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Abstract: Chemotherapy is one of the major modalities in treating cancers. However, its
effectiveness is limited by the acquisition of multidrug resistance (MDR). Several
mechanisms could explain the up-regulation of MDR genes/proteins in cancer after
chemotherapy. It is known that cancer stem cells (CSCs) play a role as master regulators.
Therefore, understanding the mechanisms that regulate some traits of CSCs may help
design efficient strategies to overcome chemoresistance. Different CSC phenotypes have
been identified, including those found in some pediatric malignancies. As solid tumors in
children significantly differ from those observed in adults, this review aims at providing an
overview of the mechanistic relationship between MDR and CSCs in common solid
tumors, and, in particular, focuses on clinical as well as experimental evidence of the
relations between CSCs and MDR in neuroblastoma and hepatoblastoma. Finally, some
novel approaches, such as concomitant targeting of multiple key transcription factors
governing the stemness of CSCs, as well as nanoparticle-based approaches will also be
briefly addressed.
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1. Introduction
Chemotherapy is the treatment of choice against a variety of cancers. Its effectiveness is, however,
limited by the acquisition of multidrug resistance (MDR) of cancer cells that become insensitive not
only to the primary cytostatic drug used, but also to other pharmaceutical agents structurally distant to
the cytostatic drugs [1].
Cancer cells may either exhibit a significant primary resistance to chemotherapeutic drugs (intrinsic
resistance), or acquire characteristics of MDR during chemotherapy (acquired resistance). Three major
mechanisms have been proposed to explain MDR in cancer: first, decreased uptake of water-soluble
drugs, such as cisplatin, which requires transporters to enter cells; second, changes in cancer cells that
affect their susceptibility to cytotoxic drugs, including alteration of fundamental cellular processes,
such as cell cycle control, apoptosis, DNA repair and metabolism of drugs; third, increased
energy-dependent efflux of hydrophobic cytotoxic drugs that enter cells by diffusion through the
plasma membrane keeping intracellular concentrations below the cell-killing threshold [1–5]. The
efflux of cellular cytotoxic drugs, which is the mechanism most commonly investigated, is attributed
to the overexpression of a family of energy-dependent multi-drug transporters known as ATP-binding
cassette (ABC) transporter proteins. These trans-membrane proteins use the energy from the hydrolysis
of ATP to actively export drugs from the cell thus avoiding the drug-related toxic effects [1–5].
Malignant tumors are heterogeneous diseases characterized by a broad range of morphological and
functional phenotypes. This heterogeneity can be explained either by the classical stochastic model
based on somatic mutations occurring in all tumor cells within tumor bulk, or by a hierarchical model
according to which only a small subpopulation of cells within tumor bulk leads to tumor initiation,
growth, recurrence and metastasis [6,7]. These cells, called “cancer stem cells” (CSCs), exhibit
characteristics similar to normal stem cells, including self-renewal, differentiation capacity and
tumorigenicity in xenotransplants [8,9].
Nowadays, we know that CSCs may play a role as master regulators not only in the development of
several solid tumors but also during the process of chemoresistance acquisition [10,11]. Therefore, the
comprehension of the mechanisms that regulate some traits of CSCs may help design efficient
strategies to overcome chemoresistance [12,13]. Different CSC phenotypes have been identified in
several adult-type solid tumors [14–16] and, more recently, in some pediatric malignancies [17]. Given
the significant difference in the biology of pediatric and adult tumors, this, in particular, being due to
their different origins, it is of interest to explore the relevance of CSCs in MDR and their potential role
in response to treatment in childhood neoplasia.
This review provides an overview of the current knowledge of the mechanistic relationship between
MDR and CSCs in two common pediatric solid tumors, neuroblastoma and hepatoblastoma, focusing in
particular, on the clinical and experimental evidence of the relationship existing between CSCs and MDR.
2. MDR in Neuroblastoma and Hepatoblastoma
2.1. MDR Concepts and Proteins
The ABC genes represent the largest family of trans-membrane proteins and generally use energy
derived from ATP hydrolysis to drive the transport of different substrates (drugs, drug metabolites,
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and endogenous metabolites) across biological membranes, a process critical for most aspects of
cell biology.
Members of the ABC family are classified according to the sequence and organization of their
ATP-binding domain(s) also known as nucleotide-binding domains (NBD) [18]. In addition to the
Walker A and Walker B motifs that are typical of all ATP-binding proteins, the ATP-binding domains
of ABC transporters contain the so-called “ALSGGQ” signature motif or “C” motif, which has been
directly implicated in the recognition, binding, and hydrolysis of ATP. The functional ABC transporters
typically contain two nucleotide-binding folds and two trans-membrane (TM) domains, expressed
either as one unit or in two separate units. TM domains may contain from 6 to 12 membrane-spanning
alpha helices, which provide the specificity for the substrate. NBDs are located in the cytoplasm and
are supposed to transfer the energy needed to transport the substrate across the membrane.
Most of the known functions of eukaryotes ABC pumps predominantly involve the export of
hydrophobic compounds from the cytoplasm to the outside of the cell or into an extracellular
compartment (endoplasmic reticulum, mitochondria, peroxisome).
In humans, 49 genes encode for ABC family members belonging to seven different subfamilies
designed A through G [18,19]. The normal function of human ABC transporters is to detoxify and
protect the body from cytotoxic compounds, such as endogenous cytotoxic metabolites and drugs.
Tissue distribution of ABC transporters through pharmacological barriers, such as the brush border
membrane of intestinal cells, the biliary canalicular membrane of hepatocytes, the luminal membrane
of proximal tubules of the kidney, and in the epithelium of the blood-brain barrier, reflects their
function. Loss-of-function mutations in some of the ABC genes results in generation of genetic
disorders, such as cystic fibrosis, anemia, a bleeding disorder called Scott syndrome, and a number of
eye and liver diseases [20–22].
The three pumps commonly found to confer MDR in cancers are the ABC protein glycoprotein
P (P-gp), the so-called multidrug resistance-associated protein 1 (MRP1) and the human breast cancer
resistance protein (BCRP). Because of their function and importance, they are the targets of several
anticancer investigations. The structure of these ABC transporters is shown in Figure 1.
P-gp is a 170 kDa glycoprotein encoded by the ABCB1 gene (also termed multidrug resistance
protein 1 (MDR1) gene) [23], which regulates the export of approximately 20 structurally unrelated
anticancer agents from the cell, including paclitaxel, doxorubicin, and vincristine. This protein is
normally expressed in tissues that are strategically located to protect against the passage of
xenobiotics, including the bronchopulmonary epithelium, hepatobiliary epithelium, renal tubular
epithelium, gastrointestinal tract, blood-brain barrier and choroid plexus. Its differential expression in
cells of the hematopoietic system, including antigen-presenting cells, subpopulations of T and B
lymphocytes and natural killer cells, implies diverse physiologic and pharmacologic roles [24]. As
expected, P-gp expression is the highest in tumors derived from tissues that normally express P-gp.
However, in many other tumors, the expression of P-gp is induced by chemotherapy.
MRP1 (also known as ABCC1) is a 190 kDa protein widely expressed in normal tissues with
relatively higher levels in lung, testis, kidney, and peripheral blood mononuclear cells. This transporter
has been found to be up-regulated in a variety of solid tumors, including those of lung, breast, and
prostate [25]. MRP1 expression constitutes a negative prognostic marker for early-stage breast
cancer [26–29] and is predictive of poor response to chemotherapy and dismal survival in non-small
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cell lung carcinoma (NSCLC) and small cell lung carcinoma (SCLC) [30–34]. Its substrate specificity
is broadly similar to that of P-gp, from which it diversifies for the export of organic anions, e.g. drugs
conjugated to glutathione (GSH), glucuronate, or sulphate [35].
Figure 1. Structure of the ABC transporters found to confer multidrug resistance (MDR) in
cancer. (A) Glycoprotein P (P-gp); (B) Multidrug resistance-associated protein 1 (MRP1);
(C) Human breast cancer resistance protein (BCRP).

