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1. Introduction
Modern molecular and cytogenetic approaches have furthered progress in our understanding
of MM biology and have led to the development of targeted therapy that has improved
management of this incurable disease. Novel agents such as bortezomib, lenalidomide or
thalidomide, have increased median survival rates and improved prospects for MM patients
resistant to conventional therapy [1, 2]. Despite these therapeutic advances, MM remains a
very difficult disease to treat still accompanied by the threat of repeated relapses with a fatal
ending. These observations indicate that at least some of the MM cells are not targeted
efficiently by current drug therapies. The existence of such persistent populations, called
myeloma stem cells (MSC) or myeloma-initiating cells (MIC) has been suspected for more than
two decades. However, the cells of origin remain elusive [3-9]. Timeline of growing knowledge
about putative MSC is displayed in Figure 1. Discrepancies among myeloma stem cell concepts
have arisen in parallel with the high phenotypic heterogeneity of clonal PCs that might be
another factor contributing to the failure of therapies and identification of the population
responsible for relapse. Myeloma PCs strongly depends on the supportive role of the bone
marrow (BM) microenvironment (MEV) – it is a source of essential growth factors, supports
survival and dissemination of pathological PCs [10-14]. Furthermore, hypoxic conditions of
tumor microenvironments support tumor progression by inducing angiogenesis, maintaining
the malignant phenotype and stimulating osteoclastogenesis [15-18]. There is growing
evidence that signals from pathological microenvironments can (reversibly) alter the pheno‐
type of PCs. Such plasticity of PCs might result in obvious heterogeneity of MM and generate
inconsistencies among myeloma stem cell concepts.
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Figure 1. Timeline of myeloma stem cell concepts

2. Myeloma stem cell concepts
A number of laboratories have tried to identify a biologically distinct population of so called
myeloma precursors or myeloma stem cells (MSC) which are responsible for the incurability of
MM (see Table 1). However, none of these concepts have been unambiguously proven until now.
With regards to the fact that abnormal PCs of MM show features of advanced differentiation and
mature morphology, the population responsible for the origin and sustainability of tumor mass
has been suspected in the minor population of clonotypic or clonogenic CD138- cells retaining
key stem cell properties, tumor-initiating potential, self-renewal and resistance to chemothera‐
py [6, 19-25]. However, it was demonstrated that even the dominant population of human CD138+
PCs contained clonogenic cells; these cells show plasticity potential that might be responsible for
dedifferentiation and acquiring of stem cell properties [8, 26-30].
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Intermediate PC precursors Clonogenic plasma cells Side population Clonogenic CD138- cells Clonotypic pre-switch B cells

Clonotypic B cells

Characteristics of the cells
PB CD19, CD38, CD10, CD11b, CD34 (HPCA-1),

Citation
[19-23, 31-34]

variable CD20, PCA-1, CD45RO, variable CD45, and
CD56
PB CD34±, CD38+, CD184+, CD31±, CD50±, CD138-,
CD19 , CD20
-

[35]

-

PB CD19+CD27+CD38- memory B-like cells

[24]

pre-switch somatically hypermutated clonotypic

[36-38]

cells (VDJ sequence still joined to Cμ gene)
PB and BM CD19, HLA class II or surface IgM

BM CD20+CD27+CD34-CD138- clonogenic myeloma [6, 39-41]
stem cells

[42, 43]

capacity to exclude dyes
sideways from the diagonal in FACS analysis plots
CD138- and CD138+

BM CD38+CD45- PC (SCID-hu model)

[7, 26, 28]

BM clonogenic CD38 CD138 CD45 PC (SCID-rab
+

-

-

model)
BM CD38+CD138-CD45-CD19-CD34- PC (osteoclast

[27]

coculture)
CD19-CD45low/-CD38high/CD138+ PCs

[30]

CD138+CD44+ give rise to short-lived PC

[44-46]

CD138+CD44-/CD138-CD44+ give rise to long-lived
PC in murine model candidates for the normal
counterpart of transformed MM cells

