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Abstract
Objective In this review, several interlinking issues related
to cancer stem cells (CSCs) in malignant solid tumors are
sequentially discussed.
Methods A literature search was performed using PubMed,
Web of Science and the Cochrane library, combining the
words CSCs, solid tumor, isolation, identification, origina-
tion, therapy, target and epithelial–mesenchymal transition.
Results Because a primary problem is the isolation of CSCs,
we first analyzed the advantages and disadvantages of recently
used methods, which were mostly based on the physical or
immunochemical characteristics of CSCs. Once CSCs are
isolated, they should be identified by their stem cell properties.
Here, we suggest how to establish a standard identification
strategy. We also focused on the origination hypotheses of
CSCs. The supporting molecular mechanisms for each theory
were thoroughly analyzed and integrated. Especially, epithe-
lial– mesenchymal transition is an increasingly recognized
mechanism to generate CSCs that are endowed with a more

invasive and metastatic phenotype. Finally, we discuss puta-
tive strategies of eliminating CSCs as effective cancer
therapies.
Conclusion After several interlocking issues of CSCs are
thoroughly clarified, these CSCs in solid malignant tumors
may specifically be targeted, which raises a new hope for
eliminating these tumors.
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Abbreviations
CSCs Cancer stem cells
DGC Density-gradient centrifugation
EMT Epithelial to mesenchymal transition
FACS Fluorescent activated cells sorting
HCSCs Hepatic cancer stem cells
HNSCs Hepatic normal stem cells
NOD/SCID Non-obese diabetic/severe combined

immunodeficiency
NSCs Normal stem cells
NSP Non side population
SP Side population
SP-HNCs Side population of hepatic normal cells
SP-HCCs Side population of hepatic cancer cells
TDDS Targeting drug delivery systems

1 Introduction

Recent evidence indicates that tumors contain a small subset
of stem-like cells, named cancer stem cells (CSCs), which are
responsible for tumor initiation, maintenance and proliferation
[1]. CSCs are generally dormant or slowly cycling tumor cells
that have the ability to reconstitute tumors [2]. They are
thought to be involved in resistance to chemo-/radiation
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therapy and tumor relapse and progression. The American
Association of Cancer Research Workshop adopted the con-
sensus definition of CSCs as “cells within a tumor that possess
the capacity for self-renewal and that can cause the heteroge-
neous lineages of cancer cells that constitute the tumor” [3].
The notion that CSCs actually may exist has created great
excitement in the research community [2].

Although the existence of CSCs was first proposed over
36 years ago, only recently CSCs were identified in solid
tumors, including breast [4], prostate [5], brain [6], colon
[7] and liver [8]. Among these cancer types, hepatocellular
carcinoma (HCC) is a highly malignant solid tumor with fre-
quent metastases and a poor prognosis [9]. Hepatic CSCs
(HCSCs) are a suitable in vitro model to study HCC-initiating
cells and to develop therapeutic strategies aimed at eradicating
the tumorigenic subpopulation within HCC. It is supposed that
any drug capable of killing CSCs would, in theory, be curative.
To make the above presumption come true, there are several
questions to be answered. The primary question is how to
isolate CSCs efficiently. In case CSCs were isolated by differ-
ent methods, is there a standard criterion to identify them?
Assuming that the criterion is established, a next question is
from where CSCs originate. Although several theories of CSC
origination have attracted much attention, there is little sound
evidence to support any of them, and the underlying molecular
mechanisms of CSC origination remain to be established. Only
when the above issues are well resolved, researchers can begin
to search for effective treatment strategies targeting CSCs. In
this review, the above questions are sequentially discussed. The
resulting information may be relevant for the development of
specific therapies targeting CSCs.

2 The isolation of CSCs

CSC researchers are challenged by developing a simplified
approach to purify these rare cells. A variety of separation
techniques is available (Fig. 1).

