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ABSTRACT

Multiple myeloma (MM) remains incurable despite much progress that has
been made in the treatment of the disease. MM cancer stem cell (MMSC), a rare
subpopulation of MM cells with the capacity for self-renewal and drug resistance, is
considered to lead to disease relapse. Several markers such as side population (SP)
and ALDH1+ have been used to identify MMSCs. However, ideally and more precisely,
the identification of the MMSCs should rely on MMSCs phenotype. Unfortunately the
MMSC phenotype has not been properly defined yet. Drug resistance is the most
important property of MMSCs and contributes to disease relapse, but the mechanisms
of drug resistance have not been fully understood. The major signaling pathways
involved in the regulation of self-renewal and differentiation of MMSCs include
Hedgehog (Hh), Wingless (Wnt), Notch and PI3K/Akt/mTOR. However, the precise
role of these signaling pathways needs to be clarified. It has been reported that the
microRNA profile of MMSCs is remarkably different than that of non-MMSCs. Therefore,
the search for targeting MMSCs has also been focused on microRNAs. Complex and
mutual interactions between the MMSC and the surrounding bone marrow (BM)
microenvironment sustain self-renewal and survival of MMSC. However, the required
molecules for the interaction of the MMSC and the surrounding BM microenvironment
need to be further identified. In this review, we summarize the current state of
knowledge of MMSCs regarding their phenotype, mechanisms of drug resistance,
signaling pathways that regulate MMSCs self-renewal and differentiation, abnormal
microRNAs expression, and their interactions with the BM microenvironment.

INTRODUCTION

Multiple myeloma (MM) is a hematologic cancer
characterized by proliferation of clonal plasma cells
in the bone marrow (BM) resulting in the secretion of
monoclonal immunoglobulins [1, 2]. MM is the second
most common hematologic malignancy with an incidence
ranging from 4 to 6 per 100,000/year in the USA [3-
5]. Together with autologous stem cell transplantation
and advances in supportive care, the introduction
of novel drugs such as proteasome inhibitors and
immunomodulatory drugs have significantly improved
response rates and survival rates in patients with MM
[6, 7]. However, MM remains incurable. Cancer stem
cells (CSCs) are believed to be the major cause of tumor
recurrence [8, 9]. Although the concept of CSCs has been
around for decades, CSCs were only definitely described

in 1997 in acute myeloid leukemia when Bonnet et al.
noticed that a rare population of CD34+CD38- possess
tumorigenic potential [10]. Subsequently, CSCs were
identified in various solid and hematological tumors,
including MM [11-15]. Although much progress in the
biology and treatment of MM cancer stem cell (MMSC)
has been made, there are still many questions to answer,
such as what is the MMSC phenotype, what is the precise
mechanism of their drug resistance, what are the precise
roles and relationships of signaling pathways involved in
maintaining the properties of MMSCs, what are the roles
of microRNAs in MMSCs, and what are the required
molecules for the interaction of the MMSC and the
surrounding BM microenvironment. Further elucidation
of the characteristics of MMSCs could lead to innovative
strategies that could make MM a curable disease.
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MMSCS CONCEPTS

Although many investigations have tried to
identify the MMSCs phenotype, there is still controversy
on the MMSCs phenotype. The major viewpoint is
that the clonotypic CD138  cells represent MMSCs
[16]. However, some investigations demonstrated that
clonotypic CD138" plasma cells have the properties of
CSCs such as self-renewal, tumour-initiating potential
and drug resistance [17]. Besides these two viewpoints,
some investigators found that the interconversion between
undifferentiated and differentiated clonotypic cells might
be responsible for maintaining the properties of MMSCs
[18]. The exact reasons for the discrepancies in reported
MMSC phenotypes are unclear. It is likely that differences
between clonogenic assays contribute to these disparate
findings. In addition, it is possible that MM represents a
number of biologically distinct diseases each containing
different stem cells. Side population (SP) cells have
generally been accepted to have characteristics of CSCs.
They have been widely used to sort some types of CSCs
of which phenotype has not been defined [19, 20]. In
myeloma research, SP cells are the important source to
research MMSCs.

Clonotypic B cell

Matsui et al. [16] found that CD138" cells from both
human MM cell lines and primary patient samples had
greater clonogenic potential both in vitro and in non obese
diabetic/severe combined immunodeficiency (NOD/SCID)
mice, compared to corresponding CD138" plasma cells.
Furthermore, these CD138™ cells were able to differentiate
into CD138" plasma cells and phenotypically resembled
postgerminal center B cells, and their clonogenic growth
could be inhibited by the anti-CD20 monoclonal antibody
rituximab. These data imply that CD138" B cells contained
the properties of MMSCs. Matsui et al. [21] further found
that CD138" B cells were resistant to clinical anti-MM
agents (dexamethasone, lenalidomide, bortezomib, and
4-hydroxycyclophosphamide) and possessed a high
drug efflux capacity and intracellular drug detoxification
activity. They also found that CD19°CD27°CD138" with
a memory B-cell phenotype could engraft NOD/SCID
mice during both primary and secondary transplantation.
Furthermore, both the side population and Aldefluor
assays were able to identify CD19*CD27°CD138" B cells
within the peripheral blood of patients with MM. Boucher
et al. [22] reported that CD19*CD34" immature B cells
and CD19°CD34  mature cells, but not CD19-CD34*
cells isolated from the BM of patients with MM showed
colony formation activity and resistance to melphalan,
lenalidomide, and bortezomib, indicating undifferentiated
clonotypic B cells may represent MMSCs. Kirshner et al.
[23] presented a 3-D culture model in which the human

BM microenvironment was reconstructed in vitro. In the
3-D model, drug-resistant CD20" cells exhibited self-
renewal potential, and gave rise to clonotypic B and
plasma cell progeny in colony assays. The above studies
imply that clonotypic B cells may be involved in the MM
disease but offer no definitive evidence that clonotypic B
cells represent the MMSC:s.