Table 1. Candidates for putative neoplastic PC precursors/MSC.
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2.1. Clonotypic B cells
Myeloma precursors that share identical variable diversity joining (VDJ) regions, rearrange‐
ments of immunoglobulin heavy chain gene (IgH) with patient’s tumor PCs and show a preplasma cell phenotype are referred to as clonotypic B cells (CBL). They have been identified
in peripheral blood, lymph nodes and bone marrow [32, 36, 37, 47-49]. An extensive accumu‐
lation of somatic mutations in IgH gene and an absence of intraclonal variation suggest that
CBLs originate from post-germinal center B cells [37, 50]. Although the concept of clonotypic
B lymphocytes as neoplastic PC precursors is widely accepted, other studies suggest the
existence of MM precursors in other compartments (see Table 1). Additionally, phenotypic
profile and amount of CBLs vary among studies – e.g., it is not clear if these cells resemble
CD19+CD27+CD38- memory B-cells or carry a marker of hematopoietic stem cells, CD34 with
or without expression of the CD19 surface marker [21, 23, 35]. Furthermore, McSweeney et
al. (1996) did not find bone marrow CD19+ cells to be clonally restricted to kappa/lambda or
revealed any deviations of expression patterns of B-cell maturation markers from normal Bcell components [51]. His results do not support a hypothesis of disturbed B-cell maturation
and development of the disease from early stages of B-cell ontogeny. Moreover, DNA analysis
proved that CD38++CD19- cells were aneuploid in most cases with a typical cell cycle profile
indicating the presence of a proliferating population, while cells expressing CD19 were
diploid. This suggests the existence of self-replicating plasma cell compartments that have a
capacity to replenish the tumor without the involvement of early B lymphocyte progenitors.
A number of studies that confirmed the presence of clonotypic B cells have been based mainly
on the detection of the same IgH rearrangements by PCR-based methods. The percentage of
MM patients with IgH-positive clonotypic B-cells ranged from 40% and 87% [36, 48, 52].
Limited dilution PCR assays detected the abundance of CBLs in 0.24% - 25% of peripheral
blood mononuclear cells (PBMC) and 66% of all peripheral B cells [32, 36, 52, 53]. This wide
range of occurrence may result from methodological errors of the PCR technique or expression
of atypical, non-clinical Ig transcripts [53]. The major disadvantage of the PCR method is that
this approach does not allow the morphological identification of cells of interest or sort cells
for subsequent functional analyses. In addition, it is important to take into account that the
presence of the same IgH rearrangements is reliable marker of clonality; it does not confirm
the malignity of cells per se. Therefore, the detection of IgH rearrangements in CD19+ cells could
also indicate that a small clone of premalignant or premyelomatous B cells persists despite the
transformation of other cells into malignant clones but this population does not actively
contribute to myeloma clones [51]. Rasmussen et al. (2010) suggests that peripheral blood
memory B cells represent pre-malignant, partially transformed remnants that could have some
proliferative advantage over normal memory B cells. They questioned the involvement of
CBLs in MM maintenance due to the fact these cells expressed specific ’early’ oncogenes
(FGFR3, MMSET, CCND1) that were deregulated by an IgH translocation but lacked ’late’
oncogene (KRAS) mutations [54].
A large interpatient and interstudy variability led Trepel et al., (2012) to establish patientindividual ligands mimicking the epitope recognized by the myeloma immunoglobulin to
specifically target clonotypic surface IgH-positive B cells of MM patients [53]. In a cohort of 15

