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ABSTRACT
Although cancer stem cells have been well characterized in numerous 

malignancies, the fundamental characteristics of this group of cells, however, have 
been challenged by some recent observations: cancer stem cells may not necessary 
to be rare within tumors; cancer stem cells and non-cancer stem cells may undergo 
reversible phenotypic changes; and the cancer stem cells phenotype can vary 
substantially between patients. Here the current status and progresses of cancer 
stem cells theory is illustrated and via providing a panoramic view of cancer therapy, 
we addressed the recent controversies regarding the feasibility of cancer stem cells 
targeted anti-cancer therapy.

A BRIEF VIEW OF ANTICANCER 
THERAPY

First initiated in 1946, nitrogen mustard was used 
as a chemotherapeutic agent for cancer therapy [1]. By 
the early 1990s, anti-cancer drug development had been 
transformed from a low-budget, Government-supported 
research effort to a high-stakes, multi-billion dollar 
industry [2]. This trend continued for the following 20 
years. In 2014, it was reported that anticancer drugs 
accounted for 10.8% of the total market share of the 
pharmaceutical industry with 100 billion US dollars [3]. 
In sharp contrast to the rapid development of anticancer 
drugs, it is reported that cancer has surpassed heart disease 
to become the number one cause of death worldwide [4]. 

Even in developed countries such as Australia, cancer 
mortality rates have not changed significantly during 
the near 30 years spanning from 1982 to 2011 [5]. The 
classical cancer theory may underpin this unchanged 
cancer mortality rates. 

STOCHASTIC CANCER THEORY MAY BE 
OVERLY SIMPLISTIC

For decades, anti-cancer therapy has been directed 
by the clonal evolution (stochastic) theory (Figure 1) [6]. 
This theory proposes that cancer derives from normal 
somatic cells which undergo at least five genetic mutations 
[7] before they possess all of the ten cancer hallmarks such 
as enhanced proliferation, reduced capacity to undergo 
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apoptosis and inhibition of differentiation [8]. However, 
this classical theory is far from being satisfactory. First, it 
is difficult to explain the phenomenon of higher incidence 
of some cancers in the first few years of human life relative 
to adult years. And it has been suggested that cancer may 
not simply be driven by the accumulation of mutation 
with age [9]. Furthermore, since differentiated somatic 
cells have a limited life span, it would be theoretically 
impossible for any given cell to acquire all the necessary 
mutations [10]. A more reasonable explanation contends 
that it is likely that the initial mutational hit the cell 
confers the capacity of unrestrained proliferation, which 
provides cells with a sufficiently long lifespan to acquire 
the remaining mutations [11]. Following this logic, it 
would be reasonable to expect that the status of all cancer 
cells in a tumor would be similar and in principle, each 
viable tumor cell is equally capable of forming a new 
tumor (Figure 1). However, this hypothesis is paradoxical 
to a well-known phenomenon - usually more than 10,000 
cancer cells are required to reproducibly initiate tumors in 
immunocompromised mice [12, 13]. Recent developments 
in cancer stem cell (CSC) theory suggest that the classical 
theory of cancer initiation and progression may be overly 
simplistic [14]. 

A REVOLUTIONARY ANTI-CANCER 
STRATEGY PROMISED BY CSC THEORY

The CSC theory is based on experimental evidence 
that the status of different cancer cells in a tumor is 
not equal, similar to that of normal tissues, with some 
rare undifferentiated CSCs at the top of the hierarchy 
responsible for maintaining the whole population of cells 

in a tumor [15]. As shown in Figure 2, these cells share 
several key properties with normal stem cells [16]. The 
first such property is self-renewal. CSCs are built to last 
a lifetime and possess the ability to renew themselves 
indefinitely with an undifferentiated state. The second 
property is asymmetric division, which, in addition to 
self-renewal, is responsible for giving rise to differentiated 
daughter cells which make up the bulk of the tumor 
and are characterized by rapid propagation and limited 
or no proliferative potential in the case of progenitor 
and bulk cancer cells, respectively. Understanding this 
phenomenon is important for cancer therapy, as it means 
that the contribution of these daughter cells to the long-
term sustenance of the tumor is negligible [17]. In a 
tumor, only CSCs are able to initiate tumors as they are 
solely capable of self-renewal and unlimited replication 
[18]. Third, CSCs are resistant to electromagnetic and 
chemical insults. This is mainly because of their infrequent 
replication [19], heightened activation of DNA repair 
mechanisms (resulting in a lower apoptotic rate) [20], 
active drug efflux system [21, 22] and increased defences 
against reactive oxygen species [23]. 

The CSC theory is not an entirely new concept, 
having previously been discussed and investigated for 
decades [24]. The major reason for it becoming one of 
the hottest topics in current cancer research [25] lies in 
the explanation it provides for the poorly understood 
phenomena observed in both in the clinic and laboratory. 
From the perspective of the CSC theory, CSCs are the 
prime sources of tumor recurrence and metastasis, as 
they confer resistance to traditional electromagnetic and 
chemical insults by various strategies. The cancer will 
re-occur months or years after treatment. Thus, most of 

Figure 1: Schematic of clonal evolution model. Each cancer cell in tumors harbours similar tumorigenic capacity and the progression 
of tumour follows the Darwin’s theory of evolution. Of note, the red rim of every cancer cell in this diagram illustrates that they all originated 
from a single cancer cell (red cell in A). A., radiation/carcinogens/viruses-induced mutations in a single normal cell (red) transforms it into 
a neoplastic cell, conferring selective growth advantages over adjacent normal cells. B., the cancer cell proliferates to produce a cell clone 
(Clone 1) and at the same time, due to genetic instability, various new clones (Clone 2, 3, 4, 5) are generated. C., those clones that cannot 
survive selective pressures such as hypoxia, hypoalimentation and chemotherapy are eliminated. Occasionally a colony (Clone 5) acquires 
survival advantage proceeds and cells from this clone expand to become the predominant population until an even more competitive variant 
emerges. D., this stepwise evolution continues in response to survival pressures throughout the tumor progression, eventually additional 
mutations endow a group of new cancer cells (Clone 6) with aggressive phenotype, leading to metastasis.
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the metastatic cancers are hardly curable with current 
anti-cancer treatments (which mainly target the bulk 
cancer cells), even when the initial response to radiation 
or chemotherapy is encouragingly robust. And in the 
laboratory, the rarity of CSCs in a tumor dictates that a 
huge amount of cancer cells are needed to initiate tumors 
in animal models. Another reason why the CSC theory 
has generated such enthusiasm is because of the hope that 
a new anti-cancer strategy may emerge - aiming not at 
reducing tumor bulk, but rather at targeting the beating 
heart of the tumor, the CSCs [26]. 

CONTROVERSIES OVER CURRENT CSC 
THEORY

The CSC theory is possibly the most controversial 
topic in current biomedical research - it is even hard to 
reach an absolute consensus on the most basic issue of 
how to name this group of cells. In recent 10 years various 
names such as CSC, stem cell-like cancer cell, tumor-
initiating cell and tumor-propagating cell have been 
suggested by different research groups. In fact, this is 
why in many occasions the CSC theory is also referred to 
the CSC hypothesis [28]. However, it is understandable 
considering our understanding of CSCs is still not 
complete and generally based on the understanding of 
normal stem cells. Currently, the controversy over the 
CSC theory focuses mainly on the origin and frequency of 
CSCs as well as their phenotypic and functional properties 
[29]. 

HOW CAN DORMANT CSCS MAINTAIN 
A CERTAIN POPULATION SIZE IN 
TUMORS?

A logically paradoxical concept regarding CSC 
theory is that CSCs have to be dormant to be resistant to 
therapy yet have to proliferate together with normal cancer 
cells to maintain a certain proportion size in tumors. This 
contradiction has long been explained by the introduction 
of the concept of “cancer stemloids”. According to this 
explanation, not all CSCs in tumors are proliferating self-
renewing cancer cells. While true CSC is shielded from 
selective pressure and unable to drive tumor progression, 
cancer stemloids undergo clonal selection, accumulate 
mutations and eventually drive tumor progression [27]. 
Actually, this explanation is theoretically important as 
it provides a basis to design therapies to selectively kill 
proliferating self-renewing CSCs without killing normal 
stem cells. This is because currently reported CSC markers 
are often expressed on normal stem cells as well. The 
proliferating yet self-renewal status of cancer stemloids 
distinguishes them from the quiescent normal stem cells. 
By targeting stem cell markers only in cycling cells 
through a combination of stem cell targeted antibodies 

and anticancer drugs that are toxic only to cycling cells, 
normal resting stem cells can be spared [30]. 

DOES CSC HAVE TO BE RARE?

According to the classical CSC theory, only 
exceedingly rare CSCs in tumors have the capacity to 
initiate tumors. For example, a frequency of less than 
0.0001% has been reported in acute myelocytic leukaemia 
(AML) [14, 31, 32]. Surprisingly, some recent research 
findings suggested that the proportion of stem cell-like 
cancer cells in a tumor could be as high as one in four 
[31, 33-35], which challenged one of the basic principles 
of CSC theory - the hierarchical relationship among cells 
in a tumor. 

Currently, three methods that originally developed 
for the analysis of adult stem cells including mammosphere 
assay, cell surface marker expression assay, in vivo tumor 
initiating assay (coupled with limited dilution assay) have 
been commonly employed for CSC related assessment 
(see Box 1). Among them, the in vivo tumor initiating 
assay, which involves xenotransplantation of sorted 
cancer cells (based on specific cell surface markers) 
into immunodeficient mice [36], has been regarded as 
the single “gold standard” to define human CSCs. The 
controversial results regarding the frequency of CSCs 
may have caused by the different research models and 
experimental setup employed by different research groups. 
For example, in the paper “Tumor growth need not be 
driven by rare cancer stem cells”, Kelly et al. reported that 
at least 10% of the bulk tumor cells in several transgenic 
mouse models of leukaemia and lymphoma were capable 
of initiating malignant growth upon transplantation into 
mice [33]. However, transplanting mouse tumor cells 
into histocompatible mice recipients obviously does not 
meet the “gold standard”(transplanting human cells to 
immunodeficient mice) and therefore could not speak 
for human CSCs. In Quintana’s experiment [31], human 
melanoma cells were transplanted into immunodeficient 
mice. However, instead of employing commonly used 
NOD/SCID mice, non-obese diabetic, experiments were 
conducted with severe combined immunodeficient (NOD/
SCID) Il2rg-/- mice. 