Clonotypic non B cells plasma cells

Many studies also have documented the clonogenic
potential of non B cell plasma cells. Yaccoby et al.
demonstrated that CD387"CD45" MM plasma cells
grew and produced MM and its manifestations in severe
combined immunodeficiency (SCID) mice implanted in
human fetal bone (SCID-hu mice) [24] or in rabbit femurs
(SCID-rab mice) [25]. In contrast, the plasma cell-depleted
BM cells did not grow or produce MM in SCID-hu mice.
Similarly, plasma-cell-containing blood cells grew and
developed into MM disease in SCID-hu mice, while the
plasma cells depleted of blood cells weren’t able to grow in
SCID-hu mice, demonstrating the proliferative potential of
MM plasma cells. Kim et al. [17] identified MM-initiating
cells by transplanting fractionated BM cells from patients
with MM into human bone-bearing immunocompromised
mice. They found that CD38"eh /CD138" cells repopulated
B-lineage cells in human bone grafts, and these grafts
were clonally derived from patient myeloma cells. In their
experiment models, only fully differentiated CD38"e/
CD138" plasma cells were capable of engrafting and
serially transferring the disease to secondary recipients,
indicating fully differentiated CD38"¢"/CD138" plasma
cells are enriched in myeloma-initiating cells. Hosen et
al. [26] reported that CD138 CD19 CD38"" plasma cells
were able to form MM colonies in vitro, while CD19" B
cells never formed MM colonies in 16 samples examined
in their study. Furthermore, CD138 CD19 CD38"
plasma cells isolated from 3 out of 9 patients engrafted
in the SCID-rab model produced MM, while CD19" B
cells did not induce MM growth. CD138" plasma cells
isolated from 4 out of 9 patients developed MM, although
more slowly than CD138" cells. Finally, CD19* B cells
from 13 patients with MM transplanted into NOD/SCID
IL2Ryc™" mice did not propagate MM. Their data showed
that in some patients with MM plasma cells but not B
cells were enriched with CD138" clonogenic cells, and
that MM plasma cells could develop MM in vivo in the
absence of CD19" B cells. Paino et al. [27] examined in
several MM cell lines the presence and functionality of
CD20" putative MMSCs. Only a very rare population of
CD20%™* cells (0.3%) in the RPMI-8226 cell line was
detected. Furthermore, CD20%™" RPMI-8226 cells were
not essential for CB17-SCID mice engraftment and had
lower self-renewal capacity than the CD20~ RPMI-8226
cells. Their data showed that CD20 may not be a marker
of MMSC:s. Trepel et al. [28] established a novel approach
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that directly tracked clonotypic B cells in 15 patients with
MM. They found clonotypic B cells in only one out of 15
patients with MM, indicating clonotypic B cells represent
a very small population in MM. Chiron et al. [29] showed
that the peripheral CD138"CD20~ population contains
MMSC activity in patients with plasma cell leukemia,
which is an aggressive presentation of MM with high-
level proliferation. They further found that this population
supported the establishment of human MM cell lines.

Phenotypic and functional plasticity between
undifferentiated and differentiated clonotypic
cells

The unidirectional hierarchical model from
undifferentiated cells to differentiated cells ignores now
available data that shows differentiated MM plasma cells
possess a clonogenic capacity. Jakubikova et al. [30] found
that SP cells express CD138 antigen in MM cell lines,
indicating CD138" differentiated cells have clonogenic
capacity. There is growing evidence of interconversion
between undifferentiated and differentiated clonotypic
cells and these might be present and responsible for
phenotypic diversities and maintaining of MMSCs features
[18, 31, 32]. Chaidos et al. [18] showed that CD19~
CD138* plasma cell (PC) and CD19°CD138" cell (termed
Pre-PC) represent reversible, bidirectional phenotypic
and functional states and share MMSC activity. In their
experiment, 9 of 12 MM patient-derived highly purified
CD138"eh PCs displayed bone marrow engraftment, which
is able to engraft in secondary transplants, indicating
CD138"* PCs possess MMSCs activity. Additionally, both
Pre-PCs and CD138"°¥ PCs were identified in BM of
mice receiving highly purified CD138"eh PCs, strongly
supporting a PC to Pre-PC transition. When they assessed
the drug resistance of PCs and Pre-PCs, they found Pre-
PCs are much more drug-resistant than PCs although
both PCs and Pre-PCs excluded vital dye in an equally
efficient manner. These findings were very attractive
and imply phenotypic and functional plasticity between
undifferentiated and differentiated clonotypic cells.
The plasticity could better explain why differentiated
MM plasma cells possess a clonogenic capacity and
also reconcile inconsistencies among the MM stem cell
phenotype.

SP cells

SP cells were originally identified in murine BM and
referred to cells with the capacity to efflux the fluorescent
dye Hoechst 33342 [33, 34]. SP cells have been identified
in a variety of tissues and cancer cell lines. These cells
share characteristics of CSCs, specifically, they possess
tumorigenic potential, express stem-like genes, and resist
to chemotherapeutic drugs [20]. This is why SP cells are

believed to play a critical role in tumour maintenance and
reoccurrence. Loh et al. [35] found that SP cells were
present in MM cell lines as well as primary MM cells.
Matsui et al. [21] showed that in human MM cell lines,
SP cells were almost exclusively CD138". However,
Jakubikova et al. [30] reported the conflicting results
that SP cells were mainly present in CD138"°"" and
CD138" populations in MM cell lines, suggesting that
SP cells express CD138 antigen. Moreover, they found
no correlation between expression of CD19, CD20, or
CD27 and the proportion of SP cells. These data were
supported by the findings of Chaidos et al. [18] that
showed MMSC activity is a property shared by both
CD19°CD138 cells and CD19 CD138" plasma cells but
not CD19"CD138" clonotypic B cells. SP cells exhibit
substantial heterogeneity in a panel of MM cell lines
and primary MM cells; Moreover, SP cells revealed a
higher tumorigenicity and proliferation index than main
population (MP) cells [30]. Although results regarding SP
cells seems to be convincing, the approach for selection
of SP has been questioned. The dye Hoechst 33342 has
lethal effect on living cells, which is why SP cells might
represent only a population that survived the toxic effect of
Hoechst 33342 [31]. Montanaro et al. [36] demonstrated
that yield, viability, and homogeneity of SP cells were
affected by the isolation parameters, such as staining time,
dye concentration, cellular concentration and stringency
in the selection of SP cells. In addition, they also reported
that the use of verapamil as an inhibitor of efflux does not
seem to be specific enough, since a small proportion of
verapamil-sensitive cells are present in the SP gate.

DRUG RESISTANCE

Conventional cytotoxic chemotherapeutic agents are
capable of producing initial responses. The introduction
of novel agents such as thalidomide, lenalidomide,
bortezomib and carfilzomib have significantly improved
clinical responses and overall survival in patients with
MM [37-40]. Furthermore, synergistic effects have been
clarified when these agents are used in combination
treatment. Even with more available therapeutic options,
a vast majority of patients with MM eventually relapse.
The treatment failure demonstrates current agents are
ineffective in eradicating the most drug-resistant MM cells
[41]. The high drug efflux capacity of MMSC:s is likely
to be the major cause of drug resistance in myeloma [20,
21]. Circulating clonotypic B cells have been shown to
persist and increase after chemotherapy [42-44]. In order
to overcome drug resistance of MMSCs and develop
innovative strategies, mechanisms of drug resistances
strongly need to be clarified.
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ATP-binding cassette (ABC) transporters

ATP-binding cassette (ABC) transporters represent
one family of transmembrane proteins. These transporter
proteins use the energy from ATP hydrolysis to efflux
cytotoxic compounds across the membrane, which is
believed to be one of the major causes of multidrug
resistance in cancer therapy [45]. In MM, SP cells show
stronger activity of the ABC transporter ABCG2 when
compared to MP cells. Moreover, inhibition of ABCG2
could decrease SP proportion. Other ABC transporters
are also involved in the SP cells, an example of this is
the high levels of ABCC1 were that were detected in
the SP cells of the KMS-11 line. Similarly, high levels
of ABCBI1 were detected in SP cells of doxorubicin-
resistant RPMI-Dox40 cells [30]. ABCC3 was increased
in SP cells compared with MP cells in human primary
MM samples, and mediated drug resistance in MM cells
[46]. The expression of ABCB1 was upregulated in MM
cells overexpressing bruton tyrosine kinase (BTK) and
endowed these cells with drug resistance [47]. Hawley
et al. [48] found that upregulation of ABCBI1 expression
was associated with high transporter activity. Hirschmann-
Jax et al. demonstrated that expression of ABCB3 was
associated with drug resistance of stem cells [49].

