOLOGY LETTERS  12:  793-799,  2016 795

5. EPCs in tumor vascularization

EPC-mediated neovascularization is a complex process, 
including EPC mobilization from the BM into the peripheral 
circulation, recruitment and adhesion to the sites of new vessel 
formation, incorporation into the intima to form de novo 
vessels, and paracrine support of the nascent microvasculature 
(Fig. 1). These events are controlled by multiple cytokines and 
modulators via different mechanisms (47).

Mobilization of EPCs from the BM into the circulation 
is the first step for EPC‑mediated vasculogenesis. In normal 
conditions, the number of circulating EPCs is extremely 
low (15), and the majority of the cells reside in the niche within 
the BM via the interaction of the integrins expressed on these 
cells with stromal cells (48,49).

Tumor vasculogenesis requires signaling between tumor 
cells and the EPCs residing in the BM, stimulating them to 
mobilize into the peripheral circulation, home to the tumor 
sites and invade the growing tumor (50). The process involves 
multiple steps that are regulated by a wide range of cytokines 
and chemokines. VEGF is a pleiotropic cytokine that has been 
implicated in the mobilization of VEGFR-2+ EPCs from the 
BM, and VEGF gene transfer has been shown to augment 
circulating EPCs in humans (51,52). VEGF is an angiogenic 
cytokine that is expressed in the tumor bed. The high levels 
of VEGF promote tumor vasculogenesis and progression by 
mobilizing BM-resident EPCs into the peripheral circula-
tion, and enhance the recruitment of these cells to the tumor 
sites (51,53-55). VEGF mechanism in EPC-mediated neovas-
cularization involves a number of enzyme and cytokines. 
VEGF activates BM nitric oxide (NO) synthase and promotes 
NO production. This NO interacts with matrix metallopro-
teinase-9, leading to the release of stem cell-active soluble 
kit ligand, which enhances VEGFR-2+ EPC mobility and 
stimulates cell mobilization from the BM into the peripheral 

circulation (56). VEGF has the ability to upregulate the levels 
of G-CSF, inducing the release of progenitor cells from the 
BM (57). G-CSF mechanisms in EPC mobilization are corre-
lated with BM-neutrophil-released elastase and cathepsin G, 
which induce the proteolytic cleavage of vascular cell adhe-
sion molecule-1, expressed by BM stromal cells, followed by 
progenitor cell mobilization (58). The CXC motif chemokine 
family is another well-known inducer of EPC mobilization. 
SDF-1 is the most well-characterized component of EPC 
mobilization and a effective chemokine in the adhesion and 
migration of the cells. The expansion of the tumor causes 
surrounding tissue hypoxia, which through elevated levels of 
hypoxia-inducible factor-1 (HIF-1), upregulates the responsive 
of chemokines such as SDF-1 and VEGF, and stimulates 
the release and recruitment of EPCs from the BM into the 
circulation (52,59,60). Tumors can also produce chemokine 
(C-C motif) ligand (CCL)2 and CCL5, which are involved 
in EPC mobilization (61). In addition, the cells surrounding 
the tumor produce other factors to mobilize EPCs and recruit 
them to the tumor bed. Adiponectin, for example, is a peptide 
hormone secreted by adipocytes that has been shown to 
promote EPC numbers and mammary tumor growth (62-64).

The recruitment of EPCs from the circulation to the site 
of the tumor bed is an essential step for EPC-mediated new 
vessel formation in neoplasm growth and development. Tumor 
and ischemic tissues have the potential to direct EPCs from 
the circulation into vasculogenic sites in order to increase the 
number of sprouting vessels for the blood supply via secre-
tion of cytokines, of which SDF-1 is the most potent (65,66). 
SDF-1 functions as a major chemokine to direct various types 
of chemokine (C-X-C motif) receptor 4 (CXCR4)+ cells to 
the tumor bed (65-69). In normal conditions, the levels of 
SDF-1 are low in the circulation, BM and other tissues (49). 
As a secretory protein, the level of SDF-1 is upregulated in 
the tumor microenvironment, where it can create a gradient 