Undoubtedly, the current in vivo tumor initiating 
models used to assess CSCs is a suboptimal “gold 
standard” with intrinsic limitations [37]. For example, 
the mouse tissues to which human cancer cells are 
transplanted provide a different microenvironment to the 
original environment from where they arise. In recent 
years, although improvements to the xenotransplant 
models have dramatically increased their sensitivity and 
reliability (see Box 2), it is still accepted that the variations 
in animal models used for CSC assessment affect the CSC 
frequency measured quantitatively but not qualitatively 
[17]. Keeping this in mind, it is unsurprising to see 
differences in CSC frequency reported among studies in 
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which different animal or cancer cell models had been 
employed. Since it is ethically impossible to transplant 
cancer cells to human bodies, this debate will most likely 
remain unsolved in the near future. The different results 
in CSC frequency may also result from the heterogeneous 
feature of tumors. As has been reported, even strictly 
defined normal tissue stem cells showed different 
differentiation and self-renewal capacities in accordance 
with different sites or stages of development [38, 39]. 
Considering the even higher heterogeneity present among 
tumors, it is actually expected to see a certain degree of 
difference in the CSC frequency. 

Recently, based on observations that there may be 
a large proportion of CSCs in tumors, some researchers 
questioned the necessary of the CSC-targeted anticancer 
therapy [40]. Obviously, there are flaws with this 
argument. First, according to the analyses above, the 
data on CSC frequency itself is affected by different 
experimental setting and the heterogeneous status of tumor 
and therefore debatable. Second, it should be emphasized 
that the fundamental hypothesis underlying the CSC 
theory is based on the phenomenon of the existence of 
purified single cells with tumor-initiating capacity rather 
than the absolute frequency of them [41]. It follows that 
the frequency of CSCs within a tumor is irrelevant to the 
concept of whether a tumor adheres to the CSC theory. 
Even if it is true that therapeutic resistant CSCs make up 
a large proportion in some types of tumor, the therapeutic 
implications of CSCs would remain the same and from 
another perspective, it would only indicate that controling 
CSCs will be more urgent and more challenging than 
previously expected. 

THE IMPLICATION OF CONVERSION 
BETWEEN NON-CSCS AND CSCS?

Early understanding of CSC theory has suggested 
that CSCs arise from normal stem cells [42]. This is 
because the majority of cancers develop in epithelia that 
undergo substantial cell turnover. In epithelial tissues, 
only stem cells remain in the body and proliferate for long 
enough to accumulate the number of mutations required 
to develop into cancer. However, recent studies suggest 
that the state of CSCs is quite plastic, such that they can 
arise from a progenitor or even normal cancer cell that has 
acquired the capacity for sustained self-renewal through 
mutation, epigenetic change, or both [24, 37, 43, 44]. 
Indeed, this plasticity has been demonstrated in human 
colon cancer cells by simply retrovirally introducing a 
set of defined factors (OCT3/4, SOX2 and KLF4) [45]. 
This observed plasticity of CSCs challenged another basic 
hypothesis of CSC theory - unidirectional development, 
and raised the question of “how can a CSC truly be a stem 
cell if non-CSCs can become CSCs? [29]” 

In fact, this phenomenon is not exclusively observed 
in CSCs. As reported several times, under certain 

conditions, differentiated epithelia tissues including 
skin, mammary gland and intestine could display 
regenerative activities [46, 47] - a main property of stem 
cells. Notably, the 2012 Nobel Prize has been awarded to 
investiga tors who demonstrated that mature, specialized 
cells can be reprogrammed to become immature cells 
capable of developing into all tissues of the body [48, 
49]. Considering the great impacts of hypoxia [50], 
acidic stress [51] and nutrient deprivation [52] on tumor 
microenvironment, it should come as no surprise to see a 
certain extent of plasticity between CSCs and bulk cancer 
cells. 

Given the potential plasticity of CSCs, it has been 
contended that “only if the CSC phenotype is a stable 
trait, will it be advantageous to selectively target CSCs 
as a cancer treatment” [17]. Certainly, the plasticity of the 
CSC state adds complexity to both CSC regulation and 
cancer in general. However, from the perspective of cancer 
therapy, what’s more important is to verify if CSCs exist 
and if they are the root of tumor recurrence and metastasis. 
In contrast, it is not that important as to where CSCs come 
from. If there is anything to be learned, it is that both CSCs 
and the bulk cancer cells should be targeted to cure cancer 
(Figure 2) [53]. Actually, this is exactly why almost all of 
the current clinical trials aimed at CSCs are combined with 
traditional tumor treatment [19].

ARE CSC MARKERS RELIABLE?

CSC markers are cell surface proteins associated 
closely with specific phenotypic and transcriptional 
profiles of CSCs [54]. In recent years, with various CSC 
markers being reported in various types of cancers, CSC 
markers hold great potential in not only clinical diagnosis 
and basic cancer research but also in developing CSC 
targeted anti-tumor therapies[55, 56], as detailed in recent 
reviews [25, 57]. 

However, it should be noted that thus far there is no 
uni versal marker for CSCs identified. All of the currently 
described CSC markers can be detected not only on CSCs 
but also, more or less, on normal stem cells or normal 
cancer cells or even normal tissues [25, 57, 58], leading 
concerns of “The markers that have been used so far to 
define CSCs constitute unlikely candidates for antibody 
therapy given that they are usually broadly expressed in 
healthy tissue” [16] and “relying on markers will fool you 
[29]”. These comments imply that “CSC markers should 
be detected only on CSCs” and “there should be a CSC 
marker expressed on many types of CSCs”. In reality, 
since current understanding suggests CSCs probably 
originate from either normal stem cells or bulk cancer 
cells, it is conceivable that CSCs share certain degree of 
protein expression pattern with the cells they come from. 
Moreover, considering the extensive heterogeneity even 
in a single tumor, it is unrealistic to expect a marker to 
be observed on many kinds of CSCs. Different CSC may 
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have different CSC markers. However, once a marker 
can be confirmed to be overly expressed on CSCs, such a 
marker can be exploited for targeted cancer therapy, even 
if it is only expressed on one type of CSC, or it is also 
expressed at a low level in other tissues [57]. 

Compared with the specificity of CSC markers, 
the stability of CSC markers represent an even bigger 
obstacle for CSC diagnosis and treatment. Recently, it has 
been reported that the cell populations (defined by surface 
marker/marker combination) meeting the gold standard of 
CSC assessment (in vivo tumor initiating assay) has not 
proved to be singular or even stable [59]. For instance, in 
earlier studies it was recorded that the AML CSCs were 
confined in CD34+CD38− population as confirmed through 
in vivo tumor initiating assay. However, subsequent 
experiments observed that CD34+CD38+ AML cells also 
demonstrated similar CSC activity [60-62]. In other cases, 

similar phenomena of coexisting or unstable CSC markers 
have also been observed in several of human solid tumors 
[63-66] and human acute lymphoid leukaemia (ALL) [67]. 
The instability of CSC markers may have resulted from 
the well-established notion that the malignant tumor cells 
with aberrant gene expression regulation are capable of 
altering developmental control and/or the stability of the 
expression of cell surface markers. This is especially true 
when studies were conducted in vitro [68]. 

Taken together, while CSC markers are informative 
to understand the population being studied and promising 
for active targeting, they alone cannot define CSCs [29]. 
Given the current lack of specificity and instability in 
certain cases, the reliability of any CSC marker in specific 
application settings (CSC analysis or targeted treatment) 
has to be tested experimentally via the in vivo tumor-
initiating assay. 

Figure 2: Schematic of current cancer stem cell theory. Cancer stem cells are solely capable of self-renewal and unlimited 
replication and responsible for maintaining the whole tumour. Cancer stem cells show plasticity so that under certain microenvironment, 
normal cancer cells can convert to cancer stem cells. During tumour progression, different cancer stem cell clones coexist, which are abide 
by the principle of evolution. A., a cancer stem cell forms due to mutations in normal stem cells, progenitor cells and/or differentiated 
cells; B., the created cancer stem cell divides asymmetrically and generates daughter cancer stem cells and differentiated bulk cancer cells 
that can acquire mutations subsequently. At the same time, a new cancer stem cell can be created from mutated cancer stem cell or bulk 
cancer cell; C., different types of cancer stem cells coexist and are responsible for the observed tumor heterogeneity. D., conventional 
chemotherapy kills bulk cancer cells but largely leaves chemo-resistant cancer stem cells untouched, leading to tumor relapse. E., killing 
the cancer stem cells leads to gradual tumour regression, during which new cancer stem cells may converted from mutated bulk cancer cells 
and cause tumour relapse; F, targeting both cancer stem cells and the bulk cancer cells may result in eventual tumor eradication. 
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STRATEGIES FOR CSC TARGETING

As hoped, a win in the clinic will solve many of 
the controversies regarding the CSC theory [19]. In 
recent years, despite expensive failures in earlier clinical 
trials and fundamental discrepancies about CSC theory, 
a new round of “gambling” has been launched, with 
more than sixty CSC-targeted reagents currently being 
registered for clinical trials [19]. For CSC therapy, the 
enhanced drug-resistance and microenvironment (niche) 
of CSCs represent feasible targets and have been intensely 
exploited. Our knowledge of tumor genetic and signalling 
pathways collected in the past decades including the 
increased understanding of various oncogenic derivatives, 
adhesion molecules, antibody-accessible surface 
components, signalling intermediates, survival pathway 
elements, chromatin modifiers and metabolic targets 
provides valuable tools and targets in this area [69-75]. 
Generally, CSC targeted therapies can be classified 
according to the therapeutic strategies employed as 
detailed below. 