ALDH

ALDH (aldehyde dehydrogenase) catalyzes the
chemical transformation from acetaldehyde to acetic acid.
Upregulation of ALDH expression has been detected in
normal adult stem cells. ALDH is commonly deregulated
in many tumors. Increased expression of ALDH in cancer
is associated with increased stemness and poor clinical
outcome [21, 50-54]. Matsui et al. [21] found that in
RPMI 8226 and NCI-H929 cell lines, CD138 cells
exhibited significantly higher levels of ALDH activity
than CD138" plasma cells. Furthermore, they showed that
majority of the ALDH" B cells isolated from the peripheral
blood of patients with MM express clonotypic surface
Ig light chain and CD27, which were similar to the SP
B cells. Our previous study demonstrated that ALDH1*
MM cells had much stronger capacities of proliferation
and tumorigenicity, compared to ALDH1™ MM cells.
Moreover, we found that ALDHI® MM cells highly
expressed chromosomal instability genes associated with
drug resistance [55]. More recently, we demonstrate that
member Al of the ALDH1 family of proteins, ALDH1A1,
was up-regulated in the course of myeloma therapy and
progression, and that enforced expression of ALDHIA1
led to both increased tumorigenicity and resistance to two
widely used myeloma drugs (doxorubicin, bortezomib)
in vitro and in vivo [56]. When CSCs were treated
with certain chemotherapy agents, they produced toxic
aldehyde intermediates. ALDH could detoxify these toxic

aldehyde intermediates. This is one of the major reasons
why chemotherapy agents are not effective against CSCs
expressing ALDH [57]. The number of CSCs expressing
ALDH increased after chemotherapy [58]. Raha et al. [59]
evaluated the role of ALDH in the maintenance of CSCs.
They found that ALDH protected the CSCs from the
toxic effects of elevated levels of reactive oxygen species
(ROS), and that inhibition of ALDH activity decreased the
proportion of CSCs and delayed treatment relapse in vitro
and in vivo through accumulation of ROS to toxic levels,
consequent DNA damage, and cell apoptosis.

Increased expression of anti-apoptotic genes

Chemotherapeutic agents function by inducing
apoptosis. The balance of pro- and anti-apoptotic
proteins affected the apoptotic response of cells to
these chemotherapeutic agents. Increased expression
of anti-apoptotic proteins and decreased expression of
pro-apoptotic proteins confer cells drug resistance. Our
previous study demonstrated that higher expression of
retinoic acid receptor alpha 2 (RAR02) was observed in the
MMSC compartment and this resulted in increased drug
resistance. Further research showed that the expression
of anti-apoptotic Bcl-2 family members increased in
MMSCs expressing RARo2 and endowed these cells with
increased drug resistance [46]. More recently, we reported
that expression of BTK was increased in MMSCs, and
overexpression of BTK induced drug resistance, which
was partially mediated by upregulation of anti-apoptotic
gene BCL-2 [47].

Cellular quiescence

Cellular quiescence is a property of hematopoietic
stem cells and is thought to play a crucial role in protecting
stem cells [60]. Similar to normal stem cells, CSCs have
a slow cycling rate and are relatively quiescent. This
property protects CSCs against chemotherapeutic agents
that are effective in targeting all dividing cells [58]. This
property has been conjectured to be a major mechanism of
drug resistance. Matsui et al. [21] evaluated whether MM
precursors are relatively quiescent. They isolated CD138~
MM cells and CD138" MM cells from the RPMI 8226 and
NCI-H929 cell lines and used propidium iodide to detect
their cell cycle status. They found that the proportion
of the CD138™ MM cells in GO-G1 is much higher than
that of CD138" MM cells, indicating that CD138~ MM
cells are relatively quiescent. These results are consistent
with Fuhler et al.’study. In their study, CD138" MM cells
have a reduced activity of kinases involved in cell cycle
progression and slower G1/S phase transition compared
to CD138* MM cells [61]. Chaidos et al. [18] found that
CD19°CD138" PCs and CD19°CD138" Pre-PCs fractions
harbor MMSC activity and display different resistance to
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treatment (Pre-PCs being more drug-resistant than PCs).
Both PCs and Pre-PCs lacked surface expression of the
drug efflux proteins ABCB1 and ABCG2, demonstrating
that ABC transporters might be not responsible for their
different resistance to treatment. Further research showed
that Pre-PCs were more quiescent than PCs, revealed by
the lower proportion of Pre-PCs in S phase of cell cycle,
suggesting that cellular quiescence may be involved in
drug resistance. The above findings imply that MMSCs
resistant to chemotherapeutics may be mediated by
cellular quiescence.

SIGNALING PATHWAYS

Wingless (Wnt) pathway is a classic “stemness”
pathway, which plays a crucial role in normal adult stem
cells as well as CSCs of many cancer types [62]. Hedgehog
(Hh) pathway is typically active in hematopoietic stem
cells and CSCs [63]. The Notch pathway promotes
CSCs [64, 65]. These pathways are also highly active
in MMSCs and may be responsible for the maintenance
and sustainability of MM. Additionally, PI3K/Akt/mTOR
pathway is critical for survival and has also been shown
to be aberrantly active in CSCs [66]. Increased evidence
demonstrates that targeting these pathways individually
will not be sufficient to kill MMSCs; instead, rational
combinations of agents targeting these pathways in concert
could be of particular importance.

Wnt

The Wnt signaling pathway plays a significant role
in the regulation of cell proliferation, cell development
and the differentiation of normal stem cells. Constitutive
activation of Wnt signaling pathway is found in a variety
of human cancers [67, 68]. MM cells have been reported
to depend on an active Wnt signaling. The dysregulation
of Wnt signaling pathways resulted in promoting MM
cell proliferation, migration, invasion, drug resistance
and formation of MMSCs [46]. Wnt signaling sustains
stemness mainly by stabilizing f-Catenin and promoting
its translocation to the nucleus where it functions as
a transcription factor [69, 70]. Sukhdeo et al. [71]
demonstrated that Wnt signaling pathway genes were
up-regulated in MM cells. These included upstream
pathway genes such as frizzled and Wnt ligands, as well as
B-Catenin, TCF4, and BCL9, and a number of downstream
pathway members. In their study, PKF115-584, which
was a Wnt pathway inhibitor and could down-regulate
Wt target genes and block B-Catenin/TCF transcriptional
activity, significantly reduced cell proliferation and
inhibited tumor growth. Zhao et al. [72] reported that the
microRNA miR-30-5p could reduce tumor burden and
metastatic potential in murine xenograft models of MM
through targeting Wnt/B-Catenin/BCL pathway. These

data demonstrated that targeting Wnt signaling pathway
represents a therapeutic approach in the treatment of MM.
Our previous studies [46, 47] found that B-Catenin, TCF4
and LEF1 expression increased in SP cells compared
to MP cells. Wnt inhibition overcame drug resistance.
Moreover, Wnt inhibition reduced the myeloma tumor
burden and increased survival in the STGM1 mouse
model.