BCRP, also known as ABCG2, took its name from the multidrug resistant breast cancer cell line
co-selected for doxorubicin and verapamil resistance from which it was isolated. BCRP is a small
protein (70 kDa) consisting of a single NBD and MDS, which is thought to dimerize with another
protein to form a functional transporter. It is capable of transporting doxorubicin, mitoxantrone,
topotecan, methotrexate, and tyrosine kinase inhibitors, among other substances. This transporter is
expressed in a variety of normal tissues with the highest levels found in the placenta, as consistent with
the hypothesis of a protective role for the fetus. BCRP protein has been found overexpressed in several
multi-drug resistant tumors.
Increased expression of MDR-associated genes has been reported in various primary untreated
pediatric tumors, including neuroblastoma and hepatoblastoma [36,37]. These results are obtained by
evaluating expression of MDR genes at mRNA and protein levels by quantitative PCR and
immunohistochemistry. Of note, Oue et al. have confirmed through immunohistochemical analysis
that most of these proteins present a specific pattern of expression in several post-chemotherapy
pediatric solid malignancies [38].
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2.2. Neuroblastoma and MDR
2.2.1. Epidemiology and Characteristics of Neuroblastoma
Neuroblastoma (NB) is a childhood solid tumor that originates from progenitor cells of the sympathetic
nervous system and represents the third leading cause of cancer-related death in children [39,40]. It has
a heterogeneous clinical behavior, ranging from spontaneous regression to rapid progression, which is
associated with several biological and genetic factors, including age at diagnosis, tumor stage,
histology and the presence of genetic and chromosomal abnormalities. The most widely characterized
genetic changes associated with a worse outcome are amplification of the MYCN oncogenic
transcription factor, ploidy, deletion or loss of heterozygosity of loci on 1p36 or 11q23, and
unbalanced gain of distal 17q [39,40].
Despite aggressive treatment, including high dosage of chemotherapy followed by myeloablative
cytotoxic therapy with autologous hematopoietic stem cell transplantation, local radiotherapy and
differentiation therapy with 13-cis-retinoic acid, the clinical outcome of these patients (accounting for
50% of all NBs) still remains poor, with less than 40% long-term remission [39,40]. One of the major
factors that contribute to the chemotherapeutic treatment failure of high-risk NB patients is the
acquisition of drug resistance by tumor cells. MYCN clearly contributes to this phenomenon in NB, as
amplification of this transcription factor is strongly associated with rapid progression and poor
prognosis [41,42].
2.2.2. Clinical/Experimental Evidence of MDR in NB
The first evidence of an association between high levels of MRP1 expression in primary tumors and
amplification and overexpression of MYCN dates back to 1994 [43]. The authors also found that the
treatment of NB cell lines with retinoic acid resulted in coordinated down-regulation of MYCN and
MRP1. Since then, the coordinated expression between these two genes has been confirmed in a larger
number of tissue samples and NB cell lines [44–49]. In a retrospective analysis of 60 primary NB
specimens, increased levels of MRP1 expression were strongly associated with reduced overall
survival and event-free survival and they were found to predict outcome also in patients with MYCN
non-amplified tumors [44]. Further evidences of a role for MRP1 in NB have been provided by another
study that examined expression of MRP1 and P-gp in a cohort of 70 primary untreated tumors [50]. Of
these two proteins, only MRP1 was significantly associated with patient outcome [50]. P-gp, in fact,
appears to have a more limited role in the development of drug resistance in NB [51–55].
Several authors have also provided clear evidences that MRP1 is a direct transcriptional target of
MYCN in NBs [45,56]. Specifically, MYCN regulates the MRP1 gene expression through interaction
with cis-acting factors in the MRP1 promoter. MYCN induction resulted in increased MPR1
expression, which in turn was followed by increased drug resistance and enhanced MRP1-mediated
drug efflux [56], suggesting that MRP1 may be a MYCN target gene involved in the MDR phenotype
of NB. More recently, Henderson et al. demonstrated that MRP1 contributes to the development of NB
in a mouse model [57] and that, in addition to MRP1, other MRP family members contribute to drug
resistance in NB. Specifically, an increased expression of MRP4 (ABCC4) was strongly predictive of
poor clinical outcome in the most aggressive forms of NB. The authors also found a correlation
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between expression of MRP4 and MYCN [58], reflecting a possible common regulatory mechanism.
To confirm this result, a recent study demonstrated that MYCN positively regulates the expression of
both transporters, MRP1 and MRP4 [59]. These findings suggest that MRP1 and MRP4 may facilitate
development of aggressive and therapy-resistant forms of NB.
2.3. Hepatoblastoma and MDR
2.3.1. Epidemiology and Characteristics of Hepatoblastoma
Hepatoblastoma (HB) is the most frequent pediatric liver cancer accounting for 79% of all primary
malignant hepatic tumors in children before age 3 years, with a worldwide incidence rate that is
difficult to evaluate due to important differences across various ethnicities [60].
In a recent consensus statement, the cooperative Children’s Oncology Group (COG) histologically
classified HB in two major types: epithelial and mixed types accounting for 56% and 44% of the cases,
respectively [61]. As HB arises from hepatocellular precursors, it is characterized by a combination of
different phenotypes that resemble the patterns displayed during liver development. In fact, epithelial
and mixed epithelial/mesenchymal types can present several cellular and tissue morphologies. The
epithelial type includes pure fetal, embryonal, macrotrabecular, small-cell undifferentiated and
cholangioblastic subtypes, while mixed type may also contain stromal derivatives (i.e., blastema,
osteoid, skeletal muscle and cartilage) or heterologous components, such as endoderm, neuroectodermal
derivates, and melanin-containing cells, in the teratoid variant. Liver biopsy is crucial for diagnosis and
to design an appropriate interventional strategy, because it permits to stage HB by evaluating the
amount of liver mass involvement and eventually the intra- and extra-hepatic tumor spreading [61].
Although surgical resection is the keystone of treatment for patients with HB, its efficacy strongly
depends on the exact characterization of the tumor. In fact, in some cases, neoadjuvant pre-surgical
chemotherapy is recommended before definitive resection in order to obtain a reduction of tumor size
and/or a clear distinction between the tumor mass and the surrounding liver tissue [62]. Currently, the
International Society of Pediatric Oncology Epithelial Liver Tumor Group (SIOPEL) utilizes a
pre-surgical-based staging system termed PRETEXT, while COG employs a postsurgical-based
staging system and is now evaluating the usefulness of PRETEXT combined with a POSTTEXT
staging system after chemotherapy to determine the optimal treatment strategy [61–63].
2.3.2. Clinical/Experimental Evidence of MDR in HB
Most cases of HB display a good response to pre-surgical neoadjuvant chemotherapy, while some
others, particularly multifocal non-metastatic HB, remain unresectable after chemotherapy due to the
high risk of leaving viable malignant tumor cells. In these latter cases, the only effective treatment is
represented by liver transplantation, which has serious limitations including the scarcity of donors, the
risk of surgical complications, possible organ rejection, and high cost [64]. Therefore, alternative
strategies aimed at enhancing the response to pre-surgical chemotherapy, as well as innovative
cell-based liver-directed therapies, are desirable.
MDR is considered one of the major reasons for poor response to chemotherapy in high-risk and
recurrent HB [37]. Warmmann et al. demonstrated that, in a child with multifocal HB, MDR1 gene
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expression was strongly up-regulated (approximately six times) during the clinical course from pre-surgery
to the second cycle of post-surgery chemotherapy. These results are in agreement with a more recent
study demonstrating that, while P-gp and MRP1 expression is up-regulated, LRP is neo-expressed in
HB after chemotherapy [37,38].
Research studies on the existence and role of MDR in HB frequently used several available in vitro
continuous cell lines and in vivo animal models demonstrating up-regulation of P-gp after standard
chemotherapy with cisplatin and doxorubicin [37,65,66].
Interestingly, in vitro and in vivo modulation of MDR genes/proteins improves the response of HB
to chemotherapy [67,68].
Two possible mechanisms could explain the up-regulation of MDR genes/proteins in HB after
chemotherapy: the first mechanism hypothesizes a regulatory network potentially associated with the
expression of other genes/proteins, while the second assumes an event of clonal selection. Therefore, it
is conceivable that different histological subtypes of HB could display a diverse expression and
response of MDR genes/proteins to chemotherapy. It can be expected that MDR in HB, like in other
pediatric solid malignancies could be associated with presence either of well-differentiated tumor cells
and/or of specific immature cells (like CSCs) [69]. The experimental 3D cell-culture model
recently developed by Eicher et al. could be a good approach to investigate MDR in different cell
sub-populations isolated from primary HB [70].
3. CSCs in NB and HB
3.1. General Concepts and Characteristics of CSCs
The multistep stochastic model for cancer development is based on the nature and number of
successive mutations, while the CSC theory proposes that highly defined populations of cells retain the
capacity to promote tumor growing and spreading [6,7]. Despite the ongoing intense debate on the
existence, the potential origin and functional characteristics of CSCs, there is large agreement on the
fact that these cells are heterogeneous in most cancers and can constantly change during disease
progression. However, a tumor could start in a way that follows the stem cell developmental hierarchy
and further progress with the acquisition of mutations in a way that resembles the clonal evolution
model [13]. Thus, the CSC theory assumes a hierarchical structure in a tumor in which it is not only
considered as the primum movens of cancer, but also as the real engine of its progression.
Hence, to understand the potential role and evolution of CSCs we need a clear definition of
CSCs and information about recognition patterns capable of discriminating them from other cells in
different malignancies.
The American Association for Cancer Research (AACR) in 2006 provided a consensus definition
for CSCs suggesting the minimum descriptors that allow identifying them: “the capacity to self-renew
and to cause the heterogeneous lineages of cancer cells that comprise the tumor” [71]. However,
CSCs are currently defined by four major traits: self-renewing capacity; differentiation capacity;
tumor-initiating capacity, and metastatic potential [13].
These defining requirements can be justified by a combination of CSC theory and a clonal evolution
model. According to this mixed model (Figure 2), during tumor development and progression, a CSC,
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originating from a stem cell under the pressure of mutagenic hits, self-renews by symmetric and
asymmetric division and generates, on the one-hand, tumor-initiating cells (TICs) able to differentiate
and cause tumor formation, and, on the other hand, a progeny of CSCs which retain self-renewing
capacity, while maintaining their pluripotent state and increasing the tumor mass. This last pluripotent
subset of CSCs with its huge proliferative ability could sustain tumor progression and be subjected to
mutation or epigenetic modifications that are responsible for its invasive properties leading to metastasis.
Figure 2. Representative model of cancer stem cells (CSCs)-driven tumorigenesis.