Figure 1. EPCs are mobilized from the BM into the circulation and home to the tumor bed to participate in neovascularization. Malignant tumor growth results 
in neoplastic tissue hypoxia that induces VEGF production. This production of VEGF promotes the mobilization of BM-derived EPCs into the circulation. The 
circulating EPCs move following the SDF-1 gradients towards the tumor bed, subsequently incorporating themselves into nascent vessels, differentiating into 
mature endothelial cells to provide structural support and releasing a series of cytokines to promote angiogenesis. VEGF, vascular endothelial growth factor; 
BM, bone marrow; EPCs, endothelial progenitor cells; SDF-1, stromal cell-derived factor-1.
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between the peripheral blood and the tumor microenviron-
ment, directing the migration of EPCs from the circulation 
into the tumor bed (30). The process requires HIF, a heterodi-
meric transcription factor sensitive to oxygen concentrations 
in tissues (70). Malignant tumor growth results in neoplastic 
tissue hypoxia, which then induces HIF production. The 
SDF-1 promoter contains HIF-1 binding sites, and the binding 
leads to SDF-1 production (66). There is an increasing amount 
of evidence suggesting that the overexpression of SDF-1 is 
closely associated with neovascularization by mediating the 
homing and retention of pro-vasculogenic stem cells to areas 
of new vessel formation (49,71,72). Histological analysis in rat 
glioma and melanoma models revealed that the majority of 
implanted, magnetically-labeled cord blood-derived AC133+ 
EPCs were expressed in peripheral regions of the tumor, 
and the high levels of HIF-1 and SDF-1 were also disturbed 
in regions, indicating a more hypoxic microenvironment. 
The studies also showed the incorporation of human AC133+ 
cells into the tumor neovasculature upon immunofluorescent 
staining (73). In diabetes, a wound site is characterized by low 
levels of SDF-1 and delayed healing. This could be reversed 
by the administration of SDF‑1 to improve the efficiency of 
EPC migration, consequently enhancing neovascularization 
and wound healing. This indicates the correlation of SDF-1 
with the homing of EPCs to the neovessel and subsequently, 
EPC-mediated new vessel formation (74). The CXC/CXCR4 
pathway pays a crucial role in these processes. SDF-1 is a 
member of the CXC chemokine family, which plays an impor-
tant role in chemotaxis (71,72). SDF-1 exerts a chemoattractant 
role through binding with its receptor, CXCR4, expressed on 
the surface of EPCs. Blocking the SDF-1/CXCR4 pathway 
inhibits the ability of EPCs to home and their adhesion to 
the sites of ischemic tissues, indicating the involvement of 
the SDF-1/CXCR4 pathway in the process of EPC-mediated 
neovascularization (75,76). The interaction of SDF-1 with 
CXCR4 activates multiple downstream targets, ultimately 
leading to cytoskeletal rearrangements, actin polymerization, 
polarization, pseudopodia formation and integrin-dependent 
adhesion to ECs (77).

EPC adhesion requires the molecular targets expressed by 
EPCs and by the angiogenic tissues that they home to (78). 
P selectin glycoprotein ligand-1 (PSGL-1) is a binding protein 
expressed on EPCs involved in cell adhesion; it is a major 
ligand of P-selectin and E-selectin expressed on ECs. The 
binding results in EPC transendothelial migration into the 
blood vessel wall where vascular remodeling is required (79). 
In the microenvironment of angiogenic sites, released 
SDF-1 may be vital in the modulation of this process via the 
SDF-1/CXCR4 pathway (80). The interaction of SDF-1 and 
EPC CXCR4 upregulates the expression of PSGL-1 on the 
EPC surface, leading to the adhesion and rolling of the cells to 
the blood vessel wall (Fig. 2). The adhesion of the EPCs to the 
endothelial monolayer is also strengthened by integrins, a type 
of cell adhesion molecule expressed on the cell surface (81). 
The interaction of integrins with intercellular adhesion 
molecule‑1 and fibrinogen mediates the adhesion of the EPCs 
to active angiogenic sites and facilitates the cells transendo-
thelial migration (82,83). The release of high-mobility group 
box 1 by necrotic cells can also promote EPC adhesion to 
the sites of new vessel formation via the activation of β1- and 

β2-integrins (84,85). This process is initiated by the activa-
tion of proangiogenic factors, such as VEGF, followed by the 
conversion of inactive enzyme plasminogen into the active 
serine protease plasmin and degradation of the extracellular 
matrix (86). In addition, upregulation of α4-integrin can also 
improve circulating progenitor cell invasion into the neovas-
culature and augment ischemic neovascularization (87,88). 
Overall, the process of EPC-mediated neovascularization is 
complex, including multiple steps in which numerous cyto-
kines and modulators are involved.

6. Anti‑neovascularization

The human vascular system forms an intricate and dynamic 
network in the body for the delivery of oxygen and micronu-
trients to tissues, and for the removal of carbon dioxide and 
metabolic by-products. The system also exerts effects on 
adjacent nonvascular cells by secreting paracrine growth and 
survival signals (33). Pathological excessive neovasculariza-
tion can promote the growth of diseased tissues, which can be 
observed in the majority of cancers (89,90). Tumor progression 
depends largely on new vessel formation to deliver oxygen 
and nutrients for tumor growth, expansion and metastasis; 
thus inhibiting tumor neovascularization may be an effective 
treatment strategy for various solid cancer types. The first 
hypothesis stating that the inhibition of neovascularization 
may be an effective strategy in cancer treatment was proposed 
in 1971 (91). Subsequent studies in animal models indicated 
that anti-angiogenesis at an early stage could prevent tumor 
growth and development in a wide spectrum of cancers (92). 
Preclinical, clinical and epidemiological data have shown 
that the inhibition of angiogenesis achieves the prevention of 
tumor development (93,94). A number of agents have been 
shown to exhibit effective antiangiogenic activities and exert 

Figure 2. SDF-1 directs the circulating EPCs homing to the tumor bed. Tumor 
expansion causes surrounding tissue hypoxia, which through elevated levels 
of HIF-1α, upregulates the responsive of the chemokines to SDF-1α, a ligand 
of CXCR4. The interaction upregulates the PSGL-1 expression on the sur-
face of the EPCs, leading to the adhsion and rolling of the cells to the blood 
vessel wall. HIF-1, hypoxia-inducible factor-1; SDF-1α, stromal cell-derived 
factor-1α; CXCR4, chemokine (C-X-C motif) receptor 4; PSGL-1, P selectin 
glycoprotein ligand-1; EPCs, endothelial progenitor cells; ECs, endothelial 
cells.
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preventative roles in the growth of a series of cancer types, 
including colorectal, renal, liver, lung, brain, pancreatic and 
neuroendocrine tumors, and multiple myeloma (95). It is 
now accepted that postnatal neovessel formation depends 
not only on angiogenesis, but also on vasculogenesis, which 
requires BM-derived EPC incorporation into the endothelium 
and differentiation into mature ECs to provide structural 
support to nascent vessels (96). Similarly, tumors obtain 
their vasculature through not only angiogenesis, but also 
through EPC-mediated vasculogenesis (41,97). In addition to 
structural support to nascent vessels (37,38), EPCs can also 
regulate the angiogenic process via the paracrine secretion 
of a number of proangiogenic growth factors and have a dual 
role in tumor development (30). Inhibiting EPC-mediated 
vasculogenesis, similar to anti-angiogenesis, may block tumor 
progression. This hypothesis is supported by studies that 
blocked EPC mobilization from BM or recruitment to the 
tumor bed, resulting in significant inhibition of tumor neovas-
culogenesis and growth (45,46). Disruption of SDF-1/CXCR4 
via the CXCR4 blocking antibody, for example, reduced the 
recruitment of BM-derived progenitor cells to the tumor 
bed and resulted in the inhibition of tumor growth in mouse 
models (98). A complete understanding of the mechanisms 
underlying EPC-mediated neovascularization is therefore 
required, as this may result in potential effective methods of 
cancer treatment.

7. Conclusion

EPC-mediated neovascularization may be an essential compo-
nent of cancer growth and development. In addition to providing 
structural support to nascent vessels in tumor expansion, 
EPCs can also promote tumor progression via independent 
vasculogenesis pathways. EPCs release a series of cytokines 
that exert effects on angiogenesis and vasculogenesis. The 
process of EPC-mediated neovascularization involves multiple 
steps, including cell mobilization, recruitment and adhesion 
to neovessel sites, and incorporation into the endothelium. 
Numerous cytokines are involved. Blockage of the process 
may reduce new vessel formation in tumors, followed by the 
blockage of tumor growth, invasion and metastasis. Thus, a 
comprehensive understanding of the mechanisms by which 
EPCs participate in neovascularization is required, which 
may provide potential targets in cancer treatment by blocking 
EPC-mediated tumor neovascularization.
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