Hedgehog

Hh signaling molecules include Hh ligands (Sonic
Hh, Indian Hh and Desert Hh), the transmembrane
receptor patched (PTCH), the signal transducer
smoothened (SMO) and transcription factors (GLI1, GLI2,
GLI3). In the absence of Hh ligand, PTCH inhibits SMO
and renders the pathway inactive. When ligands bind
PTCH, SMO is de-repressed and then leads to activation
of the three GLI proteins that act as transcriptional
regulators that regulate target gene expression. GLI1
acts as positive effector of Hh signaling and induces the
transcription of Hh target genes. GLI3 acts as negative
effector of Hh signaling by repressing the transcription of
Hh target genes, while GLI2 can act as either positive or
negative effector, depending on both post-transcriptional
and post-translational modifications [73, 74]. The Hh
signaling pathway is involved in the regulation of cell
differentiation, proliferation, stem cell maintenance,
and carcinogenesis [73, 75, 76]. Aberrant Hh signaling
activation may be implicated in many types of cancer,
including skin, leukemia, lung, brain, and gastrointestinal
cancers [73]. Peacock et al. [77] investigated the role
and mechanisms of Hh pathway activation in MM. They
found that Hh pathway activity is mainly concentrated
within the CD138°CD19" MMSCs compartment but not
in the CD138*CD19~ MM plasma cells. Stroma-derived
Hh ligands promote proliferation of MMSCs without
differentiation, while inhibition of Hh pathway markedly
inhibits clonal proliferation accompanied by terminal
differentiation of purified MMSCs. These data revealed
that Hh pathway activation is heterogeneous between
MMSCs and differentiated MM cells, and that Hh pathway
activation plays a crucial role in maintaining MMSCs in an
undifferentiated, clonally expansion state. More recently,
Liu et al. [78] reported that CD138" MM cells are a major
source of Hh ligand SHH and autocrine SHH enhanced
MM cells proliferation and drug resistance, indicating
that the myeloma autocrine Hh signaling pathway was a
promising therapeutic target in MM.

Notch

The Notch signaling pathway is activated in MM
cells, which leads to increased proliferation, resistance
to apoptosis and osteoclastogenesis [79-82]. Jundt et al.
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[80] evaluated the pathogenetic role of Notch signaling
pathway in MM. They found that Notch receptors and
ligand Jaggedl were highly expressed in cultured and
primary MM cells. Furthermore, Jadded1-induced Notch
signaling strongly promoted MM cell growth. Nefedova
et al. [83] reported that targeting Notch signaling via
its specific inhibitory-secretase inhibitor (GSI) induced
apoptosis of MM cells and inhibited tumor growth in
xenograft and SCID-hu models of MM. Additionally,
inhibition of Notch signaling enhances MM cell sensitivity
to chemotherapeutic drugs such as doxorubicin and
melphalan. Mirandola et al. [84] demonstrated that Notch
signaling pathway plays a significant role in MM cell
lines through activating CXCR4/SDF-1 axis, and that
forced CXCR4 activation partially protects MM cells
from the outcomes of Notch inhibition. In addition, Notch
signaling blockage markedly reduces bone marrow (BM)

arget the required
molecules for the
interaction of MMSC
with BM
microenvironmen

Targeting ATP-
binding cassette
(ABC) transporters

Differentiation

Conventional anti-
MM therapy

000

infiltration by human MM cells in mouse xenografts. Their
data showed that a Notch-targeted approach is effective in
preventing MM cell migration, proliferation and survival.
More recently, Colombo et al. [85] presented evidence
that MM induced osteoclastogenesis by activating Notch
signaling on tumor cells and osteoclasts through Jagged
ligands expression. Silencing tumor-derived Jaggedl and
2 ligands could block MM-induced osteoclastogenesis.
These results suggest that Notch signaling plays a key
role in osteoclastogenesis and is a promising therapeutic
target in MM to prevent bone disease. Great expression
of Notch signaling has been detected in BM clonotypic B
cells from patients with MM [86]. However, the precise
roles of Notch signaling pathways remain to be further
investigated in MMSCs.

Targeting surface
markers

Targeting signal
pathways, such as
Wnt/B-catenin, Notch,
Hedgehog,
PI3K/AKT/mTOR

Manipulation of

microRNA
MMSC expression

l I Dedifferentiation ?

Bulk MM cells

Figure 1: MMSCs-targeting therapy in combination with non-MMSCs therapy may offer a promising strategy for
management of myeloma. The promising approaches to eradicate MMSCs included: targeting surface markers, the required molecules
for the interaction of MMSC with BM microenvironment, signaling pathways that regulate MMSCs self-renewal and differentiation, ATP
binding cassette (ABC) transporters involved in drug resistance, manipulation of microRNA expression. Bulk MM cells might replenish
the MMSC pool after this pool has been eliminated if phenotypic and functional plasticity between MMSCs and bulk MM cells exists.
Consequently, curing myeloma will require a combined therapy that target both MMSCs and bulk MM cells. MM, multiple myeloma;

MMSC, multiple myeloma cancer stem cell; BM, bone marrow.
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PI3K/Akt/mTOR

The PI3K/ Akt/mTOR signaling pathway is
aberrantly activated in many cancer types. A preferential
inhibitory effect on CSCs has been shown for some
mTOR inhibitors [87, 88]. PI3K/mTOR inhibitor VS-5584
preferentially reduced the proportion of CSCs in multiple
mouse xenograft models of human cancer. Mechanistic
research showed that coordinate RNAi-mediated silencing
of PI3Ka, PI3KP, and mTOR replicated the effect of
VS-5584, indicating that preferential targeting of CSCs
required inhibition of multiple components of the PI3K/
mTOR pathway [89]. PI3K/Akt/mTOR pathway is
activated and play a critical role in MMSCs. Du et al. [90]
found that PI3K/Akt/mTOR signal transduction proteins
CAB39, TSC1, P - S6 and P - P70S6K expression levels
were significantly higher in SP cells of MM than that in
MP cells of MM. Moreover, the mTOR specific inhibitor
rapamycin can dramatically decrease the proportion of SP
cells of MM.

MICRORNAS IN MMSCS

MicroRNAs are small non-coding regulatory RNA
molecules which inhibit the expression of their target
genes at the translational level. The microRNA profile
between CSCs and non-CSCs is remarkably different.
Moreover, multiple microRNAs have been reported to
regulate properties of CSCs [91]. Du et al. [90] isolated
SP cells from MM cell lines and primary MM cells and
investigated the microRNA profile between SP cells and
MP cells, finding a total of 43 differentially expressed
microRNAs (10 over-expression and 33 low-expression
microRNAs) in SP cells. Among these differentially
expressed microRNAs, five were associated with MMSCs.
In addition, high expression of microRNA451 in SP cells
activated PI3K/mTOR signaling pathways. Inhibiting
the expression of microRNA451 induced apoptosis.
Zhao et al. [72] demonstrated that downregulation of
microRNA-30-5p could activate the oncogenic Wnt/p3-
Catenin pathway which was one of most frequently active
pathways in MMSCs, implying that microRNA-30-5p
may regulate formation of MMSCs. The differential
microRNA profile in MMSCs made auxiliary biomarkers
for the identification of MMSCs possible and their role in
regulating the properties of MMSCs made them potential
targets for therapy.