Operationally, specific cell-surface marker profiles have been identified in order to characterize and
investigate both the behavior of CSC subpopulations and the way in which they recapitulate the
cellular heterogeneity of the tumors [72]. Although the CSC marker profile is usually similar in tumors
of the same type, three major markers are expressed across different tissue types: CD133, which stains
proliferative cells in multiple organs, CD44, which is broadly expressed in many tumors, and the
epithelial cell adhesion molecule EpCAM, which is a pan-epithelial marker [13].
As the different phenotypes of CSCs can possibly derive from both embryonic and adult stem cell
pools, as well as from progenitor and differentiated cells, several markers have been described in solid
tumors, including breast, skin, brain, colon, and liver cancers [73,74]. A CD133 positive CSC
subpopulation has been identified in two cancers frequently diagnosed in children, such as
osteosarcoma and rhabdomyosarcoma [75]. CD133 positive CSCs with self-renewal properties were
isolated and identified in osteosarcoma cell lines and in two osteosarcoma tissues, even if the
tumorigenicity of these cells was not evaluated through in vivo xenotransplant assays [76,77].
Walter et al. demonstrated that high expression of CD133 in rhabdomyosarcoma correlated with
survival rate of patients and that the CD133 positive cells isolated from rhabdomyosarcoma cell lines
generated tumors in NOD/SCID mice [78].
In addition to the above-mentioned markers, two other characteristics of CSCs have been exploited
for their identification and isolation: the side-population analysis and the anchorage-independent
sphere formation ability. Side population cells were firstly described during the isolation of
hematopoietic stem cells and then reported in many tumors [71,79]. With the term of side population is
defined a subset of CSCs that expresses ABC transporters and that can be identified by their ability to
rapidly efflux the Hoechst 33342 DNA-binding dye [80]. Although studies indicated that the
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percentage of side population cells change among different tumors, some evidences suggest that
data on side population may be used as prognostic indicator and as test to evaluate efficacy of
chemotherapy [81,82].
The anchorage-independent sphere formation assay was instrumental in the study of adult stem cells
including nerve, prostate, and mammary stem cells [83,84]. Recently, as CSCs have also been
identified based on their ability to form colonies in vitro, this approach has been used to enrich the
potential CSC subpopulations when their specific markers were unknown [85,86]. In this case, isolated
cells can be cultured in serum-free media containing epidermal growth factor and basic fibroblast
growth factor, and the development of spherical colonies is considered indicative of self-renewal
ability and of CSC phenotype.
Despite the fascinating properties of CSCs, the role of these cells in tumorigenesis, as proposed by
CSC theory, is not written in stone and it is still a motif of intense scientific debate. Therefore, the
consistency of CSC theory in different tumor backgrounds requires extreme caution.
3.2. CSC Markers in NB
A subpopulation of stem cells has been identified in certain NB cell lines (I-type NB cell lines)
having a high capacity to form colony and grow in immunodeficient mice [87]. The percentage of CSCs,
defined by expression of the CD133 marker, was more abundant in NB than in ganglioneuroblastoma
and found to correlate with the clinical stage, being higher in tumors with unfavorable rather than in
those with favorable histology. The authors found that patients with CD133-positive tumor cells have
an overall survival shorter than those with CD133-negative tumor cells [88].
Knockdown of CD133 inhibits differentiation of NB cell lines and primary tumor cells [89], as well
as sphere formation, suggesting a role of CD133 in NB cell stemness [90]. As compared to cells
cultured in medium in the presence of serum, the cell forming sphere isolated from highly malignant
NB samples is resistant to doxorubicin, cisplatin, and etoposide. Hansford et al. studied the
tumor-initiating capacity of cells isolated from bone marrow metastasis of NB patients [91]. They
found that these cells formed metastases and grew as spheres in a serum-free medium, contained
chromosomal aberrations typical of NB and were self-renewing [91]. Cournoyer et al. found that
CD133-positive cells isolated from six NB cell lines have gains on 16p13.3, 19p13.3, and 19q13.33
that are on the contrary absent in CD133-negative cells. The authors also found a correlation between
the presence of a gain of 16p13 and expression of CD133 in 26 samples of NB [92].
Similar to other tumors, NB CSCs are sensitive to telomerase inhibition. Because normal tissue
stem cells lack telomerase activity, telomerase inhibition resulted in CSC exhaustion by irreversibly
altering their self-renewal capacity [93]. Some authors identified two compounds (DECA-14 and
rapamycin) that selectively targeted NB CSC, while having little effect on normal stem cells,
preventing NB CSC self-renewal both in vitro and in vivo.
CD133-positive cells from different chemoresistant cancers are enriched in vivo after treatment with
cisplatin, etoposide, doxorubicin, and paclitaxel [94,95]. The NB side population cells expressed high
levels of BCRP and ABCA3 transporter genes and had capacity to expel mitoxantrone, resulting in
better survival of side population cells cultivated with this drug [96]. BCRP transports also
anthracyclines, imatinib, and topoisomerase I and II inhibitors. The CD133-positive cells isolated from
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NB cell lines are more resistant to cisplatin, carboplatin, etoposide, and doxorubicin than the
CD133-negative ones [97].
3.3. CSC Markers in HB
Although HB is a malignant embryonal tumor of the liver, characterized by a distinct morphological
pattern reminiscent of hepatoblasts, only few studies reported the presence of CSC traits in this
tumor [98–102]. Expression of EpCAM was found in all tumor-resident epithelial cells of 70%–80%
of cases of HB [98,99]. Accordingly, immunohistochemical analysis of 61 hepatoblastomas reported
that EpCAM expression was found in 83.6% of cases [100]. More, recently, Armeanu-Ebinge et al.
investigated EpCAM as a target for immunotherapy in two HB cell lines, HUH6 and HepT1 [101]. In
this study, the authors found that EpCAM was constantly expressed on cultured HB cell lines,
independently of cisplatin-based chemotherapeutic treatment and demonstrated that exposure of γδ T
cells to EpCAM-specific monoclonal antibodies strongly increased lysis and reduced viability of
cancer cells.
Akita et al. demonstrated by atmospheric scanning electron microscope that HUH6 cells exhibited
CD133 positivity preferentially in membrane ruffles [102]. Next, electron microscopy revealed that
CD133 protein was associated to a complex structure comprising filopodia and the leading edge of
lamellipodia and co-localized with F-actin. Furthermore, as an antibody against CD133 decreased
migration of HUH6 cells, the authors suggested that this protein could play a role in tumor invasion
and metastasis. Interestingly, also Hep293TT, derived from a 5-year-old child with an aggressive HB
with features of transitional cell liver tumor, expressed CD133, the positivity being reduced by
treatment with bortezomib and sorafenib [103].
Additional histochemical analyses demonstrated that HB exhibits different types of stem cells that
could play a specific role during CSC-dependent tumorigenesis [104,105]. The expression of these
stem cell markers and molecular signatures divide HB in two classes: poorly-differentiated types,
which express fewer stem cell markers, and well-differentiated types that contrarily exhibit positivity
for most of these proteins and are less aggressive [104]. Lingala et al. found that only HB encapsulated
by connective tissue displayed CD90, CD44 and CD133 positivity, while the liver tissue surrounding
the neoplasm was completely negative for all of these proteins [105].
Immunohistochemical positivity to OV6 and OV1 antibodies, which recognize antigens associated
with hepatic stem oval cells, was also found in HB [106]. However, since other authors reported the
absence of an oval cell phenotype in HB, the role of these CSC markers in the histogenesis of HB is
still unclear [107]. OV6-positive cells showed a characteristic co-expression with other CSC markers
including CD90 and CD34 in hepatocellular carcinoma [108]. Interestingly, Fiegel et al. demonstrated
by immunohistochemical analysis that these two markers were also expressed in tissue samples from
HB [109].
The possible existence of CSCs in HB was also confirmed by two in vivo studies on mice [110,111].
The first study demonstrated that single cell cultures of Huh6 cells were able to generate spontaneously
germ cell-like cells and embryo-like derivatives that induce tumor formation in xenotransplant [110].
The second study demonstrated that a side population from a human HB cell line was able to form
tumors in mice whereas tumor formation was not observed in the non-side population cells [111].
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Finally, a recent study demonstrated the existence of oncogene-specific formation of chemoresistant
murine hepatic cancer stem cells [112]. In this study, the authors found an increased expression of
MDR1 in the enriched side population CSCs that was able to explain in a mouse model of HB their
functional chemoresistance against paclitaxel and doxorubicin.
4. Association between CSCs and MDR and Its Diagnostic Significance
The development of drug resistance remains a fundamental problem to be overcome in the cure of
cancer. In fact, current chemotherapeutic agents are effective against the CSCs, but in several cancers a
residual pool of this subset of cells remains, determining recurrence of disease [69,113]. CSCs that
survive after chemotherapy gave rise to a population of chemoresistant cells able to sustain the growth
of a more aggressive and potentially metastatic tumor. Therefore, as defined by Cordon-Cardo,
chemoresistant CSCs could be considered the Achilles’ heel of cancer [114].
Several mechanisms could explain the genesis of CSC chemoresistance including resistance to
DNA damage and apoptosis, and the ability to make epithelial to mesenchymal transition [10].
However, usually, cancers that recur after an initial response to chemotherapeutic agents become
resistant to these and other drugs, because of the phenomenon of MDR. In fact, among the several
protective mechanisms for CSCs, ABC protein overexpression is probably the most important one.
Figure 3. Models to explain drug resistance in CSCs. (A) Original drug resistance model;
(B) Acquired drug resistance model.