2.1 The isolation of CSCs by surface markers

2.1.1 The feasibility and application of surface markers

Among the methods for isolating CSCs, fluorescence-activated
cell sorting (FACS) or magnetic-activated cell sorting
(MACS), which are based on cell surface markers, are most
commonly used for either positive or negative selection [10].
Many types of CSCs have been isolated by their cell-surface
markers, and the same markers can be used to isolate CSCs
from different cancer types. In reverse, different markers can be
used to isolate CSCs from the same cancer type [11]. Epithelial
cell adhesion molecule (EpCAM) is over-expressed in most
solid cancers and has recently been identified as a CSC marker

[12]. CD133 is also among the most useful markers for the
identification of solid cancer CSCs [13] although it is not
specific for some cancer types. CD44, for example, was found
to be more specific than CD133 to isolate gastric cancer-
initiating cells from a panel of human gastric cancer cell lines
[6]. In addition, it should be noted that there exist discrepancies
in the identities of CSC markers among different reports
[14–16]. Thus, a single marker may not be sufficient to isolate
CSCs.

The primary obstacle in isolating pure HCSCs is the lack of a
specific marker. Four years ago, a study by our group revealed
that reactivated CD133+ cells were frequently present in HCC
[17], which corresponded with higher-stage tumors. To date,
although several possible markers for HCSCs, including
CD133 [18], EpCAM [19], CD90/CD44 [20], DLK [21],
CD13 [22] and OV6 [23], have been used to isolate putative
CSCs from HCC, it is unknown which one serves as a uniform
marker for HCSCs. Therefore, the presence of certain markers
alone should be taken with caution when separating HCSCs. A
combination of several markers may be a better choice. For
example, CD133, a useful marker for identifying HCSCs, com-
bined with other stem cell markers, can more specifically char-
acterize the tumorigenic sub-population. Such markers may
include ALDH [24] and CD44 [25]. EpCAM, another com-
monly used HCSC marker, combined with alpha-fetoprotein
[26] or CK-19 [27], may also serve as better indicators to isolate
HCSCs. As yet, however, no standard combination has been
found. Further study is needed to clarify this issue.

2.1.2 The limitations of surface markers

The main weakness is that the markers used to purify CSCs
are not specific enough, and in most cases CSCs have not
been completely purified. Besides, immunochemical meth-
ods present the disadvantage of being time-consuming and
expensive because of the use of monoclonal antibodies and
advanced technologies.

Let's again take HCSCs as an example. First, there is no
specific marker for HCSCs. Hepatic cancer cells with a
CD133+ or EpCAM+ phenotype are believed to have stem-
like properties, but they exhibit limited plasticity [19]. In fact,
the expression level of CD133 on tumor cells might change
during long-term culture in serum-containing conditions. Sec-
ond, hepatic normal stem cells (HNSCs) and HCSCs share
many surface markers, such as CD133 and EpCAM. This
phenomenon has also been observed for other normal and
cancer stem cells. Third, markers for HCSCs in primary
cultured hepatic cancer cells and HCC cell lines are different.
These differences can be divided into three aspects: before the
isolation of HCSCs, primary HCC cells often need to be
purified by other methods, such as centrifugation. When one
marker is used for isolation, the marker for separation of
HCSCs in primary HCC cells may be totally different from
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Fig. 1 Strategies for the isolation of CSCs. CSCs can be enriched by (1) FACS or MACS with specific markers, (2) functional selection with efflux
of fluorescent dyes, or (3) physical selection based on cell density or morphology
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these in HCC cell lines (EpCAMand CD133 are more likely to
be HCSCmarkers in primary HCC cells than in HCC cell lines
[13, 26]). When several markers are used, the separation of
HCSCs in primary tumor cells requires more markers than in
HCC cell lines. The reasons mainly come from the distinct
properties of these two kinds of cancer cells. Through in vitro
selection, cancer cell lines are relatively homogeneous in view
of cell category. In contrast, without purification primary
cancer cells are considered to be more heterogeneous.