INTERACTION OF MMSC WITH BM
MICROENVIRONMENT

In MM, the microenvironment is comprised of
extracellular matrix components including collagens,
laminin and fibronectin and cellular parts including BM
stromal cells (BMSCs), osteoblasts, osteoclasts and others

[86]. BMSC:s secrete factors including interleukin 6 (IL-
6), insulin-like growth factor 1 (IGF-1), RANK ligand
(RANKL), tumor necrosis factor alpha (TNF-a), vascular
endothelial growth factor (VEGF), and stromal cell-
derived factor 1 alpha (SDF1) [84, 92, 93]. These factors
maintain normal cell function and stimulate MM cell
survival. The BM microenvironment is crucial for self-
renewal and survival of HSC. Interestingly, many of the
signaling pathways involved in sustaining HSC regulate
MM disease progression, indicating these signaling
pathways could potentially be hijacked by the MMSCs for
their self-renewal and survival [92, 94, 95]. BM hypoxia is
required for normal hematopoiesis. Similarly, BM hypoxia
is advantageous for the tumor-initiating CD45+ MM
cells in 5ST2MM mouse MM models [96]. The MMSC
and the surrounding BM microenvironment interact in a
way that sustain long-term survival of the MMSC. The
identification of the required molecules for the interaction
of the MMSC and the surrounding BM microenvironment
will enable us to perturb their interactions and represent
a significant effort to eradicate MMSC from the BM
environment.

CONCLUSIONS

In our opinion, MMSCs represent a significant effort
to effective cancer treatment. However, there is still a
pressing need to identify surface markers and understand
molecular feature associated with MMSCs. Global
gene expression profiling (GEP) is a powerful tool for
identifying new targets in cancers [97, 98]. Kiel et al. used
GEP to find the surface marker SLAM of leukemia stem
cell [99]. Similarly, our group used GEP to find promising
genes that were significantly differentially expressed in
CD138: cells compared to CD138" cells from MM cell
lines [46, 47]. In the future, the discovery of MMSC
surface markers will help with the design of MMSCs-
targeting drug. In addition, further studies are needed
to explore the required molecules for the interaction of
the MMSC and the surrounding BM microenvironment.
MMSC has many similar signaling and receptors with
HSC. Therefore, while understanding the molecules
responsible for self-renewal and survival of the HSC in
the BM microenvironment, this can be applied to the
MMSC to potentially eradicate MMSC from the BM
microenvironment. We speculate that MMSCs-targeting
therapy in combination with non- MMSCs therapy, such
as conventional anti-MM drugs, may offer a promising
strategy for management and eradication of myeloma
(Figure 1).

ACKNOWLEDGMENTS AND FUNDING
This study was supported by Grants from the

National Natural Science Foundation of China (No.
81372391, 81570190 and 81529001).

www.impactjournals.com/oncotarget

35472

Oncotarget



CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

10.

11.

12.

13.

14.

15.

Kuehl WM and Bergsagel PL. Molecular pathogenesis
of multiple myeloma and its premalignant precursor. The
Journal of clinical investigation. 2012; 122:3456-3463.
Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J,
Merlini G, Mateos MV, Kumar S, Hillengass J, Kastritis E,
Richardson P, Landgren O, Paiva B, Dispenzieri A, Weiss
B, LeLeu X, Zweegman S, et al. International Myeloma
Working Group updated criteria for the diagnosis of
multiple myeloma. The Lancet Oncology. 2014; 15:e538-
548.

Rollig C, Knop S and Bornhauser M. Multiple myeloma.
Lancet. 2015; 385:2197-208.

Hideshima T, Mitsiades C, Tonon G, Richardson PG
and Anderson KC. Understanding multiple myeloma
pathogenesis in the bone marrow to identify new therapeutic
targets. Nature reviews Cancer. 2007; 7:585-598.

Palumbo A and Anderson K. Multiple myeloma. The New
England journal of medicine. 2011; 364:1046-1060.

Pratt G. An oral proteasome inhibitor for multiple myeloma.
The Lancet Oncology. 2014; 15:1417-1418.

Rajkumar SV. Panobinostat for the treatment of multiple
myeloma. The Lancet Oncology. 2014; 15:1178-1179.
Reya T, Morrison SJ, Clarke MF and Weissman IL. Stem
cells, cancer, and cancer stem cells. Nature. 2001; 414:105-
111.

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

Bonnet D and Dick JE. Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive
hematopoietic cell. Nature medicine. 1997; 3:730-737.
Vaiopoulos AG, Kostakis ID, Koutsilieris M and
Papavassiliou AG. Colorectal cancer stem cells. Stem cells.
2012;30:363-371.

Takaishi S, Okumura T, Tu S, Wang SS, Shibata W,
Vigneshwaran R, Gordon SA, Shimada Y and Wang TC.
Identification of gastric cancer stem cells using the cell
surface marker CD44. Stem cells. 2009; 27:1006-1020.
Yamashita T and Wang XW. Cancer stem cells in the
development of liver cancer. The Journal of clinical
investigation. 2013; 123:1911-1918.

Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay
V, Wicha M, Clarke MF and Simeone DM. Identification
of pancreatic cancer stem cells. Cancer research. 2007;
67:1030-1037.

Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S,
Gibbs KD, Jr., van Rooijen N and Weissman IL. CD47 is
an adverse prognostic factor and therapeutic antibody target

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

on human acute myeloid leukemia stem cells. Cell. 2009;
138:286-299.

Matsui W, Huff CA, Wang Q, Malehorn MT, Barber
J, Tanhehco Y, Smith BD, Civin CI and Jones RJ.
Characterization of clonogenic multiple myeloma cells.
Blood. 2004; 103:2332-2336.

Kim D, Park CY, Medeiros BC and Weissman IL. CD19-
CD45 low/- CD38 high/CD138+ plasma cells enrich for
human tumorigenic myeloma cells. Leukemia. 2012;
26:2530-2537.

Chaidos A, Barnes CP, Cowan G, May PC, Me¢lo V,
Hatjiharissi E, Papaioannou M, Harrington H, Doolittle H,
Terpos E, Dimopoulos M, Abdalla S, Yarranton H, Naresh
K, Foroni L, Reid A, et al. Clinical drug resistance linked
to interconvertible phenotypic and functional states of
tumor-propagating cells in multiple myeloma. Blood. 2013;
121:318-328.

Golebiewska A, Brons NH, Bjerkvig R and Niclou SP.
Critical appraisal of the side population assay in stem cell
and cancer stem cell research. Cell stem cell. 2011; 8:136-
147.

Wu C and Alman BA. Side population cells in human
cancers. Cancer letters. 2008; 268:1-9.

Matsui W, Wang Q, Barber JP, Brennan S, Smith BD,
Borrello I, McNiece I, Lin L, Ambinder RF, Peacock C,
Watkins DN, Huff CA and Jones RJ. Clonogenic multiple
myeloma progenitors, stem cell properties, and drug
resistance. Cancer research. 2008; 68:190-197.

Boucher K, Parquet N, Widen R, Shain K, Baz R, Alsina M,
Koomen J, Anasetti C, Dalton W and Perez LE. Stemness
of B-cell progenitors in multiple myeloma bone marrow.
Clinical cancer research. 2012; 18:6155-6168.

Kirshner J, Thulien KJ, Martin LD, Debes Marun C,
Reiman T, Belch AR and Pilarski LM. A unique three-
dimensional model for evaluating the impact of therapy on
multiple myeloma. Blood. 2008; 112:2935-2945.

Yaccoby S and Epstein J. The proliferative potential of
myeloma plasma cells manifest in the SCID-hu host. Blood.
1999; 94:3576-3582.

Yata K and Yaccoby S. The SCID-rab model: a novel in
vivo system for primary human myeloma demonstrating
growth of CD138-expressing malignant cells. Leukemia.
2004; 18:1891-1897.