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

MM patients, semi-nested PCR using HCDR3-specific patient-individual primers detected
CBLs in 50% of peripheral blood and/or bone marrow samples. This frequency is line with
published data. However, a new flow cytometric protocol detected clonotypic B cells only in
one patient with a sensitivity of 10-3, ie. less than one clonotypic B cell per 1000 PBMCs. These
cells accounted for about 0.15% of PBMCs and 5% of B cells in this patient. Surprising dis‐
crepancies between these two approaches could indicate nonspecific annealing of the CDR3primer leading to false positive PCR results. Conclusions of this study suggest that the
abundance of CBLs is exceedingly low and has been enormously overestimated in previous
studies. Similarly to findings of Rasmussen et al. (2010), authors consider that unlike those
CBLs they are true “feeder” cells for malignant PC compartments and an essential prerequisite
of myeloma maintenance and progression [54]. In regard to the rare occurrence of CBLs in
MM, it is more likely that these cells are non-malignant remnants, which may be a part of the
malignant plasma cell clone but do not participate in tumor maintenance [53].
2.2. Clonotypic pre-switch B cells
An identical rearrangement of the IgH VDJ region with a consistent pattern of hypermutations
within the clone is a signature of CBLs. MM plasma cell clones generally express monoclonal
Igs of these isotypes: IgG, IgA, IgD, IgM, in rare cases kappa or lambda light chains and nonsecretory myeloma is detected [55]. Clonotypic isotypes with identical Vh gene sequences and
patterns of hypermutations linked to different classes of Ig heavy-chain constant region genes
(including Cμ gene) compared to clinical isotypes have been identified in some MM patients
[36-38, 56]. B cells with “non-clinical” isotype have been called pre-switch (IgM+) clonotypic B
cells. Particular classes of Ig are generated by mechanism of class switch recombination (CSR)
resulting in the formation of a hybrid switch region composed of switch region Sμ and a
respective isotype switch region (Cδ, Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε and Cα2). Consequently,
immunoglobulin production is ‘switched’ from IgM to IgG and IgA (occasionally to IgD or
IgE). Sequences between the switch regions are cut out as a deletion loop after double-stranded
breaks without changing the VDJ sequence [57-59]. The presence of CSR is a hallmark of “postswitch” B cells. However, pre-switch B cells do not seem to undergo CSR because IgH
transcript is composed of the clonotypic VDJ sequence still joined to Cμ gene [56].
Preswitch (IgM+) CBLs have been identified in BM and PB of most MM patients; however their
frequency is very low. Palumbo et al. (1992) have already suggested that MM may originate
from pre-switch cells [60]. Billadeau et al. (1993), using the allele-specific oligonucleotide PCR,
demonstrated the existence of the pre-switch isotype species that were clonally related to the
myeloma tumor. Another study also proved the evidence of pre-switch cells with somatically
hypermutated clonotypic VDJ region [37]. These cells exhibited expression of CD19 and HLA
class II or surface bound IgM. Reiman et al. (2001) described the presence of clinical and
nonclinical clonotypic isotypes in PB, BM and G-CSF – mobilized blood autografts of MM
patients. Expression of preswitch clonotypic transcripts persisted in the blood despite highdose chemotherapy with stem cell support suggesting drug resistance of this pre-switch
population. The persistence of preswitch clonotypic isotypes was associated with reduced
survival and with a more advanced disease at the time of diagnosis. Moreover, both pre‐
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switched and postswitched cells were able to engraft in the NOD/SCID mice indicating their
potential clinical relevance. Authors considered the fact that MM is the disease of post-switch
cells, IgH isotype switching in MM may accompany worsening disease [38]. Despite these
facts, Taylor et al. (2008) questioned the role of preswitch (IgM+) clonotypic cells as a progenitor
pool for postswitch MM-PCs. They hypothesized that if they are progenitors for MM-PCs,
multiple clonotypic switch junctions, or changes in the switch junction, are expected in the
postswitch progeny. However, results of specific clonotypic-switch PCR determined the
presence of a single, unchanged clonotypic switch junction. Thus, postswitch MM-PCs most
likely originate from a single CSR event and pre-switch IgM+ cells do not represent MM-PC
progenitors [52].
Interestingly, pre-switch (non-clonotypic) IgM+ CD27+ cells with mutated IgH V region have
been detected in various immunodeficiencies and autoimmune diseases but also in healthy