Two models, have been proposed to explain the origin of CSC MDR in tumors with an elevated
ability to survive conventional chemotherapeutic regimens (Figure 3). The first model proposes that
after exposure to the chemotherapeutic agent, only the CSCs expressing ABC transporters are able to
repopulate the tumor by asymmetrical cell division with newly-formed CSCs and/or differentiated
progenitor cells. The second acquired model suggests that after chemotherapy, only CSCs survive and,
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those that acquire drug resistance under the pressure of mutations, originate new and more aggressive
drug-resistant cell phenotypes.
A further complication of the complex interactions between CSCs and MDR is represented by the
pressure of the niche microenvironments that, as in the case of the stochastic model of cancer, may play
a major role in determining maintenance, flexibility, and chemoresistant properties of these cells [115].
Although there is evidence for both models, more research effort is required to confirm CSC theory
and to fully appreciate the complexity of mechanisms regulating properties and functions of CSCs, and
particularly to crack codes to decipher their links to MDR in pediatric tumors.
5. Future Perspective and Conclusions
Although several questions remain open about CSC theory, there is mounting evidence that
chemoresistant CSCs can be considered the Achilles’ heel of cancer. Among the several protective
mechanisms for CSCs, ABC protein overexpression is probably the most important.
Currently, there are ongoing efforts to exploit the efficacy of concomitant targeting of multiple key
transcription factors governing the stemness of CSCs in suppressing CSC-like phenotypes. Targeting the
key genes conferring stemness to CSCs can efficiently eliminate CSC-like phenotypes, and thus may
be considered to provide a new approach to cancer therapy [106]. It is foreseeable that the combination
of multiple targeting as a potential anti-cancer agent will be further studied in this direction.
Moreover, nanoparticle-based approaches have been investigated to overcome efflux-mediated
resistance, including the formulation of excipients that inhibit transporter activity and co-delivery of an
anticancer drug with a specific inhibitor of transporter function or expression. There is ongoing
improvement in the intra-tumoral distribution of nanoparticles by adjunct therapies, which may be vital
to the successful application of nanotechnology to overcome tumor drug resistance [107].
Acknowledgments
This manuscript was produced also thanks to grants MFAG 12936 and IG 1506 from Associazione
Italiana per la Ricerca sul Cancro (AIRC, Milan, Italy) to Anna Alisi and Doriana Fruci, respectively,
and the special grant 5 × 1000 AIRC to Franco Locatelli.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.

Gottesman, M.M. Mechanisms of cancer drug resistance. Annu. Rev. Med. 2002, 53, 615–627.
Gatti, L.; Zunino, F. Overview of tumor cell chemoresistance mechanisms. Methods Mol. Med.
2005, 111, 127–148.
Wilson, T.R.; Longley, D.B.; Johnston, P.G. Chemoresistance in solid tumours. Ann. Oncol.
2006, 17, x315–x324.
Ullah, M.F. Cancer multidrug resistance (MDR): A major impediment to effective
chemotherapy. Asian Pac. J. Cancer Prev. 2008, 9, 1–6.

Int. J. Mol. Sci. 2013, 14
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

22.
23.
24.
25.