Hosen N, Matsuoka Y, Kishida S, Nakata J, Mizutani Y,
Hasegawa K, Mugitani A, Ichihara H, Aoyama Y, Nishida
S, Tsuboi A, Fujiki F, Tatsumi N, Nakajima H, Hino M,
Kimura T, et al. CD138-negative clonogenic cells are
plasma cells but not B cells in some multiple myeloma
patients. Leukemia. 2012; 26:2135-2141.

Paino T, Ocio EM, Paiva B, San-Segundo L, Garayoa
M, Gutierrez NC, Sarasquete ME, Pandiella A, Orfao A
and San Miguel JF. CD20 positive cells are undetectable
in the majority of multiple myeloma cell lines and
are not associated with a cancer stem cell phenotype.

WWW

.impactjournals.com/oncotarget

35473

Oncotarget



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Haematologica. 2012; 97:1110-1114.

Trepel M, Martens V, Doll C, Rahlff J, Gosch B, Loges S
and Binder M. Phenotypic detection of clonotypic B cells
in multiple myeloma by specific immunoglobulin ligands
reveals their rarity in multiple myeloma. PloS one. 2012;
7:€31998.

Chiron D, Surget S, Maiga S, Bataille R, Moreau P,
Le Gouill S, Amiot M and Pellat-Deceunynck C. The
peripheral CD138+ population but not the CDI138-
population contains myeloma clonogenic cells in plasma
cell leukaemia patients. British journal of haematology.
2012; 156:679-683.

Jakubikova J, Adamia S, Kost-Alimova M, Klippel S, Cervi
D, Daley JF, Cholujova D, Kong SY, Leiba M, Blotta S,
Ooi M, Delmore J, Laubach J, Richardson PG, Sedlak J,
Anderson KC, et al. Lenalidomide targets clonogenic side
population in multiple myeloma: pathophysiologic and
clinical implications. Blood. 2011; 117:4409-4419.

Hajek R, Okubote SA and Svachova H. Myeloma stem cell
concepts, heterogeneity and plasticity of multiple myeloma.
British journal of haematology. 2013; 163:551-564.

Abe M, Harada T and Matsumoto T. Concise review:
Defining and targeting myeloma stem cell-like cells. Stem
cells. 2014; 32:1067-1073.

Goodell MA, Brose K, Paradis G, Conner AS and
Mulligan RC. Isolation and functional properties of murine
hematopoietic stem cells that are replicating in vivo. The
Journal of experimental medicine. 1996; 183:1797-1806.

Challen GA and Little MH. A side order of stem cells: the
SP phenotype. Stem cells. 2006; 24:3-12.

Loh YS, Mo S, Brown RD, Yamagishi T, Yang S, Joshua
DE, Roufogalis BD and Sze DM. Presence of Hoechst
low side populations in multiple myeloma. Leukemia &
lymphoma. 2008; 49:1813-1816.

Montanaro F, Liadaki K, Schienda J, Flint A, Gussoni E and
Kunkel LM. Demystifying SP cell purification: viability,
yield, and phenotype are defined by isolation parameters.
Experimental cell research. 2004; 298:144-154.

Kusumi E, Matsumura T, Yuji K, Tanaka Y and Kami M.
Thalidomide in elderly patients with multiple myeloma.
Lancet. 2006; 367:1977; author reply 1977-1978.

Larkin M. Low-dose thalidomide seems to be effective in
multiple myeloma. Lancet. 1999; 354:925.

Cavo M, Tacchetti P, Patriarca F, Petrucci MT, Pantani L,
Galli M, Di Raimondo F, Crippa C, Zamagni E, Palumbo
A, Offidani M, Corradini P, Narni F, Spadano A, Pescosta
N, Deliliers GL, et al. Bortezomib with thalidomide
plus dexamethasone thalidomide
plus dexamethasone as induction therapy before, and
consolidation therapy after, double autologous stem-cell
transplantation in newly diagnosed multiple myeloma: a
randomised phase 3 study. Lancet. 2010; 376:2075-2085.
Stewart AK, Rajkumar SV, Dimopoulos MA, Masszi
T, Spicka I, Oriol A, Hajek R, Rosinol L, Siegel DS,

compared  with

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Mihaylov GG, Goranova-Marinova V, Rajnics P, Suvorov
A, Niesvizky R, Jakubowiak AJ, San-Miguel JF, et al.
Carfilzomib, lenalidomide, and dexamethasone for relapsed
multiple myeloma. The New England journal of medicine.
2015; 372:142-152.

Franqui-Machin R, Wendlandt EB, Janz S, Zhan F and
Tricot G. Cancer stem cells are the cause of drug resistance
in multiple myeloma: fact or fiction? Oncotarget. 2015;
6:40496-506. doi: 10.18632/oncotarget.5800.

Pilarski LM and Belch AR. Circulating monoclonal B cells
expressing P glycoprotein may be a reservoir of multidrug-
resistant disease in multiple myeloma. Blood. 1994; 83:724-
736.

Kiel K, Cremer FW, Rottenburger C, Kallmeyer C,
Ehrbrecht E, Atzberger A, Hegenbart U, Goldschmidt H
and Moos M. Analysis of circulating tumor cells in patients
with multiple myeloma during the course of high-dose
therapy with peripheral blood stem cell transplantation.
Bone marrow transplantation. 1999; 23:1019-1027.
Rottenburger C, Kiel K, Bosing T, Cremer FW,
Moldenhauer G, Ho AD, Goldschmidt H and Moos M.
Clonotypic CD20+ and CD19+ B cells in peripheral blood
of patients with multiple myeloma post high-dose therapy
and peripheral blood stem cell transplantation. British
journal of haematology. 1999; 106:545-552.

Kathawala RJ, Gupta P, Ashby CR, Jr. and Chen ZS.
The modulation of ABC transporter-mediated multidrug
resistance in cancer: A review of the past decade.
Drug resistance updates : reviews and commentaries in
antimicrobial and anticancer chemotherapy. 2015; 18C:1-
17.

Yang Y, Shi J, Tolomelli G, Xu H, Xia J, Wang H, Zhou W,
Zhou Y, Das S, Gu Z, Levasseur D, Zhan F and Tricot G.
RARalpha2 expression confers myeloma stem cell features.
Blood. 2013; 122:1437-1447.

Yang Y, Shi J, Gu Z, Salama ME, Das S, Wendlandt E,
Xu H, Huang J, Tao Y, Hao M, Franqui R, Levasseur D,
Janz S, Tricot G and Zhan F. Bruton tyrosine kinase is a
therapeutic target in stem-like cells from multiple myeloma.
Cancer research. 2015; 75:594-604.

Hawley TS, Riz I, Yang W, Wakabayashi Y, Depalma L,
Chang YT, Peng W, Zhu J and Hawley RG. Identification of
an ABCBI (P-glycoprotein)-positive carfilzomib-resistant
myeloma subpopulation by the pluripotent stem cell
fluorescent dye CDyl. American journal of hematology.
2013; 88:265-272.

Hirschmann-Jax C, Foster AE, Wulf GG, Nuchtern JG, Jax
TW, Gobel U, Goodell MA and Brenner MK. A distinct
“side population” of cells with high drug efflux capacity in
human tumor cells. Proceedings of the National Academy of
Sciences of the United States of America. 2004; 101:14228-
14233.

Marcato P, Dean CA, Giacomantonio CA and Lee PW.
Aldehyde dehydrogenase: its role as a cancer stem cell
marker comes down to the specific isoform. Cell cycle.

www.impactjournals.com/oncotarget

35474

Oncotarget



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

2011; 10:1378-1384.