“DESTEMMING” CSCS

Although the strategy of “destemming” CSCs [76] 
includes two aspects, either promoting CSC differentiation 
into non-CSCs or inhibiting their self-renewal property, 
the ultimate aim is the same - “exhausting dormant CSCs” 
(Figure 3). 

With mounting evidence suggesting that there 
are similarities between normal stem cells and CSCs in 
terms of their self-renewal and differentiation signaling 
pathways [77-79], several critical signaling pathways 
involved in self-renewal and differentiation of normal 

stem cells have been studied intensively.
By far the most exploited signaling pathways 

associated with the self-renewal of CSCs are the 
Hedgehog signalling, Notch signalling and Wnt/β-catenin 
signalling pathways, [77, 80]. Several agents targeting 
these pathways have shown promising preclinical results 
and are currently under investigation in phase I and II 
clinical trials [19, 81]. Actually, Vismodegib, a Hedgehog 
inhibitor approved for basal cell carcinoma treatment has 
made its way into clinic in 2012 [82]. Targeting Notch 
signaling pathway, a pathway best known for shaping 
embryonic development, also demonstrated potential in 
regulating CSC fate in various types of cancers, including 
both solid tumors and leukaemia [72]. Indeed, different 
Notch inhibitors such as γ-secretase inhibitors and 
monoclonal antibodies have been evaluated in the past 
few years [72, 83-85]. In 2014, OncoMed’s Tarextumab, 
a Notch pathway targeted monoclonal antibody attracted 
attention, in a safety study for pancreatic cancer - a disease 
in which traditional chemotherapy rarely helps, the 
combinatorial treatment of Tarextumab and conventional 
chemotherapeutic drugs resulted in the stabilization 
or shrinkage of the tumor over periods of as long as 12 
months in 83% of 29 patients [86]. At present, a phase II 
trials has been commenced for Tarextumab in pancreatic 
and lung cancers [19]. 

As for promoting the differentiation of CSCs, bone 
morphogenic protein (BMP) and oncostatin M (OSM) 
are among the mostly studied signalling pathways. 
Encouraging results have been reported recently. For 
example, through the stimulation of BMP signalling 
in colorectal CSCs by BMP4 (a natural ligand of MBP 
receptor), Lombardo et al. observed not only increased 
terminal differentiation but also enhanced chemo-

Figure 3: Destemming cancer stem cells. The inhibition of self-renewal and inducing differentiation may lead to similar outcome - 
fewer CSCs and more normal cancer cells are generated during asymmetry division.
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sensitivity of CSCs [87]. The phenomenon of chemo-
sensitization was also detected following the activation of 
OSM signalling in breast [88-90] and liver CSCs [91]. All 
of these results indicate that the combinatorial treatment of 
signal transduction and conventional chemotherapy may 
aid in eradicating CSCs [90]. Recently, the importance of 
phosphatidylinositol 3-kinase/Akt/mammalian target of 
rapamycin (P13K/mTOR) signalling pathway in regulating 
the balance between proliferation and differentiation of 
CSCs was revealed [92]. Some inhibitors targeting this 
pathway have been showing promise in CSC targeted 
therapy, with some dual inhibitors undergoing clinical 
trials with advanced breast, ovarian and small-cell lung 
cancers [92]. 

What should be taken into account is that since these 
signaling pathways are shared by both CSCs and normal 
stem cells, and these pathways auto-regulate and interact 
with many other pathways, any global adjustment of these 
pathways will likely disturb the function of normal stem 
cells and cause potential toxicity. For example, in the late 
2000s, the U.S. National Cancer Institute together with 
commercial partners conducted small-scale safety trials 
of reagents aimed at CSC signaling pathways (including 
Hedgehog and Notch) and observed serious side effects 
on normal stem cells [19]. Therefore, considerable 
caution must be exercised when evaluate the full effects 
of intervention with any single pathway [93]. 

DIRECTLY TARGETING DRUG 
RESISTANCE MECHANISMS OF CSCS

CSCs are best characterized by enhanced drug-
resistance, which could be derived either directly from 
their previous generations or through accumulation of the 
constant genomic and epigenetic mutations [94]. While 
both promoting differentiation and inhibiting self-renewal 
can destem CSCs and eventually increase the chemo-
sensitivity of CSCs, molecules or pathways directly 
related to drug resistance of CSCs such as multidrug 
resistance proteins and anti-apoptotic pathways have also 
been explored. 

Accumulating evidence suggests that some 
protecting mechanisms of normal SCs such as MDR 
transporters also operate in CSCs. These transporters, 
belonging to ATP-binding cassette (ABC) family, are well-
known to be able to pump exogenous small molecules 
out of cell membrane and therefore cause resistance to 
a wide range of conventional drugs. Furthermore, some 
transporters such as ABCB5 has been used as CSC marker 
for melanoma CSCs [95]. In fact, the overexpression of 
ABCB2, also known as breast cancer resistance protein 
(BRCP1), was recently shown to be responsible for 
chemo-resistance of glioblastoma CSCs to a variety of 
agents including Paclitaxel, Carboplatin, Etoposide, and 
Temozolomide [96]. However, the role of these drug efflux 
pumps in modulating drug resistance of CSCs has been 

challenged based on the fact that despite considerable 
efforts, rare clinical benefit of inhibitors to such proteins 
has been realized [97], implicating a mechanism of 
redundancy and/or complexity in this area. 

Although the active survival pathways have not 
been characterized in detail in CSCs, the deregulation of 
both extrinsic and intrinsic apoptotic signaling pathways 
have been reported in this population of cells [98]. For 
example, the overexpression of the Bcl-2 family, a group 
of anti-apoptotic proteins related to the critical step of 
intrinsic apoptotic cascade (mitochondrial outer membrane 
permeabilization) have been observed in most types of 
CSCs [99, 100]. Accordingly, Bcl-2 inhibitors such as 
ABT-199, ABT-737 and TW-37 have shown prominent 
CSC targeting capacity. According to a recent report, as 
a single agent, ABT-737 alone was able to inhibit the 
frequency of CSCs and reduce CSCs content in treated 
acute myeloid leukaemia (AML) as well as solid tumors 
such as lung and breast cancers [100-103]. On the other 
hand, targeting extrinsic apoptosis pathway, especially 
TNF-related apoptosis-inducing ligand (TRAIL), is also 
showing promising results [104]. In addition to directly 
using TRAIL as a drug, engineering of mesenchymal 
stem cells (MSCs) for TRAIL delivery represents a novel 
therapeutic option. After systemic injection, TRAIL-
expressing MSCs was observed to be able to localize to 
the site of the tumor and successfully eliminate metastatic 
CSCs [98, 105]. 

As another important aspect of apoptotic machinery, 
the inhibitor of apoptosis protein (IAP) family has been 
regarded as the last protective measure against apoptosis 
since it prevent both intrinsic and extrinsic apoptosis by 
inhibiting caspase activity [106]. Among the eight human 
homologues of IAP family, survivin and XIAP have 
received more attention in recent years, with more than 
30 survivin- and XIAP-based anti-cancer preparations 
undergoing clinical trials [107]. From the perspective 
of CSC targeted therapy, survivin is quite unique. First, 
different from other IAP family members and Bcl-2 family 
members, survivin specifically overexpresses in human 
cancers and dose not express in most adult tissues, which 
makes it an attractive target for anticancer therapy [106]; 
second, together with Hiwi, hTERT genes, survivin has 
been proposed to be an important stem cell-associated 
gene and the co-expression of all of these three genes has 
been shown to result in a significantly increased risk of 
tumor-related death in patients with soft-tissue sarcoma 
[108]; last, enrichment of survivin has been described 
in different types CSCs including AML, glioblastoma, 
liver, breast and astrocytoma. Via suppression of survivin, 
prominent induction of apoptosis of CSCs was observed in 
breast and liver cancer as well as in recurrent glioblastoma 
[109-113]. 
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TARGETING THE CSC NICHE

The concept of the CSC niche is derived from the 
understanding of the normal stem cell niche, in which 
normal stem cells have discrete locations in tissues and 
are regulated by its microenvironment [114]. Similarly, 
CSCs in tumors are in a complicated ecosystem consisting 
of bulk cancer cells, various endothelial, hematopoietic, 
stromal fibroblast and perivascular/vascular cells. As a 
component of this system, the CSCs are heavily influenced 
and supported by their surrounding environment [115]. 
In fact, the overall fitness of any cell (CSC/non-CSC) 
in a tumor is modulated by its microenvironment. This 
is because the interaction of the tumor components 
inevitably causes metabolic inconsistency within a tumor 
and results in topical nutrient deprivation, hypoxia or 
other survival pressure [50-52]. These survival stress in 
turn pushes all the surrounding cells towards a status best 
fitting its particular microenvironment and eventually 
creates the well-known heterogeneous property of tumors 
[115]. Specifically for CSCs, the frequently observed 
discrepancies in drug sensitivity between in vitro and in 
vivo treatments provide evidence that the niche in which 
a CSC is located pivotally determines its response to a 
given treatment [116]. And when the cell phenotype 
was studied, it was discovered that the epithelial to 
mesenchymal transition (EMT) of CSCs, which usually 
results in more aggressive and metastatic phenotype, was 
affected considerably by their niche [117]. The implication 
of all these is that the niche of CSCs directly affects the 
drug sensitivity and mobilization of CSCs and therefore 
represents a potential target for CSC-directed therapy. 

In recently years, the influences of adhesion 
receptors, cytokine receptors, membrane-bound cytokine 
ligands, and various chemotactic factors upon the status 
of CSCs have been studied [114]. These results, along 
with the previously described cellular components of 
CSC niche such as endosteum cells in the bone marrow, 
perivascular/vascular cells and tissue macrophages [118], 
provide us with precious opportunities to develop CSC 
niche-targeted therapies. Among them, focal adhesion 
kinase (FAK) is one of the mostly investigated targets in 
both academia and industry [119, 120]. Also known as 
protein tyrosine kinase 2 (PTK2), FAK is an enzyme that 
plays an important role in cell adhesion, spread, motility, 
invasion, metastasis, survival, angiogenesis, and EMT. 
Many believe that blocking FAK could not only directly 
eradicate CSCs but also prevent these rare cells within 
primary tumors to travel through the bloodstream and seed 
metastases [19]. Several orally available FAK inhibitors 
such as VS-6063 and VS-4718 have shown promise in 
counteracting CSCs in recent clinical trials [121]. Another 
promising targets is CXCR4, which is expressed on many 
types of cancer cells and works as a receptor for stromal 
cell-derived factor 1 (SDF1; also termed CXCL12). As a 
niche-derived chemo attractant for CXCR4+ cells, SDF1 

is able to enhance the entry of CXCR4+ cells into the 
bone marrow [122]. Recently, several effective CXCR4 
antagonists have been developed to immobilize CSCs and 
sensitize them to traditional chemotherapies [123, 124], 
with Plerixafor (AMD3100) and some T14003 analogs 
being tested in clinical trials for leukaemia [122]. 

Pioneered by Judah Folkman back in 1971 [125], 
targeting of angiogenesis has long been a hot point 
in cancer research. However, the benefit of targeting 
angiogenesis upon inhibiting CSCs was studied just 
recently. Encouraging results were collected from earlier 
studies designed to explore the CSC targeting capacity 
of clinically available antiangiogenic drugs such as 
Bevacizumab, Sunitinib, and Lenalidomide. For example, 
via treating U87 glioma bearing mice with bevacizumab, 
Calabrese et al. observed decreased microvasculature 
density and tumor growth, in addition, the authors 
observed a reduction in the number of CD133+/nestin+ 
CSCs [126]. At the same time, very similar results on 
glioblastoma were also observed by other investigators 
[127]. But the hope of employing ready-made 
antiangiogenic drugs to deal with CSCs was shattered 
when accumulating clinical and preclinical evidence 
indicated that the benefits of antiangiogenic agents to 
the long-term overall survival of patients was negligible 
[128, 129]. Furthermore, new research using preclinical 
models suggest that antiangiogenic agents actually 
increase invasive and metastatic properties of cancer 
cells and even worse, both Sunitinib and Bevacizumab, 
two of the most frequently used antiangiogenic agents, 
adversely increased the population of CSCs in malignant 
tumors [130]. In light of these limitations, the approval of 
Bevacizumab for treatment of advanced breast cancer has 
recently been revoked by U.S. FDA [131]. These adverse 
effects are understandable. By inhibiting the growth of 
new tumor vasculatures, the harsh environment (hypoxia 
and hypoalimentation) created by antiangiogenic agents 
pushes the relevant cancer cells/CSCs down towards an 
extreme path - death or evolve into a more malignant state. 
With the activation of critical molecules for CSC survival 
such as hypoxia-inducible factor 1α and Akt/β-catenin 
regulatory pathway [130], these antiangiogenic agents 
in fact create a microenvironment in which the survival 
advantage of CSCs was enhanced. Therefore, it is now 
suggested that angiogenesis-targeted treatment alone may 
not be sufficient to improve patient outcome. Rather, it 
is imperative to combine antiangiogenic agents with CSC 
targeted treatments [130]. 

However promising it may be, CSC niche associated 
studies do not come without concerns. First, it is still 
unclear how particular cells in the CSC niche contribute 
to the behaviour of CSCs and how their influence on 
CSCs are mediated at a molecular level [132]; second, 
further studies are needed to investigate whether, and to 
what extent, CSCs contribute to important features of 
their microenvironment through autocrine or paracrine 



Oncotarget44199www.impactjournals.com/oncotarget

mechanisms, or by creating clonal niche components 
[133]; last, similar to the strategy of targeting destemming 
signaling pathways, CSCs share similar niches with 
normal stem cells, and therefore potential side effects 
associated with targeting CSC niche have to be considered 
and circumvented [134].

CONCLUSION

It has never been easy to cure diseases such as 
cancer. Over the past 60 years, too many inspiring 
discoveries and techniques for cancer treatment have 
eventually been shown to be relatively less useful in the 
clinic [19]. Admittedly, the current CSC theory remains 
contentious and the controversies may remain in the next 
few years. However, CSC-targeted therapy does provide 
us with a new and promising opportunity to treat tumor 
cells that are resistant to current therapies and responsible 
for recurrence and treatment failure. Furthermore, the 
concept of CSC-targeted therapy is feasible as evidenced 
by many of the encouraging results obtained in recent 
CSC-related clinical trials. With better understanding of 
the fundamental biology of CSCs, improved functional 
assessment models and achievements in biotechnology 
such as gene expression profiling, next generation 
sequencing and high content screening, we are closer to 
achieving the goal of eradicating CSCs. 

BOX 1

Current CSC assessment models

Because of the similarities between CSCs and 
normal stem cells in their primary characteristics (self-
renewal and multipotent differentiation), methods 
developed originally for analysis and characterization 
of adult stem cells have been transferred to CSCs. The 
in vivo tumor initiating assay is by far the single gold 
standard for CSC analysis. This approach involves 
demonstrating the tumor initiating capacity of cells that 
are directly isolated from tumors to produce new tumors 
in immunocompromised mice. It was firstly conducted to 
enumerate CSCs in ALL [135], AML [136] and chronic 
myeloid leukaemia (CML) [137]. Later, its application was 
extended to solid human tumors including breast cancer 
[13], colon cancer [138, 139], ovarian cancer [66], lung 
cancer [140] and head and neck cancer [141]. However, 
the in vivo tumor initiating assay is not only expensive 
but also time consuming, with a standard assessment 
taking as long as 6 months or even longer. Therefore, 
a reliable in vitro assay model is required to efficiently 
and cost-effectively define CSCs. In 1992, Reynolds and 
colleagues developed an in vitro technique termed the 
neurosphere assay to quantify activity of neural stem cells 

[142], which provides the basis for the most popular in 
vitro CSC assay - mammosphere or tumorsphere forming 
assay [143]. Recently, this assay has been commonly 
employed in various CSC-associated studies and often 
serves as a surrogate for the in vivo tumor initiating assay. 
The tumorsphere forming assay involves the dissociation 
of cultured cells or tumours into a single cell suspension 
and subsequent culture on non-adherent substrata in the 
presence of serum-free media supporting the growth of 
CSCs until they form organized cellular spheres, each 
containing at least 50 cells. Of note, since progenitor 
cells are able to proliferate several times, the formation of 
primary tumorspheres is in fact the measure of a collective 
activity of CSCs and progenitor cells. Therefore, to 
accurately evaluate CSCs, primary tumorspheres should 
be harvested, dissociated into single cells, and passaged to 
create a ‘second’ generation or even tertiary tumorsphere 
to exhaust the self-renewal capacity of progenitor cells 
[144]. Another method for CSC assessment is based on the 
specific phenotypic and transcriptional marker profiles of 
CSCs [54]. In practice, this method is very straightforward 
and cost-effective and therefore more clinically applicable. 
In recent years, with the increasing number of CSC related 
cell surface markers reported in various types of cancers, 
this method holds great potential in not only clinical 
diagnosis and basic cancer research but also in developing 
CSC-targeted anti-cancer therapies. 

BOX 2

Limitations and progression of CSC assessment 
models

Although cell surface marker analysis represents 
a convenient CSC assessment method, its reliability 
relies on a prerequisite that the employed CSC markers 
must show sufficient stability, generality and specificity. 
However, considering the phenotypic and genomic 
heterogeneity shown in tumors even with a similar 
histological appearance and grade, it is inevitable to see 
unstable cell surface marker expression patterns among 
CSCs [25, 57]. As a result, in the past decade, although 
various surface marker combinations (rather than a 
single marker) have been successfully used to detect or 
isolate CSCs in various types of tumors, to standardize 
this method in clinical application is still a considerable 
challenge [57]. 

Compared with surface marker analysis, 
tumorsphere formation assay is comparatively more 
reliable. However, concerns regarding this method has 
been raised given the fact that it is after all conducted 
in an artificial and less physiological in vitro setting. A 
typical test period for tumorsphere assay lasts one to 
several weeks, during which the tested cells are likely 
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to undergo abnormal differentiation and transform into a 
clinically irrelevant state [133]. In addition, the artificial 
cell culture conditions could unavoidably cause no 
growth of the tested cells [145]. Consequently, it is widely 
accepted that the tumorsphere forming assay, although 
shows comparative advantages in in vitro tests, itself is not 
sufficient for deducing clinically meaningful predictions 
[143]. For solid evidence of the presence of CSCs, the 
functional in vivo tumor-initiating assay is irreplaceable. 

As for the in vivo tumor-initiating assay, although 
immunocompromised mice have been commonly 
employed, to what extent the results collected from 
mice faithfully reflect the CSC properties of cancer cells 
in patients is unclear [94]. First, the relatively shorter 
lifespan of mice poses the question of how faithfully 
the results collected from mouse models reflect the 
clinical outcomes. Applying secondary recipients or 
long lifespan animal models represent potential solutions 
for this problem [94]. Second, the altered setting of 
transplanted tumor cells, including the species difference 
and the changed microenvironment weigh heavily 
against the reliability of this assay both phenotypically 
and genetically [114]. In this respect, the application 
of genetically modified humanized mouse models has 
provided a solution to at least partly solve this problem 
[146-150]. Apart from using modified animal models, 
orthotopic injection of cancer cells into the targeted 
organs and supplementing human stromal elements are 
also beneficial and these have become common practice 
in recent years [41, 151]. Third, the absence of immune-
surveillance in the immunocompromised mouse model 
compromises its reliability in mimicking the normal in 
vivo environment. Accordingly, the mimicry of natural 
immune surveillance mechanisms can be partly achieved 
through injection of specific immune effector cells 
[152]. Cells used for in vivo tumor initiating assay add 
another layer of complication. Of note, instead of using 
cells directly derived from patients, cell lines have been 
frequently used in CSC studies. Although these cell line-
based results are commonly translated to the types of 
cancers they dissociated, the extent to which the behaviour 
of such cell lines reflecting the clinical tumor cells is 
highly debatable. To solve this problem, patient-derived 
primary cells have been confirmed to be an ideal choice. 
However, it should be noticed that since the in vitro cell 
culture system provides cells with a dramatically different 
microenvironment from the original tumors from which 
they derived, the primary cells should not be continuously 
cultured in vitro and amplification of these cells via 
xenograft can improve the reliability of this gold standard 
assay [29]. 

A recent study led by Jacobsen and coworkers 
illustrated a genetic analysis-based novel CSC assessment 
method to directly analyse CSCs in the human body. 
Through backtracking of all identified somatic genetic 
lesions in the bulk bone marrow, the existence of rare and 

distinct human CSCs was confirmed in myelodysplastic 
syndrome patients [37]. This study, though elaborate, not 
only provided direct evidence of the existence of rare 
CSCs but also provided a genius strategy to bypass the 
ethical barrier of transplanting cancer cells into humans. 

ACKNOWLEDGMENTS

The authors’ laboratory is supported by grants from 
Indo-Australia Science and Technology Fund. (Grant 
No. ST040007), Victorian Cancer Agency Platform 
Technology Capacity Building Grant (Grant No. PTCP-
02) and CASS Foundation (Australia).

CONFLICTS OF INTEREST

The authors have declared that no competing interest 
exists.

REFERENCES

1.  Nabarro JD. Nitrogen mustard therapy in the reticuloses. Br 
J Radiol. 1951; 24:507-510.

2.  Chabner BA and Roberts TG, Jr. Timeline: Chemotherapy 
and the war on cancer. Nat Rev Cancer. 2005; 5:65-72.

3.  Aitken M. (2015). Global Oncology Trend Report 2015. 
In: Aitken M, ed.: IMS institute for Healthcare Informatics), 
pp. 1. 

4.  Stewart BW, Wild C, International Agency for Research 
on Cancer and World Health Organization. (2014). World 
cancer report 2014. (Lyon, France Geneva, Switzerland: 
International Agency for Research on Cancer WHO Press).

5.  Australian Institute of Health and Welfare. Australian 
Cancer Incidence and Mortality (ACIM) Books: All 
Cancers combined. 2015.

6.  Greaves M and Maley CC. Clonal evolution in cancer. 
Nature. 2012; 481:306-313.

7.  Alberts B JA LJ, Raff M, Roberts K, Walter P. (2010). 
Molecular Biology of the Cell. (New York: Garland 
Science).

8.  Hanahan D and Weinberg RA. Hallmarks of cancer: the 
next generation. Cell. 2011; 144:646-674.

9.  Rozhok AI, Salstrom JL and DeGregori J. Stochastic 
modeling indicates that aging and somatic evolution in the 
hematopoietic system are driven by non-cell-autonomous 
processes. Aging (Albany NY). 2014; 6:1033-1048.

10.  Rebecca G. Bagley BAT. (2010). Canc Drug Disc Dev: 
Humana Press.

11.  Tomasetti C, Vogelstein B and Parmigiani G. Half or more 
of the somatic mutations in cancers of self-renewing tissues 
originate prior to tumor initiation. Proc Natl Acad Sci U S 
A. 2013; 110:1999-2004.

12.  Friedman S, Lu M, Schultz A, Thomas D and Lin RY. 
CD133+ anaplastic thyroid cancer cells initiate tumors in 



Oncotarget44201www.impactjournals.com/oncotarget

immunodeficient mice and are regulated by thyrotropin. 
PloSOne. 2009; 4:e5395.

13.  Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ 
and Clarke MF. Prospective identification of tumorigenic 
breast cancer cells. Proc Natl Acad Sci U S A. 2003; 
100:3983-3988.

14.  Bonnet D and Dick JE. Human acute myeloid leukemia 
is organized as a hierarchy that originates from a primitive 
hematopoietic cell. Nat Med. 1997; 3:730-737.

15.  Ito T, Zimdahl B and Reya T. aSIRTing control over cancer 
stem cells. Cancer Cell. 2012; 21:140-142.

16.  Antoniou A, Hebrant A, Dom G, Dumont JE and Maenhaut 
C. Cancer stem cells, a fuzzy evolving concept: a cell 
population or a cell property? Cell Cycle. 2013; 12:3743-
3748.

17.  Clevers H. The cancer stem cell: premises, promises and 
challenges. Nat Med. 2011; 17:313-319.

18.  Tirino V, Desiderio V, Paino F, De Rosa A, Papaccio F, 
La Noce M, Laino L, De Francesco F and Papaccio G. 
Cancer stem cells in solid tumors: an overview and new 
approaches for their isolation and characterization. Faseb J. 
2013; 27:13-24.

19.  Kaiser J. The cancer stem cell gamble. Science. 2015; 
347:226-229.

20.  Skvortsov S, Debbage P, Lukas P and Skvortsova I. 
Crosstalk between DNA repair and cancer stem cell (CSC) 
associated intracellular pathways. Semin Cancer Biol. 2015; 
31:36-42.

21.  Chen K, Huang YH and Chen JL. Understanding and 
targeting cancer stem cells: therapeutic implications and 
challenges. Acta Pharm Sinic. 2013; 34:732-740.

22.  Lou H and Dean M. Targeted therapy for cancer stem cells: 
the patched pathway and ABC transporters. Oncogene. 
2007; 26:1357-1360.

23.  Kaminska B, Kulesza DW and Ramji K. Overview of 
Mechanisms of Cancer Stem Cell Drug Resistance. Curr 
Signal Transd T. 2013; 8:180-192.

24.  Nguyen LV, Vanner R, Dirks P and Eaves CJ. Cancer stem 
cells: an evolving concept. Nat Rev Cancer. 2012; 12:133-
143.

25.  Medema JP. Cancer stem cells: the challenges ahead. Nat 
Cell Biol. 2013; 15:338-344. 

26.  Atlasi Y, Looijenga L and Fodde R. Cancer Stem Cells, 
Pluripotency, and Cellular Heterogeneity: A WNTer 
Perspective. Curr Top Dev Biol. 2014; 107:373-404.

27.  Blagosklonny MV. Cancer stem cell and cancer stemloids: 
from biology to therapy. Cancer Biol Ther. 2007; 6:1684-
1690.

28.  Venere M, Lathia JD and Rich JN. Growth Factor 
Receptors Define Cancer Hierarchies. Cancer Cell. 2013; 
23:135-137.

29.  Lathia JD. Cancer stem cells: moving past the controversy. 
CNS Oncol. 2013; 2:465-467.

30.  Blagosklonny MV. Target for cancer therapy: proliferating 
cells or stem cells. Leukemia. 2006; 20:385-391.

31.  Quintana E, Shackleton M, Sabel MS, Fullen DR, Johnson 
TM and Morrison SJ. Efficient tumor formation by single 
human melanoma cells. Nature. 2008; 456:593-U533.

32.  Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-
Gasser AM, Gasser M, Zhan Q, Jordan S, Duncan LM, 
Weishaupt C, Fuhlbrigge RC, Kupper TS, Sayegh MH 
and Frank MH. Identification of cells initiating human 
melanomas. Nature. 2008; 451:345-349.

33.  Kelly PN, Dakic A, Adams JM, Nutt SL and Strasser A. 
Tumor growth need not be driven by rare cancer stem cells. 
Science. 2007; 317:337-337.

34.  Krivtsov AV, Twomey D, Feng ZH, Stubbs MC, Wang 
YZ, Faber J, Levine JE, Wang J, Hahn WC, Gilliland 
DG, Golub TR and Armstrong SA. Transformation from 
committed progenitor to leukaemia stem cell initiated by 
MLL-AF9. Nature. 2006; 442:818-822.

35.  Yilmaz OH, Valdez R, Theisen BK, Guo W, Ferguson 
DO, Wu H and Morrison SJ. Pten dependence distinguishes 
haematopoietic stem cells from leukaemia-initiating cells. 
Nature. 2006; 441:475-482.

36.  Tsuyada A and Wang SE. Fibroblast-Derived CCL2 
Induces Cancer Stem Cells-Response. Cancer Res. 2013; 
73:1032-1033.

37.  Woll PS, Kjallquist U, Chowdhury O, Doolittle H, Wedge 
DC, Thongjuea S, Erlandsson R, Ngara M, Anderson K, 
Deng QL, Mead AJ, Stenson L, Giustacchini A, Duarte 
S, Giannoulatou E, Taylor S, et al. Myelodysplastic 
Syndromes Are Propagated by Rare and Distinct Human 
Cancer Stem Cells In Vivo. Cancer Cell. 2014; 25:794-808.

38.  Schulenburg A, Bramswig K, Herrmann H, Karlic H, 
Mirkina I, Hubmann R, Laffer S, Marian B, Shehata M, 
Krepler C, Pehamberger H, Grunt T, Jager U, Zielinski CC 
and Valent P. Neoplastic stem cells: current concepts and 
clinical perspectives. Crit Rev Oncol Hematol. 2010; 76:79-
98.

39.  Van Keymeulen A and Blanpain C. Tracing epithelial stem 
cells during development, homeostasis, and repair. J Cell 
Biol. 2012; 197:575-584.

40.  Baker M. Melanoma in mice casts doubt on scarcity of 
cancer stem cells. Nature. 2008; 456:553.

41.  Kennedy JA, Barabe F, Poeppl AG, Wang JCY and Dick 
JE. Comment on “tumor growth need not be driven by rare 
cancer stem cells”. Science. 2007; 318:1722.

42.  Pardal R, Clarke MF and Morrison SJ. Applying the 
principles of stem-cell biology to cancer. Nat Rev Cancer. 
2003; 3:895-902.

43.  Gupta PB, Fillmore CM, Jiang GZ, Shapira SD, Tao K, 
Kuperwasser C and Lander ES. Stochastic State Transitions 
Give Rise to Phenotypic Equilibrium in Populations of 
Cancer Cells (vol 146, pg 633, 2011). Cell. 2011; 147:1197-
1197.

44.  Zomer A, Ellenbroek SIJ, Ritsma L, Beerling E, Vrisekoop 



Oncotarget44202www.impactjournals.com/oncotarget

N and Van Rheenen J. Brief Report: Intravital Imaging of 
Cancer Stem Cell Plasticity in Mammary Tumors. Stem 
Cells. 2013; 31:602-606.

45.  Oshima N, Yamada Y, Nagayama S, Kawada K, Hasegawa 
S, Okabe H, Sakai Y and Aoi T. Induction of cancer stem 
cell properties in colon cancer cells by defined factors. 
PloSOne. 2014; 9:e101735.

46.  Herzog EL, Chai L and Krause DS. Plasticity of marrow-
derived stem cells. Blood. 2003; 102:3483-3493.

47.  Horwitz EM. Stem cell plasticity: The growing potential of 
cellular therapy. Arch Med Res. 2003; 34:600-606.

48.  Takahashi K and Yamanaka S. Induction of pluripotent 
stem cells from mouse embryonic and adult fibroblast 
cultures by defined factors. Cell. 2006; 126:663-676.

49.  Gurdon JB. The developmental capacity of nuclei taken 
from intestinal epithelium cells of feeding tadpoles. J 
Embryol Exp Morphol. 1962; 10:622-640.

50.  Heddleston JM, Li Z, McLendon RE, Hjelmeland AB 
and Rich JN. The hypoxic microenvironment maintains 
glioblastoma stem cells and promotes reprogramming 
towards a cancer stem cell phenotype. Cell Cycle. 2009; 
8:3274-3284. 

51.  Hjelmeland AB, Wu Q, Heddleston JM, Choudhary GS, 
MacSwords J, Lathia JD, McLendon R, Lindner D, Sloan 
A and Rich JN. Acidic stress promotes a glioma stem cell 
phenotype. Cell Death Differ. 2011; 18:829-840.

52.  Flavahan WA, Wu QL, Hitomi M, Rahim N, Kim Y, Sloan 
AE, Weil RJ, Nakano I, Sarkaria JN, Stringer BW, Day 
BW, Li MZ, Lathia JD, Rich JN and Hjelmeland AB. Brain 
tumor initiating cells adapt to restricted nutrition through 
preferential glucose uptake. Nat Neurosci. 2013; 16:1373-
1382.

53.  Korkaya H and Wicha MS. HER2 and Breast Cancer 
Stem Cells: More than Meets the Eye. Cancer Res. 2013; 
73:3489-3493.

54.  Shigdar S, Qiao L, Zhou SF, Xiang DX, Wang T, Li Y, 
Lim LY, Kong LX, Li LH and Duan W. RNA aptamers 
targeting cancer stem cell marker CD133. Cancer Lett. 
2013; 330:84-95.

55.  Keysar SB and Jimeno A. More than Markers: Biological 
Significance of Cancer Stem Cell-Defining Molecules. Mol 
Cancer Ther. 2010; 9:2450-2457.

56.  Sahlberg SH, Spiegelberg D, Glimelius B, Stenerlow B 
and Nestor M. Evaluation of Cancer Stem Cell Markers 
CD133, CD44, CD24: Association with AKT Isoforms 
and Radiation Resistance in Colon Cancer Cells. PloSOne. 
2014; 9(4).

57.  Uwe K SG. What makes cancer stem cell markers 
different? SpringerPlus. 2013; 2:301.

58.  Liu Y, Nenutil R, Appleyard MV, Murray K, Boylan M, 
Thompson AM and Coates PJ. Lack of correlation of stem 
cell markers in breast cancer stem cells. Brit J Cancer. 2014; 
110:2063-2071.

59.  Wilson GS, Hu ZN, Duan W, Tian AP, Wang XM, McLeod 

D, Lam V, George J and Qiao L. Efficacy of Using Cancer 
Stem Cell Markers in Isolating and Characterizing Liver 
Cancer Stem Cells. Stem Cells Dev. 2013; 22:2655-2664.

60.  Goardon N, Marchi E, Atzberger A, Quek L, Schuh A, 
Soneji S, Woll P, Mead A, Alford KA, Rout R, Chaudhury 
S, Gilkes A, Knapper S, Beldjord K, Begum S, Rose S, et 
al. Coexistence of LMPP-like and GMP-like Leukemia 
Stem Cells in Acute Myeloid Leukemia. Cancer Cell. 2011; 
19:138-152.

61.  Taussig DC, Miraki-Moud F, Anjos-Afonso F, Pearce DJ, 
Allen K, Ridler C, Lillington D, Oakervee H, Cavenagh J, 
Agrawal SG, Lister TA, Gribben JG and Bonnet D. Anti-
CD38 antibody-mediated clearance of human repopulating 
cells masks the heterogeneity of leukemia-initiating cells. 
Blood. 2008; 112:568-575.

62.  Taussig DC, Vargaftig J, Miraki-Moud F, Griessinger E, 
Sharrock K, Luke T, Lillington D, Oakervee H, Cavenagh 
J, Agrawal SG, Lister TA, Gribben JG and Bonnet D. 
Leukemia-initiating cells from some acute myeloid 
leukemia patients with mutated nucleophosmin reside in 
the CD34(-) fraction. Blood. 2010; 115:1976-1984.

63.  Dirks PB. Brain tumor stem cells: The cancer stem cell 
hypothesis writ large. Mol Oncol. 2010; 4:420-430.

64.  Quintana E, Shackleton M, Foster HR, Fullen DR, 
Sabel MS, Johnson TM and Morrison SJ. Phenotypic 
Heterogeneity among Tumorigenic Melanoma Cells 
from Patients that Is Reversible and Not Hierarchically 
Organized. Cancer Cell. 2010; 18:510-523.

65.  Shmelkov SV BJ, Hooper AT, Hormigo A, Kushner J, 
Milde T, St Clair R, Baljevic M, White I, Jin DK, Chadburn 
A, Murphy AJ, Valenzuela DM, Gale NW, Thurston G, 
Yancopoulos GD, D’Angelica M, Kemeny N, Lyden D, 
Rafii S. CD133 expression is not restricted to stem cells, 
and both CD133+ and CD133- metastatic colon cancer cells 
initiate tumors. J Clin Invest 2008; 118:10.

66.  Stewart JM, Shaw PA, Gedye C, Bernardini MQ, Neel BG 
and Ailles LE. Phenotypic heterogeneity and instability of 
human ovarian tumor-initiating cells. Proc Natl Acad Sci U 
S A. 2011; 108:6468-6473.

67.  Kong Y, Yoshida S, Saito Y, Doi T, Nagatoshi Y, Fukata 
M, Saito N, Yang S, Iwamoto C, Okamura J, Liu KY, 
Huang XJ, Lu DP, Shultz LD, Harada M and Ishikawa F. 
CD34+CD38+CD19+ as well as CD34+CD38-CD19+ cells 
are leukemia-initiating cells with self-renewal capacity in 
human B-precursor ALL. Leukemia. 2008; 22:1207-1213.

68.  Domcke S, Sinha R, Levine DA, Sander C and Schultz 
N. Evaluating cell lines as tumor models by comparison of 
genomic profiles. Nat Commun. 2013; 4: 2126.

69.  Jin L, Hope KJ, Zhai Q, Smadja-Joffe F and Dick JE. 
Targeting of CD44 eradicates human acute myeloid 
leukemic stem cells. Nat Med. 2006; 12:1167-1174.

70.  Laugesen A and Helin K. Chromatin Repressive 
Complexes in Stem Cells, Development, and Cancer. Cell 
Stem Cell. 2014; 14:735-751.



Oncotarget44203www.impactjournals.com/oncotarget

71.  Lorico A and Rappa G. Phenotypic heterogeneity of breast 
cancer stem cells. J Oncol. 2011; 2011:135039.

72.  Pannuti A, Foreman K, Rizzo P, Osipo C, Golde T, 
Osborne B and Miele L. Targeting Notch to Target Cancer 
Stem Cells. Clin Cancer Res. 2010; 16:3141-3152.

73.  Sun P, Xia SL, Lal B, Shi XH, Yang KS, Watkins PA and 
Laterra J. Lipid metabolism enzyme ACSVL3 supports 
glioblastoma stem cell maintenance and tumorigenicity. 
BMC Cancer. 2014; 14:401.

74.  Tachezy M, Zander H, Wolters-Eisfeld G, Muller J, 
Wicklein D, Gebauer F, Izbicki JR and Bockhorn M. 
Activated Leukocyte Cell Adhesion Molecule (CD166): An 
“Inert” Cancer Stem Cell Marker for Non-Small Cell Lung 
Cancer? Stem Cells. 2014; 32:1429-1436.

75.  Zeilstra J, Joosten SPJ, van Andel H, Tolg C, Berns A, 
Snoek M, van de Wetering MV, Spaargaren M, Clevers H 
and Pals ST. Stem cell CD44v isoforms promote intestinal 
cancer formation in Apc(min) mice downstream of Wnt 
signaling. Oncogene. 2014; 33:665-670.

76.  Hill RP and Perris R. “Destemming” cancer stem cells. J 
Natl Cancer I. 2007; 99:1435-1440.

77.  Holland JD, Klaus A, Garratt AN and Birchmeier W. Wnt 
signaling in stem and cancer stem cells. Curr Opin Cell 
Biol. 2013; 25:254-264.

78.  Kawasaki Y, Omori Y, Li QC, Nishikawa Y, Yoshioka 
T, Yoshida M, Ishikawa K and Enomoto K. Cytoplasmic 
accumulation of connexin32 expands cancer stem cell 
population in human HuH7 hepatoma cells by enhancing 
its self-renewal. Int J Cancer. 2011; 128:51-62.

79.  Zhu TS, Costello MA, Talsma CE, Flack CG, Crowley JG, 
Hamm LL, He XB, Hervey-Jumper SL, Heth JA, Muraszko 
KM, DiMeco F, Vescovi AL and Fan X. Endothelial Cells 
Create a Stem Cell Niche in Glioblastoma by Providing 
NOTCH Ligands That Nurture Self-Renewal of Cancer 
Stem-Like Cells. Cancer Res. 2011; 71:6061-6072.

80.  Hassan KA, Wang L, Korkaya H, Chen GA, Maillard I, 
Beer DG, Kalemkerian GP and Wicha MS. Notch Pathway 
Activity Identifies Cells with Cancer Stem Cell-like 
Properties and Correlates with Worse Survival in Lung 
Adenocarcinoma. Clin Cancer Res. 2013; 19:1972-1980.

81.  Merchant AA and Matsui W. Targeting Hedgehog—a 
cancer stem cell pathway. Clin Cancer Res. 2010; 16:3130-
3140.

82.  Dubey AK, Dubey S, Handu SS and Qazi MA. 
Vismodegib: the first drug approved for advanced and 
metastatic basal cell carcinoma. J Postgrad Med. 2013; 
59:48-50. 

83.  Fan X, Matsui W, Khaki L, Stearns D, Chun J, Li YM and 
Eberhart CG. Notch pathway inhibition depletes stem-like 
cells and blocks engraftment in embryonal brain tumors. 
Neuro Oncol. 2006; 8:396-396.

84.  Saito N, Fu J, Yao J, Wang SZ, Koul D and Yung WKA. 
A High Notch Pathway Activation Predicts Response to 
Gamma-Secretase Inhibitors in Glioma Stem Cells. Neuro 

Oncol. 2012; 14:33-33.
85.  Saito N, Fu J, Zheng SY, Yao J, Wang SZ, Liu DD, Yuan 

Y, Sulman EP, Lang FF, Colman H, Verhaak RG, Yung 
WKA and Koul D. A High Notch Pathway Activation 
Predicts Response to c Secretase Inhibitors in Proneural 
Subtype of Glioma Tumor-Initiating Cells. Stem Cells. 
2014; 32:301-312.

86.  Yen WC, Fischer MM, Axelrod F, Bond C, Cain J, Cancilla 
B, Henner WR, Meisner R, Sato A, Shah J, Tang T, Wallace 
B, Wang M, Zhang C, Kapoun AM, Lewicki J, et al. 
Targeting notch signaling with a notch2/notch3 antagonist 
(tarextumab) inhibits tumor growth and decreases tumor-
initiating cell frequency. Clin Cancer Res. 2015; 21:2084-
2095.

87.  Lombardo Y, Scopelliti A, Cammareri P, Todaro M, 
Iovino F, Ricci-Vitiani L, Gulotta G, Dieli F, De Maria 
R and Stassi G. Bone Morphogenetic Protein 4 Induces 
Differentiation of Colorectal Cancer Stem Cells and 
Increases Their Response to Chemotherapy in Mice. 
Gastroenterology. 2011; 140:297-309.

88.  Ning XY, Shu JC, Du YQ, Ben QW and Li ZS. Therapeutic 
strategies targeting cancer stem cells. Cancer Biol Ther. 
2013; 14:295-303.

89.  West NR, Murray JI and Watson PH. Oncostatin-M 
promotes phenotypic changes associated with mesenchymal 
and stem cell-like differentiation in breast cancer. 
Oncogene. 2014; 33:1485-1494.

90.  Taro.Y MH, Shuichi.K. (2011). Cancer Stem Cells - The 
Cutting Edge. InTech.

91.  Yamashita T, Honda M, Nio K, Nakamoto Y, Yamashita 
T, Takamura H, Tani T, Zen Y and Kaneko S. Oncostatin 
m renders epithelial cell adhesion molecule-positive liver 
cancer stem cells sensitive to 5-Fluorouracil by inducing 
hepatocytic differentiation. Cancer Res. 2010; 70:4687-
4697.

92.  Kolev VN, Wright QG, Vidal CM, Ring JE, Shapiro IM, 
Ricono J, Weaver DT, Padval MV, Pachter JA and Xu Q. 
PI3K/mTOR dual inhibitor VS-5584 preferentially targets 
cancer stem cells. Cancer Res. 2015; 75:446-455.

93.  Ebben JD, Treisman DM, Zorniak M, Kutty RG, Clark 
PA and Kuo JS. The cancer stem cell paradigm: a new 
understanding of tumor development and treatment. Expert 
Opin Ther Tar. 2010; 14:621-632.

94.  Kreso A and Dick JE. Evolution of the Cancer Stem Cell 
Model. Cell Stem Cell. 2014; 14:275-291.

95.  Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-
Gasser AM, Gasser M, Zhan Q, Jordan S, Duncan LM, 
Weishaupt C, Fuhlbrigge RC, Kupper TS, Sayegh MH 
and Frank MH. Identification of cells initiating human 
melanomas. Nature. 2008; 451:345-349.

96.  Liu G, Yuan X, Zeng Z, Tunici P, Ng H, Abdulkadir IR, 
Lu L, Irvin D, Black KL and Yu JS. Analysis of gene 
expression and chemoresistance of CD133+ cancer stem 
cells in glioblastoma. Mol Cancer. 2006; 5:67.



Oncotarget44204www.impactjournals.com/oncotarget

97.  Fletcher JI, Haber M, Henderson MJ and Norris MD. ABC 
transporters in cancer: more than just drug efflux pumps. 
Nat Rev Cancer. 2010; 10:147-156.

98.  Signore M, Ricci-Vitiani L and De Maria R. Targeting 
apoptosis pathways in cancer stem cells. Cancer Lett. 2013; 
332:374-382.

99.  Madjd Z, Mehrjerdi AZ, Sharifi AM, Molanaei S, Shahzadi 
SZ and Asadi-Lari M. CD44+ cancer cells express higher 
levels of the anti-apoptotic protein Bcl-2 in breast tumors. 
Cancer Immun. 2009; 9:4.

100.  Zeuner A, Francescangeli F, Contavalli P, Zapparelli 
G, Apuzzo T, Eramo A, Baiocchi M, De Angelis ML, 
Biffoni M, Sette G, Todaro M, Stassi G and De Maria R. 
Elimination of quiescent/slow-proliferating cancer stem 
cells by Bcl-XL inhibition in non-small cell lung cancer. 
Cell Death Differ. 2014; 21:1877-1888.

101.  Baev DV, Krawczyk J, M OD and Szegezdi E. The BH3-
mimetic ABT-737 effectively kills acute myeloid leukemia 
initiating cells. Leuk Res Rep. 2014; 3:79-82.

102.  Li JY, Li YY, Jin W, Yang Q, Shao ZM and Tian XS. 
ABT-737 reverses the acquired radioresistance of breast 
cancer cells by targeting Bcl-2 and Bcl-xL. J Exp Clin 
Cancer Res. 2012; 31:102.

103.  Tagscherer KE, Fassl A, Campos B, Farhadi M, Kraemer 
A, Bock BC, Macher-Goeppinger S, Radlwimmer B, 
Wiestler OD, Herold-Mende C and Roth W. Apoptosis-
based treatment of glioblastomas with ABT-737, a 
novel small molecule inhibitor of Bcl-2 family proteins. 
Oncogene. 2008; 27:6646-6656.

104.  Stuckey DW and Shah K. TRAIL on trial: preclinical 
advances in cancer therapy. Trends Mol Med. 2013; 19:685-
694.

105.  Loebinger MR, Eddaoudi A, Davies D and Janes SM. 
Mesenchymal Stem Cell Delivery of TRAIL Can Eliminate 
Metastatic Cancer. Cancer Res. 2009; 69:4134-4142.

106.  Berthelet J and Dubrez L. Regulation of Apoptosis by 
Inhibitors of Apoptosis (IAPs). Cells. 2013; 2:163-187.

107.  U.S. National Institutes of Health. In: ClinicalTrials.gov 
[Internet]. Bethesda (MD): National Library of Medicine 
(US). 2000- [cited 2015 Sep 27]. Available from: https://
clinicaltrials.gov/ct2/results?term = xiap&Search = Search. 

108.  Taubert H, Heidenreich C, Holzhausen HJ, Schulz A, 
Bache M, Kappler M, Eckert AW, Wurl P, Melcher I, 
Hauptmann K, Hauptmann S and Schaser KD. Expression 
of survivin detected by immunohistochemistry in the 
cytoplasm and in the nucleus is associated with prognosis 
of leiomyosarcoma and synovial sarcoma patients. BMC 
Cancer. 2010; 10.

109.  Zhang CC, Yan Z, Zong Q, Fang DD, Painter C, Zhang 
Q, Chen E, Lira ME, John-Baptiste A and Christensen JG. 
Synergistic effect of the gamma-secretase inhibitor PF-
03084014 and docetaxel in breast cancer models. Stem 
Cells Transl Med. 2013; 2:233-242.

110.  Galuppo R, Maynard E, Shah M, Daily MF, Chen C, Spear 

BT and Gedaly R. Synergistic inhibition of HCC and liver 
cancer stem cell proliferation by targeting RAS/RAF/
MAPK and WNT/beta-catenin pathways. Anticancer Res. 
2014; 34:1709-1713.

111.  Ashizawa T, Miyata H, Iizuka A, Komiyama M, Oshita C, 
Kume A, Nogami M, Yagoto M, Ito I, Oishi T, Watanabe 
R, Mitsuya K, Matsuno K, Furuya T, Okawara T, Otsuka 
M, et al. Effect of the STAT3 inhibitor STX-0119 on 
the proliferation of cancer stem-like cells derived from 
recurrent glioblastoma. Int J Oncol. 2013; 43:219-227.

112.  Carter BZ, Qiu YH, Huang XL, Diao LX, Zhang NX, 
Coombes KR, Mak DH, Konopleva M, Cortes J, Kantarjian 
HM, Mills GB, Andreeff M and Kornblau SM. Survivin is 
highly expressed in CD34(+)38(-) leukemic stem/progenitor 
cells and predicts poor clinical outcomes in AML. Blood. 
2012; 120:173-180.

113.  Jin F, Zhao L, Zhao HY, Guo SG, Feng J, Jiang XB, Zhang 
SL, Wei YJ, Fu R and Zhao JS. Comparison between cells 
and cancer stem-like cells isolated from glioblastoma 
and astrocytoma on resistance-associated protein genes. 
Neuroscience. 2008; 154:541-550.

114.  Filatova A, Acker T and Garvalov BK. The cancer stem 
cell niche(s): The crosstalk between glioma stem cells and 
their microenvironment. Biochim Biophys Acta. 2013; 
1830:2496-2508.

115.  Blanpain C and Fuchs E. Stem cell plasticity. Plasticity of 
epithelial stem cells in tissue regeneration. Science. 2014; 
344:1242281.

116.  Junttila MR and de Sauvage FJ. Influence of tumor micro-
environment heterogeneity on therapeutic response. Nature. 
2013; 501:346-354.

117.  Oskarsson T, Batlle E and Massague J. Metastatic Stem 
Cells: Sources, Niches, and Vital Pathways. Cell Stem Cell. 
2014; 14:306-321.

118.  Konopleva MY and Jordan CT. Leukemia stem cells and 
microenvironment: biology and therapeutic targeting. J Clin 
Oncol. 2011; 29:591-599.

119.  Shanthi E, Krishna MH, Arunesh GM, Venkateswara 
Reddy K, Sooriya Kumar J and Viswanadhan VN. Focal 
adhesion kinase inhibitors in the treatment of metastatic 
cancer: a patent review. Expert Opin Ther Pat. 2014; 
24:1077-1100.

120.  Tai YL, Chen LC and Shen TL. Emerging Roles of 
Focal Adhesion Kinase in Cancer. Biomed Res Int. 2015; 
2015:690690.

121.  Xu QL, Kolev VN, Wright QG, Shapiro IM, Vidal CM, 
Padval M, Keegan M, Paterson D, Horobin J and Pachter 
JA. Focal adhesion kinase (FAK) inhibitors VS-6063 and 
VS-4718 target cancer stem cells. J Clin Oncol. 2013; 
31(15).

122.  Domanska UM, Kruizinga RC, Nagengast WB, Timmer-
Bosscha H, Huls G, de Vries EGE and Walenkamp AME. 
A review on CXCR4/CXCL12 axis in oncology: No place 
to hide. Eur J Cancer. 2013; 49:219-230.



Oncotarget44205www.impactjournals.com/oncotarget

123.  Damon LE and Damon LE. Mobilization of hematopoietic 
stem cells into the peripheral blood. Expert Rev Hematol. 
2009; 2:717-733.

124.  Kessans MR, Gatesman ML and Kockler DR. Plerixafor: 
A Peripheral Blood Stem Cell Mobilizer. Pharmacotherapy. 
2010; 30:485-492.

125.  Folkman J. Tumor angiogenesis: therapeutic implications. 
N Engl J Med. 1971; 285:1182-1186.

126.  Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, 
Hamner B, Oh EY, Gaber MW, Finklestein D, Allen M, 
Frank A, Bayazitov IT, Zakharenko SS, Gajjar A, Davidoff 
A and Gilbertson RJ. A perivascular niche for brain tumor 
stem cells. Cancer Cell. 2007; 11:69-82.

127.  Burkhardt JK, Hofstetter CP, Santillan A, Shin BJ, 
Foley CP, Ballon DJ, Pierre Gobin Y and Boockvar JA. 
Orthotopic glioblastoma stem-like cell xenograft model 
in mice to evaluate intra-arterial delivery of bevacizumab: 
from bedside to bench. J Clin Neurosci. 2012; 19:1568-
1572.

128.  Schmid BC and Oehler MK. Improvements in Progression-
Free and Overall Survival Due to the Use of Anti-
Angiogenic Agents in Gynecologic Cancers. Curr Treat 
Option On. 2015; 16:318.

129.  Bergers G and Hanahan D. Modes of resistance to anti-
angiogenic therapy. Nat Rev Cancer. 2008; 8:592-603.

130.  Conley SJ, Gheordunescu E, Kakarala P, Newman B, 
Korkaya H, Heath AN, Clouthier SG and Wicha MS. 
Antiangiogenic agents increase breast cancer stem cells via 
the generation of tumor hypoxia. Proc Natl Acad Sci U S A. 
2012; 109:2784-2789.

131.  FDA US. Drug not shown to be safe and effective in breast 
cancer patients. 2011.

132.  Plaks V, Kong NW and Werb Z. The Cancer Stem Cell 
Niche: How Essential Is the Niche in Regulating Stemness 
of Tumor Cells? Cell Stem Cell. 2015; 16:225-238.

133.  Valent P, Bonnet D, De Maria R, Lapidot T, Copland M, 
Melo JV, Chomienne C, Ishikawa F, Schuringa JJ, Stassi 
G, Huntly B, Herrmann H, Soulier J, Roesch A, Schuurhuis 
GJ, Wohrer S, et al. Cancer stem cell definitions and 
terminology: the devil is in the details. Nat Rev Cancer. 
2012; 12:767-775.

134.  Reya T and Clevers H. Wnt signalling in stem cells and 
cancer. Nature. 2005; 434:843-850.

135.  Kamelreid S, Letarte M, Sirard C, Doedens M, Grunberger 
T, Fulop G, Freedman MH, Phillips RA and Dick JE. A 
Model of Human Acute Lymphoblastic-Leukemia in 
Immune-Deficient Scid Mice. Science. 1989; 246:1597-
1600.

136.  Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, 
Cacerescortes J, Minden M, Paterson B, Caligiuri MA 
and Dick JE. A Cell Initiating Human Acute Myeloid-
Leukemia after Transplantation into Scid Mice. Nature. 
1994; 367:645-648.

137.  Sirard C, Lapidot T, Vormoor J, Cashman JD, Doedens 

M, Murdoch B, Jamal N, Messner H, Addey L, Minden 
M, Laraya P, Keating A, Eaves A, Lansdorp PM, Eaves CJ 
and Dick JE. Normal and leukemic SCID-repopulating cells 
(SRC) coexist in the bone marrow and peripheral blood 
from CML patients in chronic phase, whereas leukemic 
SRC are detected in blast crisis. Blood. 1996; 87:1539-
1548.

138.  O’Brien CA, Pollett A, Gallinger S and Dick JE. A human 
colon cancer cell capable of initiating tumor growth in 
immunodeficient mice. Nature. 2007; 445:106-110.

139.  Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, 
Todaro M, Peschle C and De Maria R. Identification and 
expansion of human colon-cancer-initiating cells. Nature. 
2007; 445:111-115.

140.  Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio 
A, Conticello C, Ruco L, Peschle C and De Maria R. 
Identification and expansion of the tumorigenic lung cancer 
stem cell population. Cell Death Differ. 2008; 15:504-514.

141.  Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, 
Kaplan MJ, Dalerba P, Weissman IL, Clarke MF and 
Ailles LE. Identification of a subpopulation of cells with 
cancer stem cell properties in head and neck squamous cell 
carcinoma. Proc Natl Acad Sci U S A. 2007; 104:973-978.

142.  Reynolds BA and Weiss S. Generation of Neurons and 
Astrocytes from Isolated Cells of the Adult Mammalian 
Central-Nervous-System. Science. 1992; 255:1707-1710.

143.  Iglesias JM, Beloqui I, Garcia-Garcia F, Leis O, Vazquez-
Martin A, Eguiara A, Cufi S, Pavon A, Menendez JA, 
Dopazo J and Martin AG. Mammosphere Formation in 
Breast Carcinoma Cell Lines Depends upon Expression of 
E-cadherin. PloSOne. 2013; 8:e77281.

144.  Shaw FL, Harrison H, Spence K, Ablett MP, Simoes BM, 
Farnie G and Clarke RB. A Detailed Mammosphere Assay 
Protocol for the Quantification of Breast Stem Cell Activity. 
J Mammary Gland Biol. 2012; 17:111-117.

145.  Lee J, Kotliarova S, Kotliarov Y, Li AG, Su Q, Donin NM, 
Pastorino S, Purow BW, Christopher N, Zhang W, Park JK 
and Fine HA. Tumor stem cells derived from glioblastomas 
cultured in bFGF and EGF more closely mirror the 
phenotype and genotype of primary tumors than do serum-
cultured cell lines. Cancer Cell. 2006; 9:391-403.

146.  Akkina R, Berges BK, Palmer BE, Remling L, Neff CP, 
Kuruvilla J, Connick E, Folkvord J, Gagliardi K, Kassu A 
and Akkina SR. Humanized Rag1(-/-)gamma c(-/-) Mice 
Support Multilineage Hematopoiesis and Are Susceptible 
to HIV-1 Infection via Systemic and Vaginal Routes. 
PloSOne. 2011; 6:e20169.

147.  Lan P, Tonomura N, Shimizu A, Wang SM and Yang 
YG. Reconstitution of a functional human immune system 
in immunodeficient mice through combined human fetal 
thymus/liver and CD34(+) cell transplantation. Blood. 
2006; 108:487-492.

148.  Strowig T, Rongvaux A, Rathinam C, Takizawa H, Borsotti 
C, Philbrick W, Eynon EE, Manz MG and Flavell RA. 



Oncotarget44206www.impactjournals.com/oncotarget

Transgenic expression of human signal regulatory protein 
alpha in Rag2(-/-)gamma(-/-)(c) mice improves engraftment 
of human hematopoietic cells in humanized mice. Proc Natl 
Acad Sci U S A. 2011; 108:13218-13223.

149.  Takagi S, Saito Y, Hijikata A, Tanaka S, Watanabe 
T, Hasegawa T, Mochizuki S, Kunisawa J, Kiyono H, 
Koseki H, Ohara O, Saito T, Taniguchi S, Shultz LD and 
Ishikawa F. Membrane-bound human SCF/KL promotes 
in vivo human hematopoietic engraftment and myeloid 
differentiation. Blood. 2012; 119:2768-2777.

150.  Wunderlich M, Chou FS, Link KA, Mizukawa B, Perry 
RL, Carroll M and Mulloy JC. AML xenograft efficiency 
is significantly improved in NOD/SCID-IL2RG mice 
constitutively expressing human SCF, GM-CSF and IL-3. 
Leukemia. 2010; 24:1785-1788.

151.  Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, 
Bell GW, Richardson AL, Polyak K, Tubo R and Weinberg 
RA. Mesenchymal stem cells within tumor stroma promote 
breast cancer metastasis. Nature. 2007; 449:557-U554.

152.  Nam JS, Terabe M, Kang MJ, Chae H, Voong N, Yang 
YA, Laurence A, Michalowska A, Mamura M, Lonning 
S, Berzofsky JA and Wakefield LM. Transforming growth 
factor beta subverts the immune system into directly 
promoting tumor growth through interleukin-17. Cancer 
Res. 2008; 68:3915-3923.