24718

Fletcher, J.I.; Haber, M.; Henderson, M.J.; Norris, M.D. ABC transporters in cancer: More than
just drug efflux pumps. Nat. Rev. Cancer 2010, 10, 147–156.
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674.
Greaves, M.; Maley, C.C.; Visvader, J.E. Cells of origin in cancer. Nature 2011, 469, 314–322.
Magee, J.A.; Piskounova, E.; Morrison, S.J. Cancer stem cells: Impact, heterogeneity, and
uncertainty. Cancer Cell 2012, 21, 283–296.
Baiocchi, M.; Biffoni, M.; Ricci-Vitiani, L.; Pilozzi, E.; De Maria, R. New models for cancer
research: Human cancer stem cell xenografts. Curr. Opin. Pharmacol. 2010, 10, 380–384.
Abdullah, L.N.; Chow, E.K. Mechanisms of chemoresistance in cancer stem cells. Clin. Transl.
Med. 2013, 2, 3.
Moitra, K.; Lou, H.; Dean, M. Multidrug efflux pumps and cancer stem cells: Insights into
multidrug resistance and therapeutic development. Clin. Pharmacol. Ther. 2011, 89, 491–502.
Vermeulen, L.; de Sousa e Melo, F.; Richel, D.J.; Medema, J.P. The developing cancer stem-cell
model: Clinical challenges and opportunities. Lancet Oncol. 2012, 13, e83–e89.
Clevers, H. The cancer stem cell: Premises, promises and challenges. Nat. Med. 2011, 17, 313–339.
O’Brien, C.A.; Pollett, A.; Gallinger, S.; Dick, J.E. A human colon cancer cell capable of
initiating tumour growth in immunodeficient mice. Nature 2007, 445, 106–110.
Reddy, E.P. Liver stem cells and hepatocellular carcinoma. Hepatology 2009, 49, 318–329.
Jiang, W.; Peng, J.; Zhang, Y.; Cho, W.C.; Jin, K. The implications of cancer stem cells for
cancer therapy. Int. J. Mol. Sci. 2012, 13, 16636–16657.
Friedman, G.K.; Gillespie, G.Y. Cancer Stem Cells and Pediatric Solid Tumors. Cancers 2011,
3, 298–318.
Dean, M.; Rzhetsky, A.; Allikmets, R. The human ATP-binding cassette (ABC) transporter
superfamily. Genome Res. 2001, 11, 1156–1166.
Nutrition, Metabolism & Genomics Group. Available online: http://nutrigene.4t.com/humanabc.htm
(accessed on 10 October 2013).
Albrecht, C.; McVey, J.H.; Elliott, J.I.; Sardini, A.; Kasza, I.; Mumford, A.D.; Naoumova, R.P.;
Tuddenham, E.G.; Szabo, K.; Higgins, C.F. A novel missense mutation in ABCA1 results in
altered protein trafficking and reduced phosphatidylserine translocation in a patient with Scott
syndrome. Blood 2005, 106, 542–549.
Martí
nez-Mir, A.; Paloma, E.; Allikmets, R.; Ayuso, C.; del Rio, T.; Dean, M.; Vilageliu, L.;
Gonzàlez-Duarte, R.; Balcells, S. Retinitis pigmentosa caused by a homozygous mutation in the
Stargardt disease gene ABCR. Nat. Genet. 1998, 18, 11–12.
Jacquemin, E. Progressive familial intrahepatic cholestasis. Genetic basis and treatment.
Clin. Liver Dis. 2000, 4, 753–763.
Dean, M.; Allikmets, R. Complete characterization of the human ABC gene family. J. Bioenerg.
Biomembr. 2001, 33, 475–479.
Pendse, S.S.; Briscoe, D.M.; Frank, M.H. P-glycoprotein and alloimmune T-cell activation.
Clin. Appl. Immunol. Rev. 2003, 4, 3–14.
Hipfner, D.R.; Deeley, R.G.; Cole, S.P. Structural, mechanistic and clinical aspects of MRP1.
Biochim. Biophys. Acta 1999, 1461, 359–376.

Int. J. Mol. Sci. 2013, 14
26.

27.

28.
29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

24719

Kartenbeck, J.; Leuschner, U.; Mayer, R.; Keppler, D. Absence of the canalicular isoform of the
MRP gene-encoded conjugate export pump from the hepatocytes in Dubin-Johnson syndrome.
Hepatology 1996, 23, 1061–1066.
Nooter, K.; Brutel de la Riviere, G.; Look, M.P.; van Wingerden, K.E.; Henzen-Logmans, S.C.;
Scheper, R.J.; Flens, M.J.; Klijn, J.G.; Stoter, G.; Foekens, J.A. The prognostic significance of
expression of the multidrug resistance-associated protein (MRP) in primary breast cancer.
Br. J. Cancer 1997, 76, 486–493.
Nooter, K.; de la Riviere, G.B.; Klijn, J.; Stoter, G.; Foekens, J. Multidrug resistance protein in
recurrent breast cancer. Lancet 1997, 349, 1885–1886.
Rudas, M.; Filipits, M.; Taucher, S.; Stranzl, T.; Steger, G.G.; Jakesz, R.; Pirker, R.; Pohl, G.
Expression of MRP1, LRP and Pgp in breast carcinoma patients treated with preoperative
chemotherapy. Breast Cancer Res. Treat. 2003, 81, 149–157.
Berger, W.; Setinek, U.; Hollaus, P.; Zidek, T.; Steiner, E.; Elbling, L.; Cantonati, H.; Attems, J.;
Gsur, A.; Micksche, M. Multidrug resistance markers P-glycoprotein, multidrug resistance
protein 1, and lung resistance protein in non-small cell lung cancer: Prognostic implications.
J. Cancer Res. Clin. Oncol. 2005, 131, 355–363.
Ota, E.; Abe, Y.; Oshika, Y.; Ozeki, Y.; Iwasaki, M.; Inoue, H.; Yamazaki, H.; Ueyama, Y.;
Takagi, K.; Ogata, T.; et al. Expression of the multidrug resistance-associated protein (MRP)
gene in non-small-cell lung cancer. Br. J. Cancer. 1995, 72, 550–554.
Hsia, T.C.; Lin, C.C.; Wang, J.J.; Ho, S.T.; Kao, A. Relationship between chemotherapy
response of small cell lung cancer and P-glycoprotein or multidrug resistance-related protein
expression. Lung 2002, 180, 173–179.
Oshika, Y.; Nakamura, M.; Tokunaga, T.; Fukushima, Y.; Abe, Y.; Ozeki, Y.; Yamazaki, H.;
Tamaoki, N.; Ueyama, Y. Multidrug resistance-associated protein and mutant p53 protein
expression in non-small cell lung cancer. Mod. Pathol. 1998, 11, 1059–1063.
Kuo, T.H.; Liu, F.Y.; Chuang, C.Y.; Wu, H.S.; Wang, J.J.; Kao, A. To predict response
chemotherapy using technetium-99m tetrofosmin chest images in patients with untreated small
cell lung cancer and compare with p-glycoprotein, multidrug resistance related protein-1, and
lung resistance-related protein expression. Nucl. Med. Biol. 2003, 30, 627–632.
Deeley, R.G., Cole, S.P. Substrate recognition and transport by multidrug resistance protein 1
(ABCC1). FEBS Lett. 2006, 580, 1103–1111.
Norris, M.D.; Bordow, S.B.; Marshall, G.M.; Haber, M. Expression of the gene for
multidrug-resistance–associated protein and outcome in patients with neuroblastoma. N. Engl.
J. Med. 1996, 334, 231–238.
Warmann, S.; Hunger, M.; Teichmann, B.; Flemming, P.; Gratz, K.F.; Fuchs, J. The role of the
MDR1 gene in the development of multidrug resistance in human hepatoblastoma: Clinical
course and in vivo model. Cancer 2002, 95, 1795–1801.
Oue, T.; Yoneda, A.; Uehara, S.; Yamanaka, H.; Fukuzawa, M. Increased expression of
multidrug resistance-associated genes after chemotherapy in pediatric solid malignancies.
J. Pediatr. Surg. 2009, 44, 377–380.
Maris, J.M. Recent advances in neuroblastoma. N. Engl. J. Med. 2010, 362, 2202–2211.