Brodsky RA and Jones RJ. Aplastic anaemia. Lancet. 2005;
365:1647-1656.

Deng S, Yang X, Lassus H, Liang S, Kaur S, Ye Q, Li C,
Wang LP, Roby KF, Orsulic S, Connolly DC, Zhang Y,
Montone K, Butzow R, Coukos G and Zhang L. Distinct
expression levels and patterns of stem cell marker, aldehyde
dehydrogenase isoform 1 (ALDH1), in human epithelial
cancers. PloS one. 2010; 5:¢10277.

Cojoc M, Peitzsch C, Kurth I, Trautmann F, Kunz-
Schughart LA, Telegeev GD, Stakhovsky EA, Walker
JR, Simin K, Lyle S, Fuessel S, Erdmann K, Wirth MP,
Krause M, Baumann M and Dubrovska A. Aldehyde
Dehydrogenase Is Regulated by beta-Catenin/TCF and
Promotes Radioresistance in Prostate Cancer Progenitor
Cells. Cancer research. 2015; 75:1482-1494.

Ginestier C, Hur MH, Charafe-Jauffret E, Monville F,
Dutcher J, Brown M, Jacquemier J, Viens P, Kleer CG,
Liu S, Schott A, Hayes D, Birnbaum D, Wicha MS and
Dontu G. ALDHI1 is a marker of normal and malignant
human mammary stem cells and a predictor of poor clinical
outcome. Cell stem cell. 2007; 1:555-567.

Zhou W, Yang Y, Gu Z, Wang H, Xia J, Wu X, Zhan X,
Levasseur D, Zhou Y, Janz S, Tricot G, Shi J and Zhan F.
ALDHI activity identifies tumor-initiating cells and links
to chromosomal instability signatures in multiple myeloma.
Leukemia. 2014; 28:1155-1158.

Yang Y, Zhou W, Xia J, Gu Z, Wendlandt E, Zhan X,
Janz S, Tricot G and Zhan F. NEK2 mediates ALDHI1AI1-
dependent drug resistance in multiple myeloma. Oncotarget.
2014; 5:11986-11997. doi: 10.18632/oncotarget.2388.
Tanei T, Morimoto K, Shimazu K, Kim SJ, Tanji Y,
Taguchi T, Tamaki Y and Noguchi S. Association of breast
cancer stem cells identified by aldehyde dehydrogenase
1 expression with resistance to sequential Paclitaxel and
epirubicin-based chemotherapy for breast cancers. Clinical
cancer research. 2009; 15:4234-4241.

Januchowski R, Wojtowicz K and Zabel M. The role of
aldehyde dehydrogenase (ALDH) in cancer drug resistance.

Biomedicine & pharmacotherapy Biomedecine &

pharmacotherapie. 2013; 67:669-680.

Raha D, Wilson TR, Peng J, Peterson D, Yue P, Evangelista
M, Wilson C, Merchant M and Settleman J. The cancer
stem cell marker aldehyde dehydrogenase is required to
maintain a drug-tolerant tumor cell subpopulation. Cancer
research. 2014; 74:3579-3590.

Cheng T, Rodrigues N, Shen H, Yang Y, Dombkowski
D, Sykes M and Scadden DT. Hematopoietic stem cell
quiescence maintained by p2lcipl/wafl. Science. 2000;
287:1804-1808.

Fuhler GM, Baanstra M, Chesik D, Somasundaram R,
Seckinger A, Hose D, Peppelenbosch MP and Bos NA.
Bone marrow stromal cell interaction reduces syndecan-1
expression and induces kinomic changes in myeloma cells.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Experimental cell research. 2010; 316:1816-1828.

Fleming HE, Janzen V, Lo Celso C, Guo J, Leahy KM,
Kronenberg HM and Scadden DT. Wnt signaling in the
niche enforces hematopoietic stem cell quiescence and is
necessary to preserve self-renewal in vivo. Cell stem cell.
2008; 2:274-283.

Takebe N, Miele L, Harris PJ, Jeong W, Bando H, Kahn
M, Yang SX and Ivy SP. Targeting Notch, Hedgehog, and
Wnt pathways in cancer stem cells: clinical update. Nature
reviews Clinical oncology. 2015; 12:445-464.

Zhao D, Mo Y, Li MT, Zou SW, Cheng ZL, Sun YP, Xiong
Y, Guan KL and Lei QY. NOTCH-induced aldehyde
dehydrogenase 1A1 deacetylation promotes breast cancer
stem cells. The Journal of clinical investigation. 2014;
124:5453-5465.

Hirata N, Yamada S, Shoda T, Kurihara M, Sekino Y and
Kanda Y. Sphingosine-1-phosphate promotes expansion of
cancer stem cells via SIPR3 by a ligand-independent Notch
activation. Nature communications. 2014; 5:4806.

Sharma N, Nanta R, Sharma J, Gunewardena S, Singh
KP, Shankar S and Srivastava RK. PI3K/AKT/mTOR and
sonic hedgehog pathways cooperate together to inhibit
human pancreatic cancer stem cell characteristics and tumor
growth. Oncotarget. 2015; 6:32039-32060. doi: 10.18632/
oncotarget.5055

Yao H, Ashihara E and Mackawa T. Targeting the Wnt/
beta-catenin signaling pathway in human cancers. Expert
opinion on therapeutic targets. 2011; 15:873-887.

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

Hao J, Li TG, Qi X, Zhao DF and Zhao GQ. WNT/beta-
catenin pathway up-regulates Stat3 and converges on LIF
to prevent differentiation of mouse embryonic stem cells.
Developmental biology. 2006; 290:81-91.

Derksen PW, Tjin E, Meijer HP, Klok MD, MacGillavry
HD, van Oers MH, Lokhorst HM, Bloem AC, Clevers
H, Nusse R, van der Neut R, Spaargaren M and Pals
ST. Illegitimate WNT signaling promotes proliferation
of multiple myeloma cells. Proceedings of the National
Academy of Sciences of the United States of America.
2004; 101:6122-6127.

Sukhdeo K, Mani M, Zhang Y, Dutta J, Yasui H, Rooney
MD, Carrasco DE, Zheng M, He H, Tai YT, Mitsiades
C, Anderson KC and Carrasco DR. Targeting the beta-
catenin/TCF transcriptional complex in the treatment of
multiple myeloma. Proceedings of the National Academy of
Sciences of the United States of America. 2007; 104:7516-
7521.

Zhao JJ, Lin J, Zhu D, Wang X, Brooks D, Chen M, Chu
7B, Takada K, Ciccarelli B, Admin S, Tao J, Tai YT,
Treon S, Pinkus G, Kuo WP, Hideshima T, et al. miR-30-
5p functions as a tumor suppressor and novel therapeutic
tool by targeting the oncogenic Wnt/beta-catenin/BCL9
pathway. Cancer research. 2014; 74:1801-1813.

WWW

.impactjournals.com/oncotarget

35475

Oncotarget



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Xie J, Bartels CM, Barton SW and Gu D. Targeting
hedgehog signaling in cancer: research and clinical
developments. OncoTargets and therapy. 2013; 6:1425-
1435.

Agarwal JR and Matsui W. Multiple myeloma: a paradigm
for translation of the cancer stem cell hypothesis. Anti-
cancer agents in medicinal chemistry. 2010; 10:116-120.