donors [61, 62]. Expression of surface marker CD27 suggests that these cells maybe IgM+ CD27+
memory B cells. On the other hand, considering the occurrence of IgM+ CD27+ cells in humans
who cannot form germinal centers (GC), it was presumed that these cells: 1) are generated
independently of germinal centers and therefore cannot represent a subset of memory B cells;
2) undergo SHM during generation of the preimmune repertoire; and 3) they mediate
responses to T cell-independent antigen. The evidence for these presumptions came from the
studies of patients with hyper-IgM syndrome, X-linked lymphoproliferative disease or
common variable immunodeficiency that are characterized by some type of defect in GC
formation. However, quantification of IgM+ CD27+ cells in these diseases showed that their
numbers reached approximately 20–40% of the number observed in normal individuals. These
results indicate that germinal centers may play a role in the development of IgM+ CD27+ cells.
IgM+ memory B cells may be generated at the centroblast stage and undergo SHM but leave
GC before the onset of isotype switching. Whether IgM+ CD27+ cells with mutated IgH V region
might be a source of preswitch (IgM+) CBLs, it remains a matter of further debate and research.
2.3. Clonogenic CD138- cells
Matsui et al., (2004) suggested that the source of MSC responsible for the initiation and
maintenance of MM might be due to a minor population of less differentiated cells reminiscent
of memory B-lymphocytes with surface markers CD20+CD27+CD34-CD138-. They showed that
CD138-/CD34- cells derived from MM cell lines RPMI 8226, NCI-H929 and primary clinical
samples were clonogenic in vitro. Cloning efficiency correlated with the disease stage [6]. The
depletion of either CD20+ or CD27+ cells from the CD138-/CD34- population significantly
limited clonogenic growth of MM, therefore the phenotype of MM cells with in vitro clonogenic
potential were suggested to be characterized by a pattern of surface markers
CD20+CD27+CD138- [39]. Clonogenic potential of CD138-/CD34- cells was evaluated by
successful engraftment of non-obese diabetic/severe combined immunodeficiency (NOD/
SCID) mice during both primary and secondary transplantation. CD138+/CD34- were unable
to form colonies in vitro and human engraftment was not detected in any of the mice injected
with CD138+ cells. A chimeric anti-CD20 monoclonal antibody, rituximab, was showed to
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inhibit clonogenic growth of CD138- cells in vitro [6,39]. However, clinical trials failed to
confirm an effect of rituximab as a useful maintenance therapy for MM [63, 64].
Paino et al., (2011) reevaluated the presence and function of CD20+ putative MSC in a panel of
myeloma cell lines [65]. Although, Matsui et al. (2004) described a small population (2-5%) of
CD138-20+ cells in NCI-H929 and RPMI-8226 cell lines, Paino et al. (2011) were not able to detect
CD20 by flow cytometry in the majority of tested MM cell lines [6, 65]. Only RPMI-8226 cell
lines contained a small population of CD20dim+ cells (0.3%). These data are consistent with the
report of Rossie et al. (2010) that showed that U266, NCI-H929 and RPMI-8226 MM cell lines
are CD20- [66]. Despite previous results, memory B-cell phenotype of putative CD20+ MSC was
also not confirmed. On the contrary, CD20dim+ cells displayed a myelomatous plasma cell
phenotype: CD38+CD138+CD19-CD27-CD45-. Additionally, CD20dim+ cells did not exhibit stem
cell properties and compared to the CD20- population they showed a lower level of selfrenewal potential. Both populations developed plasmacytomas when they were injected into
CD17-SCID mice suggesting that CD20dim+ cells are not essential for tumor formation. Fur‐
thermore, sorted and plated CD20dim+ cells did not differentiate into CD20- cells. However,
CD20- cells give rise to CD20dim+ cells indicating a hierarchical order of differentiation from
CD20- to CD20dim+ cells. Overall, these results do not support CD20 as a marker associated with
MSC phenotype [65].
Other drugs, such as dexamethasone, lenalidomide, bortezomib, or 4-hydroxycyclophospha‐
mide did not significantly affect CD138- cells indicating resistance to some conventional or
novel therapy, a characteristic feature of CSC [39]. All four agents significantly inhibited the
clonogenic growth of CD138+ cells isolated from MM cells. Nevertheless, it could not be
evaluated in CD138+ PCs from MM patients because they lack in vitro clonogenic activity.
Detection of a small CD138- population of MM cell lines (< 2%) that displayed stem cell
properties mediating drug resistance, such as the capacity to efflux the DNA binding dye
Hoechst 33342 and higher relative levels of aldehyde dehydrogenase (ALDH) activity further
supports the existence of a resistant MSC compartment in MM. Moreover, CD138- cells of MM