Int. J. Mol. Sci. 2013, 14
40.
41.

42.

43.

44.

45.

46.

47.

48.
49.

50.
51.

52.
53.

24720

Cheung, N.K.; Dyer, M.A. Neuroblastoma: Developmental biology, cancer genomics and
immunotherapy. Nat. Rev. Cancer 2013, 13, 397–411.
Brodeur, G.M.; Seeger, R.C.; Schwab, M.; Varmus, H.E.; Bishop, J.M. Amplification of N-myc
in untreated human neuroblastomas correlates with advanced disease stage. Science 1984, 224,
1121–1124.
Seeger, R.C.; Brodeur, G.M.; Sather, H.; Dalton, A.; Siegel, S.E.; Wong, K.Y.; Hammond, D.
Association of multiple copies of the N-myc oncogene with rapid progression of neuroblastomas.
N. Engl. J. Med. 1985, 313, 1111–1116.
Bordow, S.B.; Haber, M.; Madafiglio, J.; Cheung, B.; Marshall, G.M.; Norris, M.D.
Expression of the multidrug resistance-associated protein (MRP) gene correlates with
amplification and overexpression of the N-myc oncogene in childhood neuroblastoma. Cancer
Res. 1994, 54, 5036–5040.
Norris, M.D.; Bordow, S.B.; Haber, P.S.; Marshall, G.M.; Kavallaris, M.; Madafiglio, J.;
Cohn, S.L.; Salwen, H.; Schmidt, M.L.; Hipfner, D.R.; et al. Evidence that the MYCN oncogene
regulates MRP gene expression in neuroblastoma. Eur. J. Cancer 1997, 33, 1911–1916.
Haber, M.; Bordow, S.B.; Gilbert, J.; Madafiglio, J.; Kavallaris, M.; Marshall, G.M.;
Mechetner, E.B.; Fruehauf, J.P.; Tee, L.; Cohn, S.L.; et al. Altered expression of the MYCN
oncogene modulates MRP gene expression and response to cytotoxic drugs in neuroblastoma
cells. Oncogene 1999, 18, 2777–2782.
Bader, P.; Schilling, F.; Schlaud, M.; Girgert, R.; Handgretinger, R.; Klingebiel, T.; Treuner, J.;
Liu, C.; Niethammer, D.; Beck, J.F. Expression analysis of multidrug resistance associated genes
in neuroblastomas. Oncol. Rep. 1999, 6, 1143–1146.
Burkhart, C.A.; Cheng, A.J.; Madafiglio, J.; Kavallaris, M.; Mili, M.; Marshall, G.M.;
Weiss, W.A.; Khachigian, L.M.; Norris, M.D.; Haber, M. Effects of MYCN antisense
oligonucleotide administration on tumorigenesis in a murine model of neuroblastoma.
J. Natl. Cancer Inst. 2003, 95, 1394–1403.
Pajic, M.; Norris, M.D.; Cohn, S.L.; Haber, M. The role of the multidrug resistance-associated
protein 1 gene in neuroblastoma biology and clinical outcome. Cancer Lett. 2005, 228, 241–246.
Matsunaga, T.; Shirasawa, H.; Hishiki, T.; Enomoto, H.; Kouchi, K.; Ohtsuka, Y.; Iwai, J.;
Yoshida, H.; Tanabe, M.; Kobayashi, S, et al. Expression of MRP and cMOAT in childhood
neuroblastomas and malignant liver tumors and its relevance to clinical behavior. Jpn. J. Cancer
Res. 1998, 89, 1276–1283.
Lu, Q.J.; Dong, F.; Zhang, J.H.; Li, X.H.; Ma, Y.; Jiang, W.G. Expression of multidrug
resistance-related markers in primary neuroblastoma. Chin. Med. J. (Engl.). 2004, 117, 1358–1363.
Haber, M.; Bordow, S.B.; Haber, P.S.; Marshall, G.M.; Stewart, B.W.; Norris, M.D.
The prognostic value of MDR1 gene expression in primary untreated neuroblastoma.
Eur. J. Cancer. 1997, 33, 2031–2036.
Bourhis, J.; Bénard, J.; Hartmann, O.; Boccon-Gibod, L.; Lemerle, J.; Riou, G. Correlation of MDR1
gene expression with chemotherapy in neuroblastoma. J. Natl. Cancer Inst. 1989, 81, 1401–1405.
Nakagawara, A.; Kadomatsu, K.; Sato, S.; Kohno, K.; Takano, H.; Akazawa, K.; Nose, Y.;
Kuwano, M. Inverse correlation between expression of multidrug resistance gene and N-myc
oncogene in human neuroblastomas. Cancer Res. 1990, 50, 3043–3047.

Int. J. Mol. Sci. 2013, 14
54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.
65.

24721

Favrot, M.; Combaret, V.; Goillot, E.; Wagner, J.P.; Bouffet, E.; Mazingue, F.; Thyss, A.;
Bordigoni, P.; Delsol, G.; Bailly, C.; et al. Expression of P-glycoprotein restricted to normal cells
in neuroblastoma biopsies. Br. J. Cancer 1991, 64, 233–238.
Chan, H.S.; Haddad, G.; Thorner, P.S.; DeBoer, G.; Lin, Y.P.; Ondrusek, N.; Yeger, H.; Ling, V.
P-glycoprotein expression as a predictor of the outcome of therapy for neuroblastoma. N. Engl.
J. Med. 1991, 325, 1608–1614.
Manohar, C.F.; Bray, J.A.; Salwen, H.R.; Madafiglio, J.; Cheng, A.; Flemming, C.;
Marshall, G.M.; Norris, M.D.; Haber, M.; Cohn, S.L. MYCN-mediated regulation of the MRP1
promoter in human neuroblastoma. Oncogene 2004, 23, 753–762.
Henderson, M.J.; Haber, M.; Porro, A.; Munoz, M.A.; Iraci, N.; Xue, C.; Murray, J.;
Flemming, C.L.; Smith, J.; Fletcher, J.I.; et al. ABCC multidrug transporters in childhood
neuroblastoma: Clinical and biological effects independent of cytotoxic drug efflux. J. Natl.
Cancer Inst. 2011, 103, 1236–1251.
Norris, M.D.; Smith, J.; Tanabe, K.; Tobin, P.; Flemming, C.; Scheffer, G.L.; Wielinga, P.;
Cohn, S.L.; London, W.B.; Marshall, G.M.; et al. Expression of multidrug transporter
MRP4/ABCC4 is a marker of poor prognosis in neuroblastoma and confers resistance to
irinotecan in vitro. Mol. Cancer Ther. 2005, 4, 547–553.
Porro, A.; Haber, M.; Diolaiti, D.; Iraci, N.; Henderson, M.; Gherardi, S.; Valli, E.; Munoz, M.A.;
Xue, C.; Flemming, C.; et al. Direct and coordinate regulation of ATP-binding cassette
transporter genes by Myc factors generates specific transcription signatures that significantly
affect the chemoresistance phenotype of cancer cells. J. Biol. Chem. 2010, 285, 19532–19543.
Spector, L.G.; Birch, J. The epidemiology of hepatoblastoma. Pediatr. Blood Cancer 2012, 59,
776–779.
López-Terrada, D.; Alaggio, R.; de Dávila, M.T.; Czauderna, P.; Hiyama, E.; Katzenstein, H.;
Leuschner, I.; Malogolowkin, M.; Meyers, R.; Ranganathan, S.; et al. Towards an international
pediatric liver tumor consensus classification: Proceedings of the Los Angeles COG liver tumors
symposium. Mod. Pathol. 2013, doi:10.1038/modpathol.2013.80.
Czauderna, P.; Otte, J.B., Aronson, D.C.; Gauthier, F.; Mackinlay, G.; Roebuck, D.; Plaschkes, J.;
Perilongo, G. Childhood Liver Tumour Strategy Group of the International Society of Paediatric
Oncology (SIOPEL). Guidelines for surgical treatment of hepatoblastoma in the modern era:
Recommendations from the childhood liver tumour strategy group of the international society of
paediatric oncology (SIOPEL). Eur. J. Cancer 2005, 41, 1031–1036.
National Cancer Institute at the National Institutes of Health. Available online:
http://www.cancer.gov/clinicaltrials/search/view?version=healthprofessional&cdrid=654889
(accessed on 8 October 2013).
Wiederkehr, J.C.; Coelho, I.M.; Avilla, S.G.; Wiederkehr, B.A.; Wiederkehr, H.A. Liver Tumors
in Infancy. In Hepatic Surgery; InTech: Rijeka, Croatia, 2013; Chapter 18, doi:10.5772/51764.
Minemura, M.; Tanimura, H.; Tabor, E. Overexpression of multidrug resistance genes MDR1
and cMOAT in human hepatocellular carcinoma and hepatoblastoma cell lines. Int. J. Oncol.
1999, 15, 559–563.

Int. J. Mol. Sci. 2013, 14
66.

67.

68.

69.
70.
71.

72.
73.
74.

75.
76.

77.

78.

79.

80.

24722

Bader, P.; Fuchs, J.; Wenderoth, M.; von Schweinitz, D.; Niethammer, D.; Beck, J.F.
Altered expression of resistance associated genes in hepatoblastoma xenografts incorporated in
mice following treatment with doxorubicin or cisplatin. Anticancer Res. 1998, 18, 3127–3132.
Warmann, S.; Göhring, G.; Teichmann, B.; Geerlings, H.; Pietsch, T.; Fuchs, J. P-glycoprotein
modulation improves in vitro chemosensitivity in malignant pediatric liver tumors. Anticancer
Res. 2003, 23, 4607–4611.
Warmann, S.W.; Heitmann, H.; Teichmann, B.; Gratz, K.F.; Ruck, P.; Hunger, M.; Fuchs, J.
Effects of P-glycoprotein modulation on the chemotherapy of xenotransplanted human
hepatoblastoma. Pediatr. Hematol. Oncol. 2005, 22, 373–386.
Dean, M.; Fojo, T.; Bates, S. Tumour stem cells and drug resistance. Nat. Rev. Cancer 2005, 5,
275–284.
Eicher, C.; Dewerth, A.; Kirchner, B.; Warmann, S.W.; Fuchs, J.; Armeanu-Ebinger, S.
Development of a drug resistance model for hepatoblastoma. Int. J. Oncol. 2011, 38, 447–454.
Clarke, M.F.; Dick, J.E.; Dirks, P.B.; Eaves, C.J.; Jamieson, C.H.; Jones, D.L.; Visvader, J.;
Weissman, I.L.; Wahl, G.M. Cancer stem cells—Perspectives on current status and future
directions: AACR Workshop on cancer stem cells. Cancer Res. 2006, 66, 9339–9344.
Gires, O. Lessons from common markers of tumor-initiating cells in solid cancers. Cell. Mol.
Life Sci. 2011, 68, 4009–4022.
Visvader, J.E.; Lindeman, G.J. Cancer stem cells in solid tumours: Accumulating evidence and
unresolved questions. Nat. Rev. Cancer 2008, 8, 755–768.
Tirino, V.; Desiderio, V.; Paino, F.; De Rosa, A.; Papaccio, F.; La Noce, M.; Laino, L.;
de Francesco, F.; Papaccio, G. Cancer stem cells in solid tumors: An overview and new
approaches for their isolation and characterization. FASEB J. 2013, 27, 13–24.
Dela Cruz, F.S. Cancer stem cells in pediatric sarcomas. Front. Oncol. 2013, 3, 168.
Tirino V.; Desiderio V.; D’Aquino R.; De Francesco, F.; Pirozzi, G.; Graziano, A.; Galderisi, U.;
Cavaliere, C.; De Rosa, A.; Papaccio, G.; Giordano, A. Detection and characterization of
CD133+ cancer stem cells in human solid tumours. PLoS One 2008, 3, e3469.
Tirino V.; Desiderio V.; Paino F.; De Rosa A.; Papaccio F.; Fazioli F.; Pirozzi, G.; Papaccio, G.
Human primary bone sarcomas contain CD133+ cancer stem cells displaying high
tumorigenicity in vivo. FASEB J. 2011, 25, 2022–2030.
Walter D.; Satheesha S.; Albrecht P.; Bornhauser, B.C.; D’Alessandro, V.; Oesch, S.M.;
Rehrauer, H.; Leuschner, I.; Koscielniak, E.; Gengler, C.; et al. CD133 positive embryonal
rhabdomyosarcoma stem-like cell population is enriched in rhabdospheres. PLoS One 2011,
6, e19506.
Goodell, M.A.; Rosenzweig, M.; Kim, H.; Marks, D.F.; DeMaria, M.; Paradis, G.; Grupp, S.A.;
Sieff, C.A.; Mulligan, R.C.; Johnson, R.P. Dye efflux studies suggest that hematopoietic stem
cells expressing low or undetectable levels of CD34 antigen exist in multiple species. Nat. Med.
1997, 3, 1337–1345.
Sales-Pardo, I.; Avendaño, A.; Martinez-Muñoz, V.; García-Escarp, M.; Celis, R.; Whittle, P.;
Barquinero, J.; Domingo, J.C.; Marin, P.; Petriz, J. Flow cytometry of the side population: Tips
and tricks. Cell. Oncol. 2006, 28, 37–53.

Int. J. Mol. Sci. 2013, 14
81.
82.
83.

84.

85.

86.
87.

88.

89.

90.
91.

92.

93.

94.

95.

24723

Hosonuma, S.; Kobayashi, Y.; Kojo, S.; Wada, H.; Seino, K.; Kiguchi, K.; Ishizuka, B.
Clinical significance of side population in ovarian cancer cells. Hum. Cell. 2011, 24, 9–12.
Newton, T.C.; Wolcott, K.; Roberts, S.S. Comparison of the side populations in pretreatment and
postrelapse neuroblastoma cell lines. Transl. Oncol. 2010, 3, 246–251.
Bez, A.; Corsini, E.; Curti, D.; Biggiogera, M.; Colombo, A.; Nicosia, R.F.; Pagano, S.F.;
Parati, E.A. Neurosphere and neurosphere-forming cells: Morphological and ultrastructural
characterization. Brain Res. 2003, 993, 18–29.
Coulon, A.; Flahaut, M.; Mühlethaler-Mottet, A.; Meier, R.; Liberman, J.; Balmas-Bourloud, K.;
Nardou, K.; Yan, P.; Tercier, S.; Joseph, J.M.; et al. Functional sphere profiling reveals the
complexity of neuroblastoma tumor-initiating cell model. Neoplasia 2011, 13, 991–1004.
Gibbs, C.P.; Kukekov, V.G.; Reith, J.D.; Tchigrinova, O.; Suslov, O.N.; Scott, E.W.;
Ghivizzani, S.C.; Ignatova, T.N.; Steindler, D.A. Stem-like cells in bone sarcomas: Implications
for tumorigenesis. Neoplasia 2005, 7, 967–976.
Singh, S.K.; Clarke, I.D.; Terasaki, M.; Bonn, V.E.; Hawkins, C.; Squire, J.; Dirks, P.
Identification of a cancer stem cell in human brain tumors. Cancer Res. 2003, 63, 5821–5828.
Walton, J.D.; Kattan, D.R.; Thomas, S.K.; Spengler, B.A.; Guo, H.F.; Biedler, J.L.;
Cheung, N.K.; Ross, R.A. Characteristics of stem cells from human neuroblastoma cell lines and
in tumors. Neoplasia 2004, 6, 838–845.
Tong, Q.S.; Zheng, L.D.; Tang, S.T.; Ruan, Q.L.; Liu, Y.; Li, S.W.; Jiang, G.S.; Cai, J.B.
Expression and clinical significance of stem cell marker CD133 in human neuroblastoma.
World J. Pediatr. 2008, 4, 58–62.
Takenobu, H.; Shimozato, O.; Nakamura, T.; Ochiai, H.; Yamaguchi, Y.; Ohira, M.;
Nakagawara, A.; Kamijo, T. CD133 suppresses neuroblastoma cell differentiation via signal
pathway modification. Oncogene 2011, 30, 97–105.
Kamijo, T.; Nakagawara, A. Molecular and genetic bases of neuroblastoma. Int. J. Clin. Oncol.
2012, 17, 190–195.
Hansford, L.M.; McKee, A.E.; Zhang, L.; George, R.E.; Gerstle, J.T.; Thorner, P.S.; Smith, K.M.;
Look, A.T.; Yeger, H.; Miller, F.D.; et al. Neuroblastoma cells isolated from bone marrow
metastases contain a naturally enriched tumor-initiating cell. Cancer Res. 2007, 67, 11234–11243.
Cournoyer, S.; Nyalendo, C.; Addioui, A.; Belounis, A.; Beaunoyer, M.; Aumont, A.; Teira, P.;
Duval, M.; Fernandes, K.; Fetni, R.; et al. Genotype analysis of tumor initiating cells expressing
CD133 in neuroblastoma. Genes Chromosomes Cancer 2012, 51, 792–804.
Castelo-Branco, P.; Zhang, C.; Lipman, T.; Fujitani, M.; Hansford, L.; Clarke, I.; Harley, C.B.;
Tressler, R.; Malkin, D.; Walker, E.; et al. Neural tumor-initiating cells have distinct telomere
maintenance and can be safely targeted for telomerase inhibition. Clin. Cancer Res. 2011, 17,
111–121.
Wan, F.; Zhang, S.; Xie, R.; Gao, B.; Campos, B.; Herold-Mende, C.; Lei, T. The utility and
limitations of neurosphere assay, CD133 immunophenotyping and side population assay in
glioma stem cell research. Brain Pathol. 2010, 20, 877–889.
Chen, Y.C.; Hsu, H.S.; Chen, Y.W.; Tsai, T.H.; How, C.K.; Wang, C.Y.; Hung, S.C.;
Chang, Y.L.; Tsai, M.L.; Lee, Y.Y.; et al. Oct-4 expression maintained cancer stem-like
properties in lung cancer-derived CD133-positive cells. PLoS One 2008, 3, e2637.

Int. J. Mol. Sci. 2013, 14
96.

97.
98.
99.
100.

101.
102.

103.

104.

105.

106.

107.
108.
109.
110.

111.

24724

Hirschmann-Jax, C.; Foster, A.E.; Wulf, G.G.; Goodell, M.A.; Brenner, M.K. A distinct
“side population” of cells in human tumor cells: Implications for tumor biology and therapy.
Cell Cycle 2005, 4, 203–205.
Vangipuram, S.D.; Wang, Z.J.; Lyman, W.D. Resistance of stem-like cells from neuroblastoma
cell lines to commonly used chemotherapeutic agents. Pediatr. Blood Cancer 2010, 54, 361–368.
Ruck, P.; Wichert, G.; Handgretinger, R.; Kaiserling, E. Ep-CAM in malignant liver tumours.
J. Pathol. 2000, 191, 102–103.
Ward, S.C.; Thung, S.N.; Lim, K.H.; Tran, T.T.; Hong, T.K.; Hoang, P.L.; Jang, J.J.; Park, Y.N.;
Abe, K. Hepatic progenitor cells in liver cancers from Asian children. Liver Int. 2010, 30, 102–111.
Yun, W.J.; Shin, E.; Lee, K.; Jung, H.Y.; Kim, S.H.; Park, Y.N.; Yu, E.; Jang, J.J.
Clinicopathologic implication of hepatic progenitor cell marker expression in hepatoblastoma.
Pathol. Res. Pract. 2013, 209, 568–573.
Armeanu-Ebinger, S.; Hoh, A.; Wenz, J.; Fuchs, J. Targeting EpCAM (CD326) for
immunotherapy in hepatoblastoma. Oncoimmunology 2013, 2, e22620.
Akita, M.; Tanaka, K.; Murai, N.; Matsumoto, S.; Fujita, K.; Takaki, T.; Nishiyama, H.
Detection of CD133 (prominin-1) in a human hepatoblastoma cell line (HuH-6 clone 5).
Microsc. Res. Tech. 2013, 76, 844–852.
Sanchez-Diaz, P.C.; Chen, T.L.; Meyers, R.; Malogolowkin, M.H.; Hung, J.Y.; Tomlinson, G.E.
Sorafenib, gamma-secretase inhibitor, and bortezomib as potential therapeutic agents for
hepatoblastoma. J. Clin. Oncol. 2010, 28, 9550.
Cairo, S.; Armengol, C.; De Reyniès, A.; Wei, Y.; Thomas, E.; Renard, C.A.; Goga, A.;
Balakrishnan, A.; Semeraro, M.; Gresh, L.; et al. Hepatic stem-like phenotype and interplay of
Wnt/beta-catenin and Myc signaling in aggressive childhood liver cancer. Cancer Cell 2008, 14,
471–484.
Lingala, S.; Cui, Y.Y.; Chen, X.; Ruebner, B.H.; Qian, X.F.; Zern, M.A.; Wu, J.
Immunohistochemical staining of cancer stem cell markers in hepatocellular carcinoma.
Exp. Mol. Pathol. 2010, 89, 27–35.
Ruck, P.; Xiao, J.C.; Pietsch, T.; Von, S.D.; Kaiserling, E. Hepatic stem-like cells in
hepatoblastoma: Expression of cytokeratin 7, albumin and oval cell associated antigens detected
by OV-1 and OV-6. Histopathology 1997, 31, 324–329.
Badve, S.; Logdberg, L.; Lal, A.; de Davila, M.T.; Greco, M.A.; Mitsudo, S.; Saxena, R.
Small cells in hepatoblastoma lack “oval” cell phenotype. Mod. Pathol. 2003, 16, 930–936.
Pang, R.W.; Poon, R.T. Cancer stem cell as a potential therapeutic target in hepatocellular
carcinoma. Curr. Cancer Drug Targets 2012, 12, 1081–1094.
Fiegel, H.C.; Glüer, S.; Roth, B.; Rischewski, J.; von Schweinitz, D.; Ure, B.; Lambrecht, W.;
Kluth, D. Stem-like cells in human hepatoblastoma. J. Histochem. Cytochem. 2004, 52, 1495–1501.
Liu, C.; Ma, Z.; Hou, J.; Zhang, H.; Liu, R.; Wu, W.; Liu, W.; Lu, Y. Germline traits of human
hepatoblastoma cells associated with growth and metastasis. Biochem. Biophys. Res. Commun.
2013, 437, 120–126.
Hayashi, S.; Fujita, K.; Matsumoto, S.; Akita, M.; Satomi, A. Isolation and identification of
cancer stem cells from a side population of a human hepatoblastoma cell line, HuH-6 clone-5.
Pediatr. Surg. Int. 2011, 27, 9–16.

Int. J. Mol. Sci. 2013, 14

24725

112. Chow, E.K.; Fan, L.L.; Chen, X.; Bishop, J.M. Oncogene-specific formation of chemoresistant
murine hepatic cancer stem cells. Hepatology 2012, 56, 1331–1341.
113. Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance:
An evolving paradigm. Nat. Rev. Cancer 2013, 13, 714–726.
114. Science Daily. Available online: http://www.sciencedaily.com/releases/2012/09/120910122114.htm
(accessed on 10 October 2013).
115. LaBarge, M.A. The difficulty of targeting cancer stem cell niches. Clin. Cancer Res. 2010, 16,
3121–3129.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