2.2 The isolation of CSCs by efflux of fluorescent dyes

2.2.1 The application of fluorescent dye efflux

To avoid the above limitations of surface markers, other
methods for CSC separation include isolation based on the
differential efflux of fluorescent dyes, such as rhodamine 123
(Rho) or Hoechst 33342 (Hoechst). After the cells are stained
with Hoechst, the visualization of Hoechst fluorescence si-
multaneously at two emissionwavelengths localizes a distinct,
small, non-stained cell population that is designated as the side
population (SP). The isolation of the SP is based on the
expression of ATP-binding cassette (ABC) transporters [28].
There is mounting speculation that ABC transporters repress
the maturation and differentiation of stem cells [29]. In the last
decade, the isolation of SP cells has become a useful method
for obtaining CSCs from various tumors originating from
skeletal muscle, breast, liver, small intestine, and uterine
[30–34]. In recent years, SP cell analysis and sorting have
been successfully applied to many HCC cell lines to identify
a minor cell population with CSC properties. Chiba and col-
leagues reported that among four HCC cell lines analyzed, SP
cells were detected in Huh7 (0.25 %) and PLC/PRF/5
(0.80 %), but not in HepG2 or Huh6 [35]. Later, SP cells were
sorted from four other HCC cell lines, and the SP proportions
amongHCCLM3,MHCC97-H,MHCC97-L andHep3Bwere
28.7±1.6 %, 14.5±0.6 %, 4.2±0.4 %, and 0.9±0.1 %, respec-
tively [36]. All of the SP cells showed similar characteristics to
CSC-like cells. Recently, we isolated SP cells not only from the
HCC line, but also from primary cultured diethylnitrosamine
(DEN)-induced HCC cells [37, 38]. Based on in vitro and in
vivo experiments, we demonstrated that these SP cells might
serve as a reservoir of CSCs [39, 40].

2.2.2 The flaws of fluorescent dye efflux

Although SP may be an alternative method to isolate CSCs
when specific markers are lacking, there are many questions
about this method. First, the main criticism concerns the use of
Hoechst dye as a mean to isolate stem-like cells because it can
be toxic. Hoechst interferes with cell functions as long as the
dye is present in the nucleus [38]. Second, the SP assay and its
applications in stem cell biology pose technical challenges

related to sample preparation, data acquisition, analysis, and
interpretation. In addition, we should highlight the value of
multicolor phenotyping, the impact of DNA ploidy, and the
importance of distinguishing graft versus host cells for an
appropriate SP discrimination [41]. Put simply, it takes much
thought and effort and many resources to perform a standard
SP isolation. Third, importantly, although SP cells are clearly
enriched among stem cells, several reports caution that dye
efflux is not a common property of all stem cell populations. It
should be emphasized that, similar to normal tissues, not every
cancer contains SP cells, such as HepG2 and Huh6 cells [35].
Therefore, SP cells may only represent one of the putative
cancer stem cell populations. That is to say, non-SP cell
populations may also harbor cancer stem-like cells. Lastly,
the equipment required for SP isolation is expensive. SP
isolation requires a specialized flow cytometer, in which the
ultraviolet (UV) laser device must be installed for fluores-
cence activation [42]. Thus, it is very expensive to buy and
operate. These limitations of using SPs to isolate CSCs need to
be overcome for this approach to become widely used.

To avoid some of the above limitations of SP isolation, in
our previous study, Hoechst dye was replaced by another
fluorescent dye, Rho, to isolate CSC-like cells fromMHCC97
cells. Rho is used as a substrate of the ABCB1/P-gp trans-
porter to evaluate the toxicity of drugs and to examine the
functional activity of P-gp in cultured cells [43]. Therefore,
Rho is not toxic to cells, even at high doses (1–10 mM) [44].
Additionally, to perform Rho/FACS, a standard flow cytom-
eter is sufficient, in which the fluorescence is activated by an
argon-ion or helium-cadmium laser. A standard flow cytom-
eter costs less (in terms of both purchase and maintenance)
than cytometers offering UV excitation [45]. Although Rho
may not be as effective as Hoechst for CSC sorting, given its
low toxicity and cost it may be a useful method for CSC
identification. However, there are still some limitations to this
method, such as false-positive stem cell yields.

2.3 The isolation of CSCs by physical characteristics

2.3.1 The feasibility of physical separation

The last choice for isolation of CSCs is based on physical
separation methods, such as density-gradient centrifugation
(DGC), which remains a good alternative to immunochemical
methods. Percoll is an ideal medium for DGC, as it is a well-
known reagent that is relatively inexpensive and easy to
acquire [46]. Its nearly ideal physical characteristics make it
especially useful in the enrichment of cell populations [46].
Without difficulty, this medium can be diluted to cover a wide
range of densities. Even by using continuous-gradient centrifu-
gation, cancer cells can be separated into as many fractions as
desired, and stem/progenitor cells are significantly enriched
within some fractions. Thus, Percoll-based DGC is a convenient
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method for enriching and harvesting CSCs [47]. The brief
protocol is as follows: to explore optimal continuous gradients,
different starting Percoll solutions are centrifuged at high-speed
(20,000×g) during different time periods (30, 60, or 90 min) in
an angle head rotor, separately. After the resulting tubes have
been standing for 30 min, the tube with the best formation of
gradients is selected. The cell suspension is gently layered on top
of the gradients and centrifuged at 500×g for 15 min in a
swinging bucket rotor. As the densities increase continuously
from top to bottom of the tube, the sizes of the cells rise
correspondingly. Based on the monitor of Density Marker
Beads, the cell fractions are numbered increasingly from top to
bottom of the tube. Different cell fractions are obtained by
upward displacement. The principle of separation is based on
the specific cell densities of CSCs in mixed cancer cell
populations.

Previously, we successfully isolated HNSCSs from pri-
mary cultures of fetal liver cells [48]. Following this meth-
od, with minor adjustments, HNCSCs were also isolated
from primary cultured HCCs. Interestingly, the flow cytom-
etry results showed a preferential distribution of the progen-
itor cell markers CD133 and EpCAM in a HCC population
characterized by a density between 1.041 and 1.062 g/ml.
These HCCs showed CSC characteristics [49].

2.3.2 The disadvantages of physical separation

The main shortcoming of physical separation is its low
efficiency. Purified cell populations may harbor false CSCs
and, therefore, not constitute pure CSCs. Apart from the
isolation efficiency, the complexity of the procedure is an-
other factor that should be considered. Moreover, a high-
speed centrifuge must be used for DGC [46].

3 The identification of CSCs (Fig. 2)

3.1 The in vitro identification of CSCs

Based on the consensus of many different researchers, the in
vitro identification of CSCs can be divided into two parts:
their static characteristics and their dynamic characteristics.
The static characteristics of CSCs include their specific mor-
phology and high expression of stem cell markers [35]. Nota-
bly, the morphology of CSCs is different from ordinary non-
CSCs, such as a high nucleus:cytoplasm volume ratio, few
organelles, many cilia or pseudopodia, cellular pleomorphism,
and hyperchromatic nuclei. Immunological assays are com-
monly used to detect the levels of stem cell markers, such as
immunocytochemistry, immunofluorescence, western blotting
and flow cytometry. Microarray analysis and polymerase
chain reaction are frequently used to detect the mRNA levels
of the above mentioned stem cells [36].

The tests of dynamic characteristics of CSCs mainly
consist of the evaluation of self-renewal, the observation of
clone formation, the identification of multi-lineage differenti-
ation and the evaluation of their chemoresistance. First, self-
renewal means that after growth daughter CSCs retain the
same stem cell properties as parental CSCs. That is to say,
the daughter CSCs should display the same static character-
istics (described above) as their parental CSCs. Moreover,
these CSCs proliferate much faster than non-CSCs, which is
not dependent on CSCs having stronger anti-apoptotic prop-
erties compared to non-CSCs. Second, multi-potentiality
refers to the ability to differentiate into heterogeneous cancer
cells (including CSCs and non-CSCs). These cancer cells are
different in morphology and express different markers. Third,
CSCs can easily form cell clones, and these clones remain
relatively tightly associated. Fourth, the chemo-resistance of
CSCs is often evaluated. It is widely accepted that CSCs are
more chemo-resistant than non-CSCs.

3.2 The in vivo identification of CSCs

The growth of a subset of tumor cells (typically fewer than 5 %
of all of the tumor cells) in immunodeficient mice has become
the gold standard for identifying CSCs [50]. To this end,
different numbers of cancer cells from distinct populations are
injected into immunodeficient mice. Approximately 8 weeks
later, these mice are sacrificed, and the tumors are examined. It
is believed that as few as 1× 103 CSCs are sufficient for tumor
formation [36]. Furthermore, the tumor-forming ability is
judged by serial transplantation. It has been proposed that only
CSCs can generate tumors via serial transplantation [3, 51].

4 The origination theories of CSCs

The origin of CSCs has been debated for several decades, but it
remains elusive and is likely to be cancer type specific [52].
There are two major nonexclusive hypotheses about the cellu-
lar origin of CSCs (Fig. 3). One is the maturation arrest theory,
in which CSCs originate from normal stem/progenitor cells.
The other is the dedifferentiation theory, in which mature cells
dedifferentiate and acquire features of stem/progenitor cells
that retain the ability to proliferate during carcinogenesis. In
addition, another possible but under-appreciated mechanism
for the generation of CSCs is the fusion of stem cells and
differentiated cells [52]. The last proposed origin of CSCs
represents a combination of the above three theories.

4.1 The differentiation arrest of normal stem cells (NSCs)

At present, it is widely accepted that cancer arises from stem
cells [53, 54], because these are the only cells that persist
sufficiently long to acquire the required number of genetic
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changes for neoplastic development. For example, via ta-
moxifen treatment, Schepers et al. successfully induced intes-
tinal stem cells to generate tumors [55]. More andmore studies
demonstrate that malignant cells and NSCs share many fea-
tures, such as surface markers. It is even proven that some
types of CSCs originate from NSCs, including breast CSCs
from mammary epithelial stem/progenitor cells [56]. As men-
tioned above, accumulating evidence suggests that CSCs orig-
inate from stem cells and the committed progenitor cells. Some
HCSCs express both CK19 and AFP, indicating a possible
origin from a bipotential HNSC or its predecessor. An analysis
of surgical specimens also demonstrated biliary marker–posi-
tive HCC, which suggests the possibility that at least some

hepatic cancer cells arise from subpopulations with bipotential
stem/progenitor properties. HCSCs and HNSCs also share
many properties, such as small size [27], self-renewal, and
stem cell markers, including CD133 and EpCAM [53].

4.2 The dedifferentiation of mature cells

Since 1993, cancer has been widely speculated to arise from
dedifferentiation of mature cells that retain the ability to prolif-
erate [57]. During the next two decades, several types of cancers
have indeed been found to arise from the dedifferentiation of
mature cells, such as HCC [58], gastric carcinoma [59], pancre-
atic cancer [60] and colorectal cancer [61]. Next to the

Fig. 2 Strategies for the identification of CSCs. The isolated CSCs should be certified by both (1) in vitro and (2) in vivo characterization. The
color figures in the right panel represent the typical properties of CSCs ascertained from the corresponding tests in the left panel
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differentiation arrest of NSCs, these results provide indications
for the genesis of CSCs via dedifferentiation of mature cells.
Nevertheless, there is no strong evidence for this option at
present.

4.3 The cell fusion theory

Another possible but under-appreciated mechanism for the
generation of CSCs is the fusion of stem cells and differenti-
ated cells. The cell fusion hypothesis of CSCs adds an impor-
tant functional basis to the potential multifaceted roles of cell
fusion in the initiation and progression of cancer. However,
this concept remains largely speculative because experimental
evidence directly supporting or refuting it, especially in
humans, is lacking [52]. One argument against the cell fusion
hypothesis is that there is no evidence that the CSCs found in
human or animal models are tetraploid in nature.

4.4 The multiple origins of CSCs

A single tumor may contain multiple CSC clones that are
genetically distinct. In other words, CSCs may form hierar-
chical populations that consist of precancerous stem cells,
primary CSCs, migrating CSCs and chemoradioresistant
CSCs, all of which play different roles in cancer initiation
and progression [62]. CSC heterogeneity could be an indica-
tion for the dedifferentiation theory, because some researchers
believe that when, CSCs are eliminated, the remaining cancer
cells could gain stem properties and generate new tumors
[62–64]. On one hand, if some cancers have several distinct

subtypes, the origination of CSCs from each subtype may
follow different mechanisms [19]. On the other hand, the
origins of CSCs from primary tumors and metastatic tumors
may be totally different [65]. A new concept of “horizontal
hierarchy of CSCs” has been proposed to distinguish them
from a vertical-hierarchy of CSCs. A better understanding of
this distinction could open up novel therapeutic strategies that
target CSCs. The heterogeneity of CSCs may be due to their
different origins [41]. For example, the heterogeneity of
HCSCs may be due to their derivation from endogenous
stem/progenitor cells or dedifferentiation of a transformed
cell. Poorly differentiated HCC originates from immature cells
(stem cells), while the well-differentiated HCC originates
from mature cells (hepatocytes) [9]. Specific markers for
CSC isolation can be selected on the basis of a deeper under-
standing of the underlying stem cell biology of the pertinent
tissue from which the cancer originates.

5 The origination mechanisms of CSCs

Whatever types of cells CSCs originate from, the core issue
may reside in an abnormal self-renewal or impaired differ-
entiation of the original cells, which include NSCs, mature
tissue cells and common cancer cells.

5.1 The abnormal self-renewal of CSC origin cells

The initial event for the genesis of CSCs has been speculated
to be the change in self-renewal ability of primitive cells. The

Fig. 3 The origination theories
of CSCs. The CSCs are
proposed to originate mainly
from (1) differentiation block-
ade of NSCs, (2) dedifferentia-
tion of mature cells, or (3) cell
fusion
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malignant transformation mechanism from NSCs to CSCs
remains unknown. Elucidation of the genes involved in the
mechanism(s) underlying the malignant transformation of
NSCs may provide a novel target for cancer prevention. Many
pathways appear to play central roles in the self-renewal of
somatic stem cells in a variety of tissues and organs and they
seem to be implicated in tumor development [66], including
transforming growth factor-beta signaling [2], the pathways
involving microRNA-181, EpCAM and beta-catenin [67],
and Myc-driven reprogramming of microRNA (miRNA) ex-
pression patterns [68]. Nevertheless, the exact mechanism of
abnormal self-renewal is far from clear.

5.2 The impaired differentiation of CSC origin cells

Aside from abnormal self-renewal as the initial event of
CSC genesis, impaired differentiation is considered to be
the most important factor. On the one hand, some cumula-
tive mutations of genes or miRNAs are vital for impaired
differentiation of NSCs. Consistent with another study [69],
we found that mutation of the Tg737 gene results in a
phenotype in which HNSCs no longer respond to external
differentiation signals and undergo uncontrolled stem cell
proliferation without concomitant differentiation [70]. Alter-
ations in the control of cellular proliferation and differenti-
ation by Tg737 may be important during the genesis of
HCSCs. During the process of CSC genesis, mature miR-
NAs engage in either degradation of target mRNAs or
translational repression [71]. Overall, some miRNAs are
common to both NSCs and CSCs and may be required to
maintain stemness [72]. However, some miRNAs that are
differentially expressed between NSCs and CSCs may con-
tribute to the malignant transformation from NSCs to CSCs.
To further clarify the mechanism of the malignant transfor-
mation from HNSCs to HCSCs, we compared the expres-
sion of several miRNAs between SP cells from hepatic
normal cells (SP-HNCs) and SP cells from hepatic cancer
cells (SP-HHCs) [39]. Similar to the findings from carcino-
mas of the lung [73] and liver [74], our data revealed a
higher frequency of miRNA over-expression than under-
expression in SP-HCCs compared with SP-HNCs. On the
other hand, some mutations of genes or miRNAs are vital
for the dedifferentiation of mature cells to form tumors, such
as GSK-3beta, which regulates NF-kappaB activity in pan-
creatic cancer [60], transforming growth factor-beta, Wnt,
and Hedgehog signals in colorectal cancer [61], and proges-
terone (Pg) in breast cancer [75].

6 The therapeutic strategies targeting CSCs

There are two main reasons why CSCs are resistant to
therapy: first, because CSCs are quiescent they can escape

the damage caused by therapy and second, because they
highly express ABC transporters, they can become re-
sistant to therapy by discharging cytotoxic materials [7].
Therefore, it is tempting to explain all therapeutic fail-
ures by the persistence of CSCs [76]. Consequently, it
has been proposed that targeting CSCs is the only way
to obtain durable cancer treatment responses [77]. More-
over, Dingli and Michor have designed a simple math-
ematical model to demonstrate the importance of
eliminating CSCs [78] (Fig. 4a). Overall, at present
the strategies of eliminating CSCs can mainly be divid-
ed into two types: directly eliminating CSCs by killing
them and indirectly eliminating CSCs after they are
modified to be easily targeted (Fig. 4b).

6.1 Directly eliminating CSCs by killing them

Among all the therapeutic strategies that target CSCs, the
most thorough method may be to directly kill them. To
achieve this aim, we should investigate the following three
approaches. First, find the most effective and specific CSC-
killing drugs. Vinorelbine in combination with parthenolide
can be developed to eradicate CSCs [79]. Second, increase
the sensitivity of CSCs to the above drugs. The reasons why
CSCs become resistant to treatment are the following: CSCs
express high levels of ABC drug transporters, providing a
level of resistance; CSCs are relatively quiescent; CSCs
exhibit higher levels of DNA repair and a reduced ability
to enter apoptosis [80]. These traits need to be taken into
account to develop molecularly targeted strategies to over-
come the therapeutic resistance of CSCs [81]. Third, con-
struct efficient drug carrier delivery systems. Targeted drug
delivery systems (TDDSs) have attracted much attention in
recent years. More and more drug/gene targeted delivery
carriers, such as liposomes, magnetic nanoparticles, ligand-
conjugated nanoparticles, and microbubbles, have been de-
veloped and are under investigation for clinical application
[82]. In addition, knowledge of specific markers for CSCs
may improve the effectiveness of TDDSs. For example,
because CD13 is a marker for semiquiescent HCSCs, com-
bining a CD13 inhibitor with a ROS-inducing chemo-/radi-
ation therapy may improve the treatment of liver cancer
[22]. Furthermore, mesenchymal stem cells (MSCs) are
being used as tools for delivering therapeutic genes and
proteins and as drug vectors to eliminate malignant cells
[83]. MSCs can migrate towards and engraft into tumor
sites, which make them a potential resource for efficient
targeted-delivery vehicles in cancer gene therapy [82, 84].
Engineered with specific anticancer genes, MSCs are capa-
ble of constitutively producing specific anticancer agents
locally [85]. For some cancer types, MSCs have been read-
ily engineered to express anti-proliferative, pro-apoptotic,
and anti-angiogenic agents that specifically target CSCs
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[86]. Through the above three classes of advancements, the
most effective use of targeted molecular therapy drugs may
effectively inhibit or at least retard CSC proliferation [87].

6.2 Indirectly eliminate CSCs by modifying them

6.2.1 The strategies of modifying CSCs

If CSCs cannot be killed directly, they can possibly be mod-
ified to be targeted more easily. The core issue for CSC
genesis lies in impairing the proliferation and differentiation

of primitive cells. Thus, CSCs could be modified in two
main ways: inhibition of their proliferation and/or induction
of their apoptosis, and induction of their proper differentia-
tion. Through these modifications, CSCs may become
normal cells. Early in 2009, Beug, et al. speculated that breast
cancer stem cells reversal to breast somatic stem cells might
offer a new therapy, which could stop the spread of breast
cancer cells. The main strategy was to restore epithelial
polarity [88]. Recently, it has been revealed that modification
of genes by reprogramming factors such as nanog, sox-2, klf-4,
oct-3/4, together with stem cell differentiation stage factors,

Fig. 4 Therapeutic strategies for eradicating CSCs. (a) It is import to target CSCs because this may be the only way to eradicate tumors. (b) There
are two main strategies to eradicate CSCs: (1) directly killing them and (2) indirectly modifying them to kill them later
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might be important. Nevertheless, it is still a very preliminary
investigation and the complexity of this therapy approach
needs further research [89].

Thus far, only a limited number of studies have addressed
the CSC-killing potential of apoptosis-targeted therapies.
Apoptosis resistance may involve inherent cellular mecha-
nisms that may change depending on the differentiation
status of stem cells and, on the other hand, on extrinsic
factors provided by the microenvironment, such as secreted
survival factors, adhesion-mediated apoptosis resistance and
hypoxic conditions [90]. Because the mechanisms of apo-
ptosis resistance of CSCs are not clear, it may be disputed in
relation to the efficacy of apoptosis therapies targeting
CSCs, such as those involving TRAIL, BCL-2 family pro-
teins and XIAP. The second strategy, inducing CSCs to
properly differentiate, also holds promise. Regardless of
the origins of CSCs, the consensus is that CSCs are imma-
ture cells. Thus, CSCs can be induced to differentiate, and as
a result, these cells can be attacked by conventional radia-
tion treatment or chemotherapy [91]. For example, oncosta-
tin m can efficiently activate the differentiation and division
of HCSCs, and the combination of oncostatin m and con-
ventional chemotherapy with 5-FU can efficiently eliminate
HCC by targeting both CSCs and non-CSCs [53].

6.2.2 The mechanisms for modifying CSCs

Regardless of the strategy used to modify CSCs, the targeted
genes, molecules or miRNAs need to be identified, and the
related mechanisms need to be clarified. Epigenetic alter-
ations and mutations of genes or miRNAs involved in signal
transduction may promote the formation of CSCs [92].
Therefore, monoclonal antibodies (mAbs) targeting specific
antigens and related pathways that are altered in CSCs
should facilitate CSC killing [93]. The signaling pathways
active within various CSC types mainly include Nanog,
Nestin, Notch1, Notch2, Oct3, Oct4, Wnt, Hedgehog, alde-
hyde dehydrogenase, epithelial to mesenchymal transition
(EMT), miRNAs, and other epigenetic modifiers. They are
all potential targets for therapeutic manipulation of CSCs
[94]. In addition, the molecular targeting of key cytokine
network axes of CSCs must also be considered, such as stem
cell factor (SCF) and its receptor c-kit (CD117) in lung
CSCs [95]. In our previous study, it was found that silencing
of Tg737 can result in the malignant transformation of
HNSCs [70]. Thus, targeting Tg737 may be an effective
therapy for modifying HCSCs.

6.3 The safety issues of targeting CSCs

Although therapies targeting CSCs have made great prog-
ress, a number of issues must be investigated and resolved
before effective treatments targeting CSCs can enter clinical

testing. First of all, we must avoid eliminating normal cells,
especially NSCs. The biological characteristics shared by
NSCs and CSCs mainly involve their self-renewal and dif-
ferentiation potential, survival ability, niche-specific micro-
environment requirements and specific homing to metastatic
sites [96]. Specifically, pathways that regulate NSC self-
renewal and cell fate, such as ABC transporters, Wnt and
Hedgehog, are also involved in the regulation of CSCs [83].
Thus, the major challenge in targeting CSCs is finding
therapies that largely spare NSCs while eradicating quies-
cent CSCs [97]. Recently, a mathematical model was pub-
lished that predicts how selective a therapy must be to
ensure that enough NSCs survive when CSCs are eradicated
[97]. From a clinical point of view, this model suggests
criteria by which CSC therapy safety can be assessed [97].

7 Conclusions and perspectives

Although CSCs have been isolated by different groups,
there are almost no unanimously recognized CSCs in mul-
tiple solid cancer types. This is because there is no standard
method for isolating CSCs. Putative CSCs are prospectively
isolated using methods based on either physical or immu-
nochemical characteristics. Among these methods, FACS or
MACS based on cell surface markers are the most frequent-
ly used. If there is no marker for a specific type of CSC, they
can also be enriched by efflux of fluorescent dyes, such as
Hoechst and Rho. In addition, CSCs can be separated by
physical methods, such as Percoll based DGC. In some
cases, CSCs may be isolated by different combinations of
the above three methods. After isolation, we strongly sug-
gest to establish a standard identification strategy for certi-
fiying CSCs, which may consist of in vitro assessments
of self-renewal and multipotentiality and in vivo assess-
ments of serial xenotransplantation into NOD/SCID mice.
Next to the stem properties of CSCs, we want to know
their origin. At present, there are four theories about the
cellular origin of CSCs: the maturation arrest theory, the
dedifferentiation theory, the fusion theory, and the multiple
origins theory. It is akin to multiple origins and the molecular
mechanisms underlying these origins may be more important
to clarify. Although the above problems are not completely
resolved, many and varied therapeutic approaches to target
these cells are being evaluated, and some have already entered
clinical trials. The successful CSC therapies mainly concen-
trate on directly eliminating CSCs by killing them or indirectly
eliminating CSCs by modifying them. Because CSCs are
heterogeneous and may originate from distinct cells, the treat-
ment of CSCs must be comprehensive by combining several
strategies. In conclusion, the field of CSCs is still in its
infancy, and the final aim of eliminating CSCs will be far
from straightforward.
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