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1. ABSTRACT 
 

Recent research on cancer has generated a new 
model for cancer growth-cancer stem cell model. This 
model can explain the inefficiency of conventional therapy. 
Tumor tissue, like normal tissue, is continuously 
repopulated from pools of self-renewing stem cells growing 
in a “niche”, which is made up of a specialized vascular 
bed of endothelial cells, associated cells of mesenchymal 
origin and extracellular matrix components. In this review, 
we will introduce the models of cancer development, the 
roles of stem cells in tumor progression, the components of 
niche which affects the cell fate of cancer stem cells 
(CSCs), their different regulatory factors, as well as the 
clinical implication of CSCs in cancer treatment. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  

 
There are two different models explaining the 

cancer initiation. According to clonal evolution model, 
cancer is formed through the accumulation of genetic 
changes in cells and gradual selection of clones and each cell 
has the potential to be cancerous (Figure 1a). The failure to 
explain the inefficiency of the conventional therapy has 
given rise to another model-cancer stem cell model, which 
suggested that only a small proportion of the cells, which 
are called cancer stem cells, are responsible for the cancer 
initiation (Figure 1b) (1). This theory was first presented in 
the mid-19th century as the "embryonal rest" theory of cancer 
(2). About one century later, it was postulated that cancers 
arise from tissue stem cells (3). Dick and his
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Table 1. Cell surface phenotype of CSCs identified in human cancers 
Cancer CSC phenotype Reference 
AML CD34+CD38-CD90- (4), (8) 
Breast cancer ESA+CD44+CD24-/lowLin- (9) 
Brain cancer CD133+ (76) 
Colon cancer CD133+, CD44+EpCam+CD166+ (77), (78) 
Osteosarcoma  CD133+ (79) 
Pancreatic cancer CD44+ CD24+ESA+ (80) 
Prostate cancer CD44+alpha2beta1+CD133+ (81) 

 

 
 
Figure 1.  The models of tumor development: (a) clonal evolution model; (b) cancer stem cell model; (c) “pCSCs” integrated the 
two model. Green = niche cells; blue = stem cell (SC); yellow = cancer stem cells (CSCs); brown, orange, red, dark turquoise = 
cell accumulating genetic alternation. 
 
colleagues identified an AML-initiating cell by 
transplantation into severe combined immune-deficient 
(SCID) mice. The frequency of these leukemia-initiating 
cells in the peripheral blood of AML patients was one 
engraftment unit in 250,000 cells (4).  

 
Recently, Gao et al. experimentally identified 

a new type of cancer cells, precancerous stem cells 
(‘pCSCs’), which is considered as the precursor of 
CSCs. The pCSCs undergo multi-step mutations, and 
then can become CSCs (5).  The identification of pCSCs 
in cancer integrates the two models (Figure 1c). 

 
Stem cell function depends on the interaction 

between intrinsic genetic programs and extrinsic 
regulatory cues derived from a stem cell’s 
microenvironment or ‘niche’. The concept of the stem 
cell niche was initially proposed by Schofield in the 
context of the mammalian blood system (6). Niche cells 
provide a sheltering environment that protects stem cells 
from differentiation stimuli, apoptotic stimuli, and other 
stimuli that would challenge stem cell reserves. A 
functional niche can maintain the balance of stem cell 
quiescence and activity (7). 

 
The cancer stem cell theory can shed light on 

cancer therapy. According to this theory, the treatment 
should target on the cancer stem cell instead of other cells 
in tumor.  

3. ORIGIN AND IDENTIFICATION OF CANCER 
STEM CELL 
 
               The stem cells can be identified according to the 
surface proteins by flow cytometry.  It was found that the 
leukemia-initiating cells that could engraft SCID mice to 
produce large numbers of colony-forming progenitors were 
CD34+CD38- (4) and CD90- (Thy-1- ) (8). Al-Hajj et al. 
identified and prospectively isolated tumorigenic cells from 
a human solid tumor (breast cancer) as CD44+CD24-
/lowLineage- in eight of nine patients (9). Virginia Tirino et 
al. (2008), have identified, for the first time, CD133+ cells 
within osteosarcoma cell lines, showing many features of 
cancer stem cells (10). In addition, researchers have 
identified a CSC population in other solid tumors, such as 
brain, prostate, colon and pancreatic cancers. The cell 
surface phenotypes of CSC populations from these human 
tumors are described in Table 1. 
 