cell lines also exhibited cellular quiescence similar to adult stem cells – almost all CD138- cells
were shown to remain in G0 – G1 phase and less than 1,5 % in S phase, compared to two thirds
of CD138+ cells in G0 – G1 and about 20% in S phase [39]. On the other hand, results of the first
study proved that CD138- cells isolated from the same MM cell lines expressed higher levels
of the proliferation marker Ki67 than CD138+ cells [6]. These discrepancies might come from
different passages of cell lines or culture conditions but cannot conclusively prove a quiescent
state of CD138- cells.
Besides the clonogenic population of CD138- cells, Matsui et al. (2004) also isolated circulating
clonotypic CD19+CD27+ B cells in peripheral blood of MM patients which were successfully
engrafted into NOD/SCID mice. However, it remains unclear whether CD138- clonogenic cells
are identical to clonotypic CD19+ B cells. Hosen et al. (2012) examined 16 MM samples and
found that only CD138-CD19-CD38++ cells formed colonies in vitro whereas CD19+ B cells did
not [67]. Moreover, CD138-CD19-CD38++ cells engrafted into SCID-rab mouse models in 3 cases
out of 9, whilst there was no detection of CD19+ B cell engrafment. Neither CD19+ B cells
transplanted into NOD/SCID IL2Rγc(-/-) mice propagated into MM. Surprisingly, CD138+ PCs
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also give rise of MM, but more slowly than CD138- cells. Thus, CD138-negative clonogenic
cells might represent a population which has the potential to give rise to MM but does not
overlap with the population of CD19+ B cells. These results indicate that CD138-negative
clonogenic cells are more PCs than B cells but this does not necessarily mean that Matsui’s
myeloma stem cell concept is wrong. Although, MSCs phenotypically resemble memory B
cells, they may be modified PCs and CD138-positive PCs might represent some “transit”
population that subsequently lost its mature phenotype (this will be discussed later). However,
Christensen et al. (2012) reexamined CD138- population of so called MSC and obtained
surprising results which were strongly controversial to both previous mentioned reports [68].
An analysis of primary CD138+ PCs of MM patients showed that the number of CD138- cells
increased in parallel with increasing time from sampling to analysis. In regards to the fact that
myeloma PCs loses expression of the surface antigen CD138 in apoptosis, Annexin V was
included in all analyses to monitor apoptotic cells [69]. Expectedly, if a CD138- population was
detected, these cells were positive for Annexin V. Similar results were also obtained by Chiron
et al. (2011). Furthermore, qPCR techniques confirmed similarly high levels of CD138 mRNA
in both CD138- and CD138+ MM cells. CD138- and CD138+ subpopulations varied neither in
expression of CD19 nor in expression of CD20. These contradictory results would imply that
the CD138-negative population may represent only cells undergoing apoptosis as a conse‐
quence of previous sample handling [68]. Nevertheless, these new findings cannot completely
deny results of previous studies that showed the potential of CD138- cells to form colonies in
vitro and engraft mouse models.
2.4. Side population
Side population (SP) cells were defined based on their capacity to exclude dyes such as Hoechst
33342 [70]. Hoechst 33342 dye binds to the AT-rich regions found in the minor groove of DNA.
Upon UV excitation, cells with this efflux capacity can be identified as the minor population
of the positively stained cells sideways from the diagonal in FACS analysis plots. SP cells have
been detected in various cancer cell lines as well as primary tumors (rev. in 71). Side population
possesses CSC characteristics such as the capacity for regrowth of the tumor, expression of
stem cell-like genes and resistance to chemotherapy. This is why SP cells are believed to be the
true population responsible for tumor maintenance.
The presence of SP cells were investigated in four MM cell lines, RPMI 8226, U266, OPM2 and
KMS-11, and primary MM samples [42]. SP was defined using control cells stained with both
Hoechst and verapamil, L-type calcium channel blocker, to establish the SP gate[72]. Reduction
of SP cells was demonstrated in all tested cell lines. In 18 of 21 bone marrow samples from MM
patients the percentage of SP cells ranged from 0 to 4.9% compared to 0.05% of SP in normal
bone marrow. There was neither a significant difference between treated and non-treated MM
patients based on the percentage of SP nor a correlation between the percentage of SP and the
paraprotein concentration or disease stage. 0.18–0.83% of SP cells express the clonal surface
immunoglobulin light chain restriction that matched 89–97% of each patient’s PCs. SP cells
were also analyzed for the expression of CD138. A mean of 96.1% of SP cells were found to be