McMillan R and Matsui W. Molecular pathways: the
hedgehog signaling pathway in cancer. Clinical cancer
research. 2012; 18:4883-4888.

Trowbridge JJ, Scott MP and Bhatia M. Hedgehog
modulates cell cycle regulators in stem cells to control
hematopoietic regeneration. Proceedings of the National
Academy of Sciences of the United States of America.
2006; 103:14134-14139.

Peacock CD, Wang Q, Gesell GS, Corcoran-Schwartz
IM, Jones E, Kim J, Devereux WL, Rhodes JT, Huff
CA, Beachy PA, Watkins DN and Matsui W. Hedgehog
signaling maintains a tumor stem cell compartment in
multiple myeloma. Proceedings of the National Academy of
Sciences of the United States of America. 2007; 104:4048-
4053.

Liu Z, Xu J, He J, Zheng Y, Li H, Lu Y, Qian J, Lin P,
Weber DM, Yang J and Yi Q. A critical role of autocrine
sonic hedgehog signaling in human CD138+ myeloma cell
survival and drug resistance. Blood. 2014; 124:2061-2071.
Nefedova Y, Cheng P, Alsina M, Dalton WS and
Gabrilovich DI. Involvement of Notch-1 signaling in
bone marrow stroma-mediated de novo drug resistance of
myeloma and other malignant lymphoid cell lines. Blood.
2004; 103:3503-3510.

Jundt F, Probsting KS, Anagnostopoulos I, Muehlinghaus
G, Chatterjee M, Mathas S, Bargou RC, Manz R, Stein H
and Dorken B. Jaggedl-induced Notch signaling drives
proliferation of multiple myeloma cells. Blood. 2004;
103:3511-3515.

Schwarzer R, Kaiser M, Acikgoez O, Heider U, Mathas
S, Preissner R, Sezer O, Doerken B and Jundt F. Notch
inhibition blocks multiple myeloma cell-induced osteoclast
activation. Leukemia. 2008; 22:2273-2277.

Abe M, Hiura K, Wilde J, Shioyasono A, Moriyama K,
Hashimoto T, Kido S, Oshima T, Shibata H, Ozaki S, Inoue
D and Matsumoto T. Osteoclasts enhance myeloma cell
growth and survival via cell-cell contact: a vicious cycle
between bone destruction and myeloma expansion. Blood.
2004; 104:2484-2491.

Nefedova Y, Sullivan DM, Bolick SC, Dalton WS and
Gabrilovich DI. Inhibition of Notch signaling induces
apoptosis of myeloma cells and enhances sensitivity to
chemotherapy. Blood. 2008; 111:2220-2229.

Mirandola L, Apicella L, Colombo M, Yu Y, Berta DG,
Platonova N, Lazzari E, Lancellotti M, Bulfamante
G, Cobos E, Chiriva-Internati M and Chiaramonte R.
Anti-Notch treatment prevents multiple myeloma cells

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

localization to the bone marrow via the chemokine system
CXCR4/SDF-1. Leukemia. 2013; 27:1558-1566.

Colombo M, Thummler K, Mirandola L, Garavelli S,
Todoerti K, Apicella L, Lazzari E, Lancellotti M, Platonova
N, Akbar M, Chiriva-Internati M, Soutar R, Neri A,
Goodyear CS and Chiaramonte R. Notch signaling drives
multiple myeloma induced osteoclastogenesis. Oncotarget.
2014; 5:10393-10406. doi: 10.18632/oncotarget.2084.

Saltarella I, Lamanuzzi A, Reale A, Vacca A and Ria R.
Identify multiple myeloma stem cells: Utopia? World
journal of stem cells. 2015; 7:84-95.

Mitsiades CS, Mitsiades N, Poulaki V, Schlossman R,
Akiyama M, Chauhan D, Hideshima T, Treon SP, Munshi
NC, Richardson PG and Anderson KC. Activation of NF-
kappaB and upregulation of intracellular anti-apoptotic
proteins via the IGF-1/Akt signaling in human multiple
myeloma cells: therapeutic implications. Oncogene. 2002;
21:5673-5683.

Francipane MG and Lagasse E. Therapeutic potential of
mTOR inhibitors for targeting cancer stem cells. British
journal of clinical pharmacology. 2015. [Epub ahead of
print]

Kolev VN, Wright QG, Vidal CM, Ring JE, Shapiro IM,
Ricono J, Weaver DT, Padval MV, Pachter JA and Xu Q.
PI3K/mTOR dual inhibitor VS-5584 preferentially targets
cancer stem cells. Cancer research. 2015; 75:446-455. doi:
10.18632/oncotarget.3802.

Dul, Liu S, He J, Liu X, QuY, Yan W, Fan J, Li R, Xi
H, Fu W, Zhang C, Yang J and Hou J. MicroRNA-451
regulates stemness of side population cells via PI3K/Akt/
mTOR signaling pathway in multiple myeloma. Oncotarget.
2015; 6:14993-15007.

Chhabra R and Saini N. MicroRNAs in cancer stem cells:
current status and future directions. Tumour biology. 2014;
35:8395-8405.

Franqui-Machin R, Wendlandt EB, Janz S, Zhan F and
Tricot G. Cancer stem cells are the cause of drug resistance
in multiple myeloma: fact or fiction? Oncotarget. 2015;
6:40496-40506. doi: 10.18632/oncotarget.5800.

Podar K, Tai YT, Davies FE, Lentzsch S, Sattler M,
Hideshima T, Lin BK, Gupta D, Shima Y, Chauhan D,
Mitsiades C, Raje N, Richardson P and Anderson KC.
Vascular endothelial growth factor triggers signaling
cascades mediating multiple myeloma cell growth and
migration. Blood. 2001; 98:428-435.

Nishikawa SI and Osawa M. Niche for normal and
cancer stem cells. Ernst Schering Foundation symposium
proceedings. 2006; :1-12.

Kellner J, Liu B, Kang Y and Li Z. Fact or fiction—
identifying the elusive multiple myeloma stem cell. Journal
of hematology & oncology. 2013; 6:91.

Asosingh K, De Raeve H, de Ridder M, Storme GA,
Willems A, Van Riet I, Van Camp B and Vanderkerken
K. Role of the hypoxic bone marrow microenvironment

WWW

.impactjournals.com/oncotarget

35476

Oncotarget



97.

98.

in 5T2MM murine myeloma tumor

Haematologica. 2005; 90:810-817.

van ‘t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart
AA, Mao M, Peterse HL, van der Kooy K, Marton MJ,
Witteveen AT, Schreiber GJ, Kerkhoven RM, Roberts C,
Linsley PS, Bernards R and Friend SH. Gene expression
profiling predicts clinical outcome of breast cancer. Nature.
2002; 415:530-536.

Valk PJ, Verhaak RG, Beijen MA, Erpelinck CA, Barjesteh
van Waalwijk van Doorn-Khosrovani S, Boer JM, Beverloo
HB, Moorhouse MJ, van der Spek PJ, Lowenberg B and
Delwel R. Prognostically useful gene-expression profiles

progression.

in acute myeloid leukemia. The New England journal of

99.

medicine. 2004; 350:1617-1628.

Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst
C and Morrison SJ. SLAM family receptors distinguish
hematopoietic stem and progenitor cells and reveal
endothelial niches for stem cells. Cell. 2005; 121:1109-
1121.

www.impactjournals.com/oncotarget

35477

Oncotarget