4. ROLE OF CSCs IN TUMOR PROGRESSION  
 

The cancer stem cell model has elucidated the 
role of CSCs in tumor formation. Besides initiation of 
tumor, CSCs play an important role in tumor progression, 
such as metastasis and angiogenesis. 
 
4.1. CSCs and cancer metastasis 

Metastasis is one of the most ominous properties 
of malignant cancer (11). Metastasis is a sequential, multi-
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step process that requires cancer cells to escape from the 
primary tumor, intravasate into the circulation or lymphatic 
system, migrate through the body, adhere at a secondary 
site, extravasate from the circulation and into the secondary 
tissue, form micrometastases, develop a blood supply, and 
finally form macroscopic, clinically relevant metastases 
(12, 13). Metastasis is known to be an inefficient process. It 
was found that only ~2% of disseminated cells were able to 
form micrometastases, and only ~0.02% of cells were able 
to develop into vascularized macrometastases, although 
almost 90% of the cells could successfully get through the 
early steps in the metastasis process(14).  

 
One explanation of this inefficiency is the need 

for the metastatic cells to find favorite sites to survive or 
proliferate. Stepen Paget first proposed the “seed and soil” 
theory in 1889. He predicted that cancer cells (the “seed”) 
can survive and proliferate only in secondary sites (the 
“soil”) that produce growth factors appropriate to the type 
of cell (15). Application of the CSC hypothesis to 
metastasis therefore suggests that this rare subset of cells 
within a primary tumor that are capable of forming 
metastases in distant sites may in fact be CSCs. This is 
supported by the observation that metastatic cells and stem 
cells share a number of key properties, including an 
unlimited capacity for self-renewal; the requirement for a 
specific ‘niche’ or microenvironment to grow (and, 
juxtapositional with that, a self-protective ability to grow in 
harsh environments); use of the SDF-1/CXCR4 axis for 
migration; enhanced resistance to apoptosis; and an 
increased capacity for drug resistance (16). Hermann and 
colleagues used human pancreatic cancer as a model 
system to study the relationship between CSCs and 
metastasis. They found both of CD133+/CXCR4- and 
CD133+/CXCR4+ cell lines are capable of forming tumors 
after orthotopic injection in the pancreas of 
immunodeficient “nude” mice, while only the 
CD133+/CXCR4+ cell line was able to form spontaneous 
metastasis, at least in the short/medium term (17).  

 
In traditional cancer models, metastases are 

considered to originate from monoclonal expansions of 
very specific, individual tumor subclones, which can 
accumulate further mutations and become substantially 
different from primary tumors (18). In contrast to this 
model, striking similarities over a wide range of 
parameters, including tissue morphology (19, 20), 
repertoire of somatic genetic mutations (21-23), 
expression of tumor-suppressor and immunomodulatory 
proteins (24), expression of epigenetically controlled 
genes (25), and overall transcriptional profile as defined 
by gene expression arrays (26-28) were revealed, when 
comparing paired samples of primary tumors and 
autologous lymph node and/or distant-site metastases. 
However, in CSC model we can assume that, in each 
individual tumor, the differentiation pattern is controlled 
by its specific repertoire of genetic mutations. If two 
lesions share identical genetic backgrounds and similar 
genetic abnormalities, they will also undergo similar 
differentiation programs and display similar patterns of 
intratumor heterogeneity in the expression of 
differentiation antigens (19, 20).  

4.2. CSCs and tumor angiogenesis 
Acquisition of angiogenic ability by tumor cells 

is a hallmark of carcinogenesis and is essential for tumor 
growth.  Vascular endothelial growth factor (VEGF)  is an 
important angiogenic factor, which is mainly responsible 
for the physiological process involving the growth of new 
blood vessels from preexisting vessels or the fundamental 
step in the transition of tumor from a dormant state to 
malignant one (29). 

 
Some studies indicate that CSCs contribute to 

tumor angiogenesis. Bao, et al. (2006) examined the 
potential of stem cell-like glioma cells (SCLGC) to support 
tumor angiogenesis. They found that tumor derived from 
SCLGC were morphologically distinguishable from non-
SCLGC tumor population by widespread tumor 
angiogenesis, necrosis, and hemorrhage. In comparison 
with matched non-SCLGC populations, SCLGC 
consistently secreted markedly elevated levels of vascular 
endothelial growth factor (VEGF), which were further 
induced by hypoxia. In an in vitro model of angiogenesis, 
SCLGC-conditioned medium significantly increased 
endothelial cell migration and tube formation compared 
with non-SCLGC tumor cell–conditioned medium (30). In 
breast cancer, the stem-cell subpopulation may be more 
adept at promoting angiogenesis than its nonstem-cell 
counterpart (31). Additional research showed that the stem 
cell factor can activate microvascular endothelial cells in 
vivo and induce a potent angiogenic response in vivo (32). 
All of these studies confirmed the role of CSCs in 
promoting tumor angiogenesis. 

 
5. CSCs AND THEIR NICHE 
 

Since the existence of the stem cell niche in vivo 
was first confirmed in the Drosophila GSC (germ-line stem 
cells) (33), much progress has been made in identifying stem 
cell niches in various mammal tissues, including nerves, hair 
follicles, intestines, teeth, and bone marrow (34-39).  

 
 The composition of the niche is very complex, and 

varied in specific tissues. In this review, we will focus on the 
several components of tumor stroma and extracellular matrix 
(ECM). 

 
Fibroblasts are the main cellular component of 

tumor stroma comprising an integral component of the tumor. 
Cancer-associated fibroblasts (CAFs) can be distinguished 
from normal fibroblasts by their perpetual activation, 
expression of alpha-smooth muscle actin, and are usually 
surrounded by dense accumulation of fibrillar collagens (40, 
41). Tlsty and colleagues determined that CAFs send signals 
that either induce abnormal epithelial growth or enhance the 
progression of nontumorigenic cells to tumorigenic state (40). 
CAFs have been shown to assist in proliferation and 
progression of cancer through the production of growth factors 
and chemotactic factors, angiogenic factors, and matrix 
metalloproteinases (MMPs) (41). 

 
The innate immune cells are also important 

components of tumor stroma. Tumor-associated 
macrophages (TAMs) prefer to attach to and retain in areas 
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Figure 2. The potential responses of CSC to different signal pathways. 
 

of necrosis and hypoxia where their phenotypes are altered 
and Hypoxia-induced transcription factors (HIF) are 
upregulated. TAMs have been found to enhance 
angiogenesis by releasing a number of factors including 
VEGF, HGF (hepatocyte growth factor), matrix 
metalloproteinases 2 (MMP2) and IL-8 (Interleukin 8) (41, 
42). There are some other studies reported that adaptive 
immune cells, e.g., B and T lymphocytes, may inhibit later 
stages of cancer development. This is known as “immune-
surveillance theory” (40). 

 
Hypoxic environment in tumors, as a result of 

rapid cell division and aberrant blood vessel formation, can 
contribute to cancer progression by activating adaptive 
transcriptional programs that promote cell survival, 
motility, and tumor angiogenesis (43). HIF (hypoxia-
inducible factor) can mediate some effects of hypoxia on 
stem cell functions via multiple mechanisms. Takahashi 
and Yamanaka found that directed expression of four 
transgenes, KLF4, Sox2, Oct4, and c-Myc can convert 
normal murine fibroblast into cells closely resembling ES 
cells (44). Among the four factors, Oct4 and c-Myc are 
directly activated by HIF-2alpha via different mechanism 
(43).  Notch activity regulated by HIF may also contribute 
to cancer stem cell formation (43).  Besides, HIF target 
proteins regulating other stem cell functions, such as 
human gene encoding the ABC (ATP-binding Cassette) 
glycoprotein transporter MDR1, Bcrp/ABCG2, and the 
gene encoding the enzymatic component of human 

telomerase (hTERT) is induced by hypoxia in a HIF-
dependent manner (45-47).  
 

The composition of ECM includes fibrillar 
proteins, glycoproteins, proteoglycans, cytokines, and 
growth factors (48). The ECM provides both the structural 
support and contextual information for cells to respond to a 
given set of stimuli (49). It remains to be investigated, 
however, how CSCs interact with the constituents of tumor 
stroma. 

 
         

6. CELLULAR SIGNALING PATHWAYS 
REGULATIONG CSCs 
 

The niche regulates the balance of stem cell 
between self-renewal and differentiation by signaling 
pathways. We will discuss the developmental pathway, 
such as Wnt, Notch and Shh (Figure 2).  

 
6.1. Wnt pathway 

The Wnts comprise a large family of protein 
ligands that affect diverse processes such as embryonic 
induction, cell polarity generation, and the cell fate decision 
(50). There are two types of Wnt receptors, one is Frizzled 
family of seven-pass transmembrane proteins, and another 
is  a subset of  the low-density lipoprotein receptor-related 
protein (or the LRP) family(51). In the absence of Wnt 
protein, beta-catenin, which is a downstream effector of 
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Wnt pathway, is phosphorylated by a multiple protein 
complexes, including the kinases GSK3beta (glycogen 
synthase kinase-3beta) and CK1 (casein kinase 1) and the 
scaffolding proteins APC, Axin1 and Axin2, for 
ubiquitination and proteolytic degradation. After binding to 
the Wnt ligands, the Frizzled and LRP receptors destruct 
the inhibitory protein complex and stabilize the beta-
catenin. Eventually, the accumulated intracellular beta-
catenin leads to its nuclear translocation, where it binds to 
the Tcf/Lef transcription factor family to regulate the 
expression of a broad range of target genes. Alternately, 
Wnts also signal through tyrosine kinase receptors, 
particularly the ROR and RYK receptors (52). 

 
The contribution of Wnt signaling pathway to 

stem cell self-renewal is supported by several studies on 
various stem cells. To identify the function of Wnt in 
hematopoietic stem cells (HSCs), Reya et al. transduced 
downstream components of the Wnt signaling pathway into 
highly purified mouse bone marrow HSCs and analyzed 
their effects in vitro and in vivo assay. They found that 
overexpression of activated beta-catenin of HSCs increased 
the number of HSCs and ectopic expression of Axin, led to 
inhibition of HSCs proliferation and increased cell death of 
HSCs (51).  Yi F et al. found that Tcf-3, a DNA-binding 
effector of Wnt signaling can reduce several promoters of 
self-renewal genes, such as Nanog, Tcl1, Tbx3, and Esrrb 
(53). In neural system, M. Yashar et al. uncovered the role 
of Wnt signal in stem cell renewal in the brain (54).  

 
Aberrant Wnt signaling may disrupt the 

homeostasis between self-renewal and proliferation of stem 
cells and then cause cancer. Mutations of beta-catenin 
including the changes of specific serine and threonine 
residues, and amino acids adjacent to them, which are 
essential for the targeted degradation of beta-catenin, are 
found in various human cancers (55). Gat et al. indicated 
aberrant beta-catenin activation in epidermal stem cells 
leading to hair tumors (56). Reya et al. has showed that the 
mice with conditional deletion of beta-catenin impaired the 
development of Bcr-Abl-induced chronic myeloid leukemia 
(CML) (57). 

 
In addition, the mutations of beta-catenin 

phosphorylation complex, including GSK3beta, APC, Axin 
and so on, can cause cancers.  Xie et al. found mutations of 
GSK3beta were frequently found in myeloid blast-crisis 
leukemia stem cells from CML patients (58). APC 
mutations are frequently found in FAP (Familial 
adenomatous polyposis) and colorectal cancers, but are 
quite rare in other cancers (55). Axin mutations are found 
in hepatocarcinomas with intact genes for beta-catenin and 
APC (55). Malanchi et al. have identified that Wnt/beta-
catenin signaling is essential to maintain cancer stem cell 
phenotypes within a population of cells isolated from early 
epidermal tumors (59). In their study, they found that 
deletion of beta-catenin gene resulted in the loss of CSCs 
and caused tumor regression and that increased beta-
catenin signaling is involved in the malignant human 
squamous cell carcinoma (59). The findings, taken 
together, suggest an important role for Wnt signaling in the 
self-renewal of cancer stem cells. 

6.2. Notch pathway 
 The Notch signaling pathway can regulate 

embryonic development, maintenance of homeostasis in 
adults. With other signaling pathways, such as Wnt and 
hedgehog, Notch pathway can regulate stem cell self-
renewal. In mammals, four Notch receptors (Notch1-
Notch-4) and five single-pass transmembrane Notch 
ligands (Delta-like 1, 2, 3, Jagged1, 2) have been identified 
(60). After glycosylation of the receptors precursor, the 
receptors are cleaved into Notch extracellular domain 
(NECD) and intracellular domain (NICD) by protease. 
Upon ligand binding, Notch undergoes two further 
proteolytic cleavages, which lead to the release of NICD, 
and translocation of librated NICD into nucleus, where it 
forms a ternary complex with the DNA-binding CSL 
(CBF1/suppressor of Hairless/ Lag1) transcription factors 
as well as Mastermind (Mam), leading to the recruiting of 
more transcription factors activating target gene expression 
(61).  The influence of Notch signaling on the HSC and 
melanocyte generation, CNS and vascular development, 
embryogenesis, as well as homeostatic balance of immune 
system, intestinal mucosa, skeleton, skin and hair systems 
has been demonstrated (60). Since 1991 when mammalian 
Notch1 was first identified as part of the translocation 
t(7;9) in a subset of human T-cell acute lymphoblastic 
leukemias (T-ALL),  the aberrant Notch activation have 
been found in many cancers, such as mammary tumor, lung 
cancer, neuroblastomas, skin cancer, cervical cancer and 
prostate cancer (62, 63). 

 
6.3. Sonic hedgehog homolog (Shh) pathways 

The hedgehog (Hh) signaling pathway is one of 
the most fundamental signal pathways contributing to 
embryonic development. Sonic hedgehog is one of three 
proteins in mammalian hedgehog family (the other two are 
desert hedgehog and Indian hedgehog, respectively). The 
receptor for Shh is the product of the tumor suppressor 
gene, PTCH. Then, Smoothened (SMO) protein activates 
the expression of downstream target genes, which include 
gli, PTCH and members of the TGF-beta family. Besides a 
key role in regulation of vertebrate organogenesis, like in 
the growth of digits on limbs and organization of the 
brain, Shh signaling pathway is also involved in the 
stem cell regulation (64). In skin, for instance, the Shh 
pathway plays an important role in the maintenance of 
skin stem cells, as well as the modulation of hair 
follicles and sebaceous gland development (64). It also 
maintains the self-renewal potential of HSCs and the 
expansions of progenitor cells (65). Likewise, the 
mutation of Shh pathway is associated with various 
types of cancers, such as multiple myeloma and prostate 
cancer (66). Moreover, the basal cell carcinoma, 
medulloblastoma, rhabdomyosarcoma and other types of 
human tumors are associated with abnormalities of Shh 
signaling, such as the mutated activation of SMO which 
is a proto-oncogene and the arrested activation of tumor 
suppressor PTCH (64).  

 
Iwatsuki et al found that Shh and components of 

Wnt/beta-catenin signaling pathway were expressed 
together during fungiform papilla formation in mice. They 
determined that activation of Wnt/beta-catenin signaling 
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up-regulated Shh expression by examining embryonic 
mouse tongues in culture. They also observed that blocking 
Shh signaling in cultured tongue explants enhanced 
papillae formation and was accompanied by an up-
regulation of Wnt/beta-catenin signaling, indicating that the 
Shh inhibits the Wnt/beta-catenin pathway (67).  

 
Further studies are required to untangle the 

various cellular signaling pathways involved in 
maintenance of adult stem cells and CSCs. 

 
7. CSCs IN THERAPHY 
 

Current methods of treatment are usually 
characterized by poor selectivity, i.e. the drug acts not only 
on tumor cells but also on normal cells. This is one of the 
causes of ineffectiveness and serious adverse effects of 
such treatment. If the CSC theory proves to be true, then 
treatment should be aimed at selective elimination of CSCs 
from the body and not the cells that form the main mass of 
the tumor (1). Another factor we must take into account is 
the importance of targeting tumor cell niches while sparing 
normal stem cell niches. Tumor stem cells may be 
extremely well protected from apoptosis by survival factors 
provided by the stromal cells in the niche (68). 

 
Increased resistance of CSCs to chemotherapy 

and radiotherapy is confirmed by several studies. Guzman 
et al. have shown that leukemia stem cells are more 
resistant to chemotherapy than the more differentiated 
myeloblastic cells that constitute the vast majority of cells 
in leukemia (69). Similarly, Matsui et al. have shown that 
myeloma stem cells are resistant to many therapies being 
used to treat myeloma (70). In breast cancer model 
systems, CD44+/CD24–/low CSCs from MCF-7 and MDA-
MB-231 cancer cell lines were isolated and subjected to a 
single dose of radiation. The CSCs were observed to be 
more radioresistant, had fewer or no double stranded DNA 
breaks (or they were quickly repaired), and had a 50% 
lower dose-dependent formation of reactive oxygen species 
(ROS) in response to the radiation. In addition, the increase 
in the CSC population was associated with the activation of 
Notch-1 (important in specifying cell fate during 
development), so it is possible that CSCs activate this 
developmental pathway in response to radiation (71, 72). 
The mechanism of CSCs resistance to apoptosis may 
include cell cycle kinetic, DNA replication and repair 
mechanism, asynchronous DNA synthesis, antiapoptotic 
proteins and transporter proteins (73). 

 
Targeted therapy has been involved, but it seems 

that some CSCs can also be escaped from targeting. Michor 
et al. suggest that although imatinib may target 
differentiated and progenitor CML cells, it does not 
eliminate CML stem cells (74). Treatment of CD133+ CSCs 
derived from human GBMs (glioblastomas) with bone 
morphogenic proteins (BMP) reduced cell proliferation in 
vitro and induced differentiation into astrocytes. The BMP 
treatment reduced the size and invasive capacity of the 
tumors engrafted into mice and prolonged their overall 
survival. It seems that some CSCs escape the 
differentiation effects of BMP treatment, because some 

mice still developed tumors and died 3 months after BMP 
treatment (75). 

 
The cancer stem cell model suggests that it may 

be necessary to eradicate cancer stem cell. The goal is to 
kill these cancer stem cells selectively while sparing normal 
stem cells. However, it is a challenge since cancer stem 
cells and normal stem cells share many pathways. 

 
8. FUTURE DIRECTIONS 
 

Although great strides have made in CSCs 
research, the knowledge about these tumor-initiating cells 
is still limited. To better understand the CSCs, the origin of 
the CSCs should be elucidated.  Do they arise from normal 
stem cells or the progenitor cells?  Regarding the role of 
CSCs niche in tumor progression, it is essential to know the 
components of the niche, and how they induce tumor 
progression. Hypoxia microenvironment is one of the most 
potent stimuli of VEGF, so the response of CSCs toward 
hypoxia should be a focus of further investigations. Further 
studies are needed on how the signaling pathways mediate 
stem cell self-renewal and differentiation. Finally, the most 
challenging task is perhaps to define the difference between 
CSCs and normal stem cells, and to identify the specific 
markers of CSCs in a specific type of tumor so that this 
knowledge can be used for cancer therapy.  
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