CD138-. However the CD138+ fraction also contained SP indicating that they are present in
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both CD138- and CD138+ compartments. Jakubikova et al. (2011) also demonstrated that the SP
fraction of MM cell lines expressed CD138 antigen [43]. Moreover, these results did not prove
a correlation between expression of CD19, CD20, or CD27 and the proportion of SP cells.
Conversely, SP cells showed more clonogenic potential and proliferation index than the main
population. Furthermore, adherence to stromal cells increased percentage, viability and
proliferation potential of SP cells. Supportive role of BM microenvironment was attenuated
by lenalidomide and thalidome. Lenalidomide itself directly decreased the percentage and
clonogenicity of SP cells. This study demonstrated innovative and promising strategies for
targeting putative myeloma-initiating cells and prevention of relapse.
Although SPs exhibit stem cell properties and might represent a “feeder” population respon‐
sible for the relapse of the disease, others question the method for detection of SP. Hoechst
staining binds to DNA resulting in toxicity to live cells, that is why SP cells might represent
only a population that survived the lethal effect of Hoechst. SP phenotype might also be
affected by staining time, dye concentration or cellular concentration. The problem also lies in
cytometric approaches that showed inconsistencies among gating strategies and might lead to
contamination of the SP fraction by non-SP cells. Furthermore, usage of verapamil as an
inhibitor of efflux was also criticized because verapamil-sensitive cells were detected in the
negative or SP gate [73]. These problematic findings require more stringent gating strategies
to clear doubts about SP.
2.5. Clonogenic plasma cells
The clonogenic potential of primary MM cells was first demonstrated by Hamburger & Salmon
(1977). They showed that freshly explanted human myeloma cells are able to form colonies of
monoclonal PCs. Colonies consisted of immature plasmablasts and mature PCs. Drewinko et
al., (1981) investigated the growth fraction of MM cells. In untreated and nonresponsive
patients the growth fraction represented 4% of MM cells. Patients in relapse had the growth
fraction ranging from 14% to 83%. Nonproliferating fraction contained true quiescent cells,
some proliferating cells with very long intermitotic times, and some proliferating cell that have
entered the maturation phase. Although these two reports demonstrated clonogenic and
proliferative capacity of primary MM tumors, these cells were not phenotypically defined as
whole mononuclear fraction of BM was used for analyses. Therefore, results of these studies
cannot answer what kind of cells represents true growth fraction.
First experiments demonstrating the clonogenic growth of phenotypically defined PCs were
carried out by Yaccoby and Epstein (1999). They proved that CD38++CD45- PCs derived from
PB and BM are able to engraft severe combined immunodeficiency (SCID)-hu host system with
implanted human bone. Circulating clonal PCs grew more rapidly in SCID-hu hosts than those
in the BM suggesting that this may represent a subpopulation with a higher growth potential.
In contrast to previous reports, PC-depleted blood cells did not give rise to MM in SCID-hu
hosts [7]. Yata & Yaccoby, 2004 presented an alternative model for study of myeloma-initiating
cells (MIC) that uses rabbit bones implanted subcutaneously in unconditioned SCID mice. The
SCID-rab model was also successfully engrafted with CD138+ PCs of MM patients. Although,
these two models did not show a serial engraftment of the disease, they strongly indicate a
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critical role of specific bone marrow microenvironments for plasma cell survival and prolif‐
eration [28].
A dependence of myeloma PCs on human BM microenvironment was clearly demonstrated
in an experiment with NOD/SCID/common cytokine receptor γ chain-deficient (NSG) and
recombinase-activating gene 2/common cytokine receptor γ chain-deficient (RAG2-/ γ c-) mice
[30]. Results proved that CD138+/CD38high cells from MM patients led to a repopulation of
CD19+CD38low or CD138+CD38+ B-lineage cells in human bone-bearing mice but no engraft‐
ments were detected in human bone-free mice even after orthotropic intrafemoral injection.
Moreover, serially xenotransplantated CD19-CD138+ cells preferably engrafted from a human
bone graft but were not detected in any mouse hematopoietic tissues. All grafts derived from
CD138+/CD38high cells were clonally related to myeloma PCs, whereas engraftments of
CD19+CD38low/- B cells were polyclonal CD19+CD38low cells. Further fractionation of CD138+/
