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Cancer stem cells and angiogenesis
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ABSTRACT Cancer stem cells (CSCs) or tumor initiating cells were identified and characterized
as a unique subpopulation with stem cell features in many types of cancer. Current CSC studies
provide novel insights regarding tumor initiation, progression, angiogenesis, resistance to therapy
and interplay with the tumor micro-environment. A cancer stem cell niche has been proposed based
on these findings. The niche provides the soil for CSC self-renewal and maintenance, stimulating
essential signaling pathways in CSCs and leading to secretion of factors that promote angiogene-
sis and long term growth of CSCs. We present evidence which has emerged over the past 5 years
indicating interaction of CSCs with angiogenesis in the proposed “vascular niche” Based on these
findings, targeting the “cancer stem cell niche” by combining an individualized anti-CSC approach
with treatment of their microenvironment may represent a novel therapeutic strategy against solid

tumor systems.
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Introduction

Cancer is a complicated disease in which abnormal cells divide
without control and are able to invade other tissues - spreading
to other parts of the body through the blood and lymph, develo-
ping to the most devastating stage and leading cause of death in
cancer - metastasis.

Even systemic anticancer therapies after primary tumor resec-
tion often fail because of recurrence and over-curing side effects.
Increasing evidence indicates the existence of small subpopulations
of cells endowed with unique self-renewal capacity, tumorigenesis,
and radio- and chemotherapy resistance, defined as cancer stem
cells (CSCs) or tumor initiating cells. These cells are predicted as
a critical population of tumor cells which might mainly drive each
step of tumor programming, including neoplasm initiation, tumor
growth and metastasis (Al-Hajj et al., 2003, Lapidot et al., 1994,
Singh et al., 2004). Initially, cancer stem cells were identified in
hematological malignancies, then they were isolated subsequently
frommany organsincluding breast, prostate, brain, gastrointestinal,
liver, lung, skin and ovarian cancer.

Tumor development relies on angiogenesis. The growth of
blood vessels is essential for organ growth and repair while the
lymphatic vasculature also forms the vessel network that participates
in immune defense. Both angiogenesis and lymphangiogenesis

play an important role in the process of numerous malignances
(Alitalo et al., 2005, Carmeliet, 2005). Several studies showed that
significant therapeutic advantage can be achieved by treatment
with angiogenesis inhibitors such as sorafenib, sunitinib, and
bevacizumab (Escudier et al., 2007, Faivre et al., 2007, Hurwitz
et al., 2004, Sandler et al., 2006). Accumulating evidence has
shown that CSCs interact closely with angiogenesis, especially
in glioma, a solid tumor that is highly lethal, difficult to treat and
intimately dependent on angiogenesis. Recentdiscoveries revealed
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the interplay among CSCs, angiogenesis and tumor vasculature
based on this tumor model.

Cancer stem cells programming in cancer

Cancer originates from cells accumulating multiple mutations
which initiate uncontrolled proliferation and resistance to apoptosis
undergoing both genetic and epigenetic aberration within unique
microenvironments. In addition, these cells must obtain self-
renewing ability as stem-cell-like properties (Marotta and Polyak,
2009). CSCs also appear to have activated common signaling
pathways as Notch, Hedgehog and Wnt like in normal stem cells
(Klonisch et al., 2008). They share similar gene and epigenetic
profiles (Bloushtain-Qimron et al., 2008) and even express related
surface and functional markers (CD133, ALDH1, CD44, EpCAM,
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Scal and ABCG2) in multiple tissue types (Marotta and Polyak,
2009, Visvader and Lindeman, 2008). Some of these markers
also have been proposed to metastasis,angiogenesis, chemo
resistance and tissue differentiation. For instance, CD44, known
as an adhesion molecule, utilized in lyphocyte “homing”, might
assist carcinoma cells in haematogenous dissemination and
interact with other carcinogenesis factors like MMP-9,VEGF and
OPN (Eccles, 2004). Although the limitation of mouse injection
assays was reported (with an impaired or imcompatible immune
system), the isolation and serial transplantation of CSC popula-
tions into animal models have displayed tumor initiation potential
(Vermeulen et al., 2008). Some researchers noted that the CSCs
have significant stronger oncogenic abilities than corresponding
non-stem-cell-like tumor cells. Even in one tumor there might be
more than one population of CSCs with arange of markers involved
in tumorigenesis (Fig. 1), which might contribute
to radio- and/or chemotherapy failure.

Recently, Chen et al. revealed that individual
glioblastoma could harbor a series of phenotypi-
cally distinct self-renewing cell types that promote
a range of tumor growth pattern. Both CD133+
and CD133- celltypes generate highly aggressive
tumors (Chen et al., 2010). In addition, Al-Hajj et
al. isolated a 11%-35% population of CD44+ /
CD24-/low cells in breast cancer and injected a
minimum cell amount of 200 cells into NOD-SCID
mice for tumor formation (Al-Hajj et al., 2003),
while Ginestier et al. identified 3%-10% ALDH1+
breastcancer cells and demonstrated that atleast
an amount of 500 cells is necessary to generate
tumors in the same animal model (Ginestier et
al., 2007).

Recentdata also indicate that cancer stem cells
are probably involved in metastasis. Epithelial-
mesenchymal transition (EMT) has been iden-
tified at the invasive edge of tumors and plays
an important role in the process of metastasis
(Gentile and Comoglio, 2004, Visvader and Lin-
deman, 2008). The evidence of breast CSCs
expressing EMT markers and EMT-activator ZEB1
promoting tumor initiating capacity of pancreatic
and colorectal cancer cells, links EMT to cancer
stem cells supporting the concept of migrating /
metastatic cancer stem cells (Mani et al., 2008).
In addition, chemokines also contribute to invasion
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Fig. 1. Model of anti-cancer stem cell niche therapy
in tumor. The heterogeneity in tumor cells also exists
in cancer stem cells (Chen et al., 2010). Tumor cells rely
on vasculature and harbor a unique microenvironment.
Cancer stem cells, like normal neural stem cells, may
reside in a vascular niche named as ‘Cancer stem cell
niche’(Calabrese etal., 2007).(A) Relationship between
CSCsandtheir niche may be bidirectional: CSCs generate
angiogenic factors (i.e. VEGF) to stimulate angiogenesis
and the tumor vasculature supports maintaining CSC
self-renewal and maintenance. (B) Anti-angiogenic the-
rapeutics combined with other chemotherapy drugs will
disrupt angiogenesis and also interrupt the vasculature-
derived CSC maintenance (Eyler and Rich, 2008).
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and metastasis-promotion by function as autocrine and paracrine
growth factors enhancing those process, even could determine the
location of secondary tumors (Opdenakker and Van Damme, 2004).
Recently, Hermann et al. found a subset of CD133+/CXCR4+ pan-
creatic cancer stem cells of the overall CSC population located at
the invasive edge of tumors, which seem to be more responsible for
metastasis than for tumorigenicity (Hermann et al., 2007). CXCR4
positive might be responsible for the signals that CSC receives
from the microenvironment, partly, determines which cancer cell
possesses the capacity to self-renew.

Furthermore, cancer stem cells are thought as the origin of
post-therapeutic tumor recurrence (Wicha et al., 2006). On the one
hand, numerous results have shown lately that some cancer stem
cells areresistantto either radiation or chemotherapy. Interestingly,
Yu F. et al. discovered that breast cancer patients have a higher
percentage of cancer stem cell-like properties after chemotherapy
(Yu et al., 2007). These findings indicate that therapy might be
less effective on eliminating cancer stem cells than non-stem-cell-
like cancer cells. On the other hand, there are a couple of drugs
which seem to target specifically cancer stem cells. For instance,
lapatinib is used as HER1/HER2 inhibitor, particularly applying in
HER2 positive breast cancer patients. Interestingly, breast cancer
stem cells usually increase after traditional chemotherapy while
they decrease under lapatinib treatment, and in some patients
lapatinib seems to show even a complete response (Li etal., 2008).

All facts mentioned above in this part provide current evidence
that we start to understand the proposed roles of cancer stem
cells in tumorigenesis, metastasis and disease recurrence. The
identification of CSCs potentially clarifies novel mechanisms in
tumor biology and helps to develop future therapeutic strategies
for solid cancers.

Cancer stem cells promote tumor angiogenesis

Tumorangiogenesisis critical for tumor growth and maintenance
(Kaur et al., 2005), also applied as important cellular parameters
of tumorigenesis (Bergers et al., 1998). Cancer stem cells show
greater potential for tumor initiation and formation than non-stem
celllike tumor cells. Gliomas are exemplary for the significantimpact
of angiogenesis on tumor progression with impressively elevated
levels of vascular endothelial growth factors (VEGFs) (Plate et al.,
1994, Plate et al., 1992). Although VEGFs are expressed at elevated
levels by endothelial cells engaged in angiogenesis and circulating
bone marrow derived endothelial progenitor cells, many types of
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human cancer cells can also secrete VEGFs (Kerbel, 2008). In
these regards, it is logical to suggest that cancer stem cells can
function on angiogenesis. Recently, an emerging area of research
supports that CSCs, besides their self-renewal and proliferative
capabilities, may promote tumor angiogenesis.

As primly mentioned in stem cell-like glioma cells (SCLGC), Bao
etal.observedthat CD133-enriched SCLGC are located in proximity
toblood vessels. Compared withCD133- SCLGC, CD133+SCLGC
generated tumors with increasing tumor vascularity, necrosis and
hemorrhage. The VEGF expressionin CD133+ SCLGC was 10-20
folds up-regulated, combined with adramatically increased vascular
density identified by CD31 staining. Furthermore, therapy with VEGF
neutralizing antibody (bevacizumab) can deplete SCLGC-induced
vascular endothelial cell migration and tube formation.

In vivoresults additionally display that bevacizumab specifically
inhibits the tumor growth of SCLGC-derived xenografts. VEGF
receptors were not detected in SCLGC, thus targeting VEGF may
have more direct effects on endothelial cells or other cancer cells
in gliomas as shown in Fig. 1 (Bao et al., 2006). Other studies
support this finding in CSCs isolated from U87 glioma human
cell lines and GL261 murine glioma cell lines (Pellegatta et al.,
2006, Yao et al., 2008). Chris et al. additionally investigated that
CSCs contribute to tumor vascular development in glioma. The
work revealed that tumor with larger CSC population recruited a
substantially higher amount of endothelial progenitor cells (EPC),
suggesting that CSCs promote local angiogenesis and EPC mo-
bilization via stimulating proangiogenic factors such as VEGF and
SDF-1 (Folkins et al., 2009).

Related research has explored this phenomenon using high
throughput assays in liver cancer, qRT-PCR assessment and tis-
sue microarray (TMAs) validation (Yang et al., 2010). In the high
hepatic stem/progenitor cell (HSC/HPC) profile group (CD133,
Nestin CD44 and ABCG2), the MVD and angiogenic factors (VEGF
and PD-ECGF) are significantly higher than in the low HSC/HPC
profile group and related to a poor prognosis. Both stemness and
angiogenesis associated factors might be potential biomarkers for
clinical prediction (Yang etal.,2010). These data partly indicate that
tumor angiogenesis is induced by cancer stem cells, expressing
angiogenic factors to the cancer microenvironment (Fig. 1)

Cancer stem cells in vascular niche

The first notion of tumor microvascular-environment goes back
to 1940s, when Scherer suggested that glioblastoma cells grow

TABLE 1

ANGIOGENIC MARKERS EXPRESSED BY CANCER STEM CELLS (CSC)

Tumor Type CSC marker Angiogenic marker Indication Reference
Malignant glioma CD133 VEGF CSCs co-expressed with angiogenic markers & cause MVD increase (Bao et al., 2006)
Glioblastoma Nestin VEGF CSCs induce angiogenesis (Oka et al., 2007)
Melanoma CD133 VEGF/VEGFR-2 CSC and angiogenic markers co-expressed (Monzani et al., 2007)
ABCG2 Ang1/2
Tie2
Oligodendroglioma & CD133 CD34 CSCs close to vessels & cause MVD increase (Calabrese et al., 2007)
Glioblastoma Nestin
Pancreatic cancer CD133 VEGF-C CSCs cause MVD increase (Maeda et al., 2008)
Hepatocellular carcinoma CD133 VEGF CSC and angiogenic markers co-expressed (Yang et al., 2010)
ABCG2 PD-ECGF
Nestin
CD44

VEGF=vascular endothelial growth factor; MVD=microvascular density; ABCG2=ATP-binding cassette subfamily G member 2; VEGFR-2=vascular endothelial growth factor receptor-2; Ang1/2=angiopoietin

1/2; PD-ECGF=platelet-derived endothelial cell growth factor.
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into the site which is surrounded by blood vessels (perivascular
satellitosis). From then on, abundant reports support the theory
that the neo-vascularity formed around tumors play a special role
in cancer development and metastasis. Recently it was called the
‘cancer vascular niche’.

Current CSC research generates a large amount of data that
show the relationship between cancer stem cells and the cancer
vascular niche (Fig. 1). For instance, in Calabrese’s research, the
oligodendroglioma and glioblastoma stem cells which expressed
the major intermediate filament protein Nestin are located in close
proximity to CD34+ capillaries and are positively correlated to
microvessel density (MVD) (Calabrese et al., 2007). This result
strongly supports the hypothesis that CSCs are located within a
vascular niche.

Asmentioned above, cancer stem cells express vascular-related
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Fig. 2. Signal pathway relationship of cancer stem cells (CSCs) and angiogenesis.
BMP-9 suppresses VEGF expression by the BMP-9/ALK1 pathway against the effect of
the TGFB1/ALKS pathway which can enhance VEGF expression and angiogenesis. In
between these two pathways, the key role of the balance is BMP-4, which can keep the
vascular integrity. Meanwhile BMP-4 inhibits the tumorigenic potential of glioblastoma
cancer stem cells through the BMP-4/BMPR/SMAD signaling pathway. Notch induces
vascular development and normal stem cell survival through the Notch/NICD/Hes/Hey
signaling pathway. Notch inhibitor DAPT (y-secretase inhibitor), not only decreases the
self-renewal ability of tumor cells and the number of CD133+ cells, it also decreases the
expression of vascular markers like CD105, CD31, von Willebrand factor, et al. This figure
was drawn according to (Androutsellis-Theotokis et al., 2006, Gridley, 2007 Hovinga et

al., 2010, Piccirillo et al., 2006, Shao et al., 2009).
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agents in order to induce neo-vascular growth and establish an
aberrant vascular niche, as shown in Table 1. On the other hand,
tumor angiogenesis and formation of a cancer vascular niche con-
tribute to maintenance and further proliferation of cancer stemcells.

Calabrese et al. set up a co-culture model for investigation of the
influence of vascular endothelial cells on CSCs, which shows that
endothelial cells interact closely with Nestin+/CD133+ brain cancer
stem cells and provide factors that support self-renewal mechanisms
of CSCs (Calabrese et al., 2007). However, the authors only show
thatanti-angiogenic therapy targeting VEGF could deplete the tumor
vasculature, partly disrupt the CSCs vascular niche, and ablate
self-renewing cancer stem cells. Likewise, Folkins showed effects
of DC101, targeting the VEGFR2 in C6 rat glioma xenograft tumors
(Folkins et al., 2007), indicating the importance of the dual effect of
anti-angiogenic therapy with efficacy against tumor angiogenesis
and CSCs expressing pro-angiogenic factors and
receptors. Nevertheless, further investigation within
this area is necessary.

Up to now, there are more than 5 ways of new
vessel formation, including sprouting, intussusceptive
angiogenesis, the recruitment of endothelial progeni-
tor cells (EPCs), vessel cooption and vasculogenic
mimicry (Hillen and Griffioen, 2007). As mentioned
above, CSCs express VEGF to induce angiogenesis
potentially through sprouting or intussusception of the
preexisting vasculature or through recruitment of EPCs.
Besides these possibilities, we hypothesize that CSCs
might participate in vasculogenic mimicry to induce
angiogensis. This hypothesis is based on the data
shown in Table 1, where many CSC biomarkers are
co-expressed with angiogenic markers. This two-side
theory of the CSC vascular niche needs to be further
evaluated by well-designed experiments.
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Signal pathway of cancer stem cells and
angiogenesis

As discussed above, there are still some dark cor-
ners which need to be explored within CSCs vascular
niche. For example: what is the exact role of vascular
endothelial cells in maintenance and proliferation of
cancer stem cells? How can they influence CSCs?
Which is the underlying important ligand-receptor
interaction or signaling pathway?

One of the critical pathways of CSCs and angioge-
nesis is BMP (bone morphogenic protein) signaling.
BMP initially played a role in bone formation, now it
also shows an important function in inhibition of angio-
genesis. According to the report of Shao et al., BMP-9
can suppress VEGF expression by the BMP-9/ALK1
pathway, whereas the TGFf31/ALK5 pathway enhances
VEGF expression and angiogenesis. In between these
two pathways, the key role of the balance is BMP-4,
which can keep the vascular integrity (Shao et al.,
2009). Interestingly, Piccirillo’s data show that BMP-4
inhibits the tumorigenic potential of glioblastoma cancer
stem cells through the BMP-4/BMPR/SMAD signaling
pathway (Piccirillo et al., 2006). These results indicate
the BMP plays a vital role in CSC tumorigenesis and



angiogenesis, however, further experiments need to be done to
show the fundamental cause and effect.

Another important mechanism is the Notch signaling pathway.
The Notch/NICD/Hes/Hey signaling pathway is includedin vascular
developmentand normal stem cell survival (Androutsellis-Theotokis
etal., 2006, Gridley, 2007). Recently, Hovinga et al. showed that the
Notch pathway combines glioblastoma angiogenesis and cancer
stem cell self-renewal. Notch inhibitor DAPT (y-secretase inhibitor)
not only leads to a reduction of the self-renewal ability of cancer
stem cells and the number of CD133+ tumor cells, it also reduced
the expression of vascular markers such as CD105, CD31, von
Willebrand factor (Hovinga et al., 2010). These two pathways are
both related to CSCs and angiogenesis (schematic chart is shown
in Fig. 2), but there are still much more signals associated with
CSCs and angiogenesis, respectively. In order to explore the entire
network of signals within CSCs and angiogenesis, more research
effort is still needed.

Perspectives

Advanced technologies and daily developed experimental
systems currently used in cancer research will speed up the un-
derstanding of the main principles of cancer stem cells involving
in tumor progression (Crnic and Christofori, 2004). Meanwhile,
further research on the interaction of cancer stem cells and an-
giogenesis will help to develop some novel therapeutic strategies
against cancer as a bilateral benefit. Regarding the close inte-
raction between CSCs and tumor angiogenesis it seems so far
reasonable to combine traditional radio- and chemotherapy with
anti-angiogenic therapy. With further investigation of isolation and
identification of surface or functional markers of CSCs, localization
and visualization of different types of CSCs in situ, particularly in
solid tumor systems, it can potentially be facilitated in the clinical
routine with the major goal to develop an individualized therapeutic
approach. Since CSCs are associated to therapy resistance and
disease recurrence, the development of clinically useful inhibitors
to target the individual CSC niche should be prioritized (Hida et
al., 2004, St Croix et al., 2000, Xiong et al., 2009). Furthermore,
potential anti-CSC therapy should have minimal or no effect on
normal stem cells. The therapy must be applied safely after testing
for the sensitivity of normal and cancer stem cells.

It is probably one of the most visionary therapeutic strategies
against solid tumor systems to combine an individualized anti-CSC
approach by targeting their microenvironment or so called “CSC
niche” with conventional radio- or chemotherapy for the remaining
non CSC tumor cell proportion.
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