CD38high cells and theirs subsequent xenotransplantation showed that CD45low/- or CD19CD38high/CD138+ cells had a higher engraftment ability than CD45high or CD19+ plasmablasts.
In line with the above mentioned results, it was concluded that CD19-CD45low/-CD38high/
CD138+ PCs rather than CD19+ B cells or plasmablasts enrich for MICs. In addition, analysis of
clonogenic potentials of CD138+ and CD138 - populations derived from plasma cell leukemia
patients strongly favored these findings [29]. This study demonstrated that, though, CD138+
PCs derived from plasma cell leukemia patients formed colony forming units (CFU) in a very
low frequency, no CFU were found when CD138- cells were seeded. Harvested cells of CFUs
derived from CD138+ PCs were strongly positive for CD138 but negative for CD20. There was
no evidence that they can be CD138-CD19+CD20- plasmablasts or CD19+CD20+CD138- B-cells.
These findings further underline an important role of CD20-CD138+ population as a conceiv‐
able reservoir of clonal PCs at least in plasma cell leukemia.
Against the statement that CD138-positive PCs represent a “feeder” population responsible
for incurability of MM is the fact that abnormal PCs show a low proliferation potential with a
plasma cell labeling index (PCLI) ranging from 0.5% in MGUS to 1% in early MM, PCLI.
Therefore, the growth fraction of progenitor cells giving rise to MM has been expected in less
differentiated stages of B cell development. Despite low proliferative activity of malignant PCs,
PCLI is one of the most important prognostic factor with a strong impact on overall survival
[98, 99]. Additionally, limited proliferation potential of PCs could be explained by error
reduction during DNA synthesis that was proposed for normal adult stem cells that are highly
clonogenic but proliferatively silenced [100].
2.6. Intermediate plasma cell precursors
O’Connor et al. (2002) identified post-GC-precursors in a mouse model that might contribute
to long-lived humoral immunity. These cells were distinct from splenic B cells, mature or
memory B cells as well as mature PCs. Mediate levels of CD138 indicated that PC precursors
might represent a transition state of PC development. PC precursors were demonstrated to
migrate to the BM where they proliferate and persist for a long period of time and consequently
differentiate to mature PCs without antigen stimulation. CD138+CD44+ give rise to short-lived
PCs, CD138+CD44- or CD138-CD44+ differentiated to long-lived PCs. Two roles of PC precur‐
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sors were suggested; (i) they might either serve as a reservoir of PCs upon PC attrition or (ii)
contribute to post-GC affinity maturation of the humoral immune response. Due to similarities
of phenotype, proliferative potential, and differential capacity of the PC precursors to putative
MM progenitors, authors suggested that these cells are candidates for the normal counterpart
of transformed MM progenitors [74].
The true origin of MM remains a matter for further debate. An unanswered question persists
whether clonotypic CD138- cells or side populations represents myeloma precursors or
phenotypic variants of the MM tumor cells that have lost some plasma cell markers and gained
some B-cell markers as Yaccoby (2005) suggested [27, 54]. He presented a new model for
myelomagenesis; that mature CD45low/intermediate CD38high CD138high, CD19−CD34− PC situated
closely with osteoclasts in the lytic bone lesions reverse senescence, acquire a stem cell
phenotype, (CD45intermediate/high CD19low andCD34low), and become quiescent and apoptosisresistant. This indicates that myeloma PCs have plasticity that allows them to reprogram,
dedifferentiate and acquire autonomous survival properties which are responsible for drugresistance and relapse of MM patients. Similar results were also obtained by Kukreja et al.
(2006) when cultured U266 myleoma cell line and primary myeloma PCs with dendritic cells
(DC). The coculture of U266 cells and DCs led to an increase in the proportion of cells lacking
CD138; a marker of terminally differentiated PCs, and induction of B cell lymphoma 6 (BCL6)
expression. It was suggested that BCL6 plays an important role in survival and self-renewal
of germinal center B cells and that suppression of BCL6 is a critical feature of normal PC
differentiation. Furthermore, a presence of DCs in the culture enhanced clonogenic growth of
the myeloma cell line and as well as primary myeloma PCs [75]. Just as in the previous report,
this data suggests that the differentiation state of myeloma cells is plastic and can be modified
in the presence of DCs. Both reports emphasize an importance of tumor microenvironments
for myleoma plasticity. Whether myeloma PCs exhibit plasticity that might be responsible for
phenotypic heterogeneity of MMs, and also form inconsistencies among myeloma stem cell
concepts, it will be discussed further.

3. Phenotypic heterogeneity of multiple myeloma
The high phenotypic heterogeneity of clonal PCs is a hallmark of MM; abnormal PCs fre‐
quently express a wide spectrum of multi-lineage antigens such as myeloid, T-cell and natural
killer-associated antigens. Compared to normal polyclonal PCs which show high CD38 and
CD138 expression along with the B-lymphocyte marker CD19 abnormal PCs generally lack
CD19 expression, show variable expression of CD45, dim expression of CD38 and heteroge‐
neous signals of CD138. Further, they have weaker expression of CD27, increased expression
of CD28, CD33 and CD56 and variable expression of CD20 and CD117 (rev. in [76, 77]). Causes
of phenotypic heterogeneity remain unclear.
PCs belong to the B-cell lineage that expresses paired box protein 5 (PAX5) and its target, CD19.
PAX5 activation and inactivation is essential for early B cell commitment as well as for
maintenance of the functional identity of B cells throughout B cell development. PAX5
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represses B lineage 'inappropriate' genes and simultaneously activates B lineage-specific genes
[78, 79]. Conditional PAX5 reduction in late B lymphocytes promotes development to the
mature B cell stage. PAX5 and CD19 expression are considered to be downregulated or lost
but it has been reported that expression of PAX5 and CD19 is restored in normal PCs of pleural
effusion, ascitic fluid and BM aspirate. In contrast to normal PCs, clonal PCs of MM do not
express PAX5 or CD19 (> 95% of cases) [80, 81].
Phenotypic heterogeneity of abnormal PCs might reflect a certain degree of dedifferentiation
of these cells. It has been previously shown that elimination of PAX5 shifts B cells to multipotency [82]. Therefore expression of multi lineage markers on clonal PCs might be due to a
lack of PAX5 gene expression but not only as a consequence of malignant transformation. Cell
heterogeneity is the phenomenon that is commonly seen in many cancer types. The cause of
this variability might be due to the loss of the lineage master gene which can lead to dediffer‐
entiation or transdifferentiation into cells of other lineages [83].
The ability to differentiate into multiple lineages is a characteristic feature of pluripotent
embryonic stem cells. However, pluripotency does not necessarily have to be limited to a
population of undifferentiated stem cells of the early embryo and lost irreversibly upon
terminal differentiation [84]. Fully differentiated somatic cells can be reprogrammed into
inducible pluripotent stem cells (iPSC) by ’forced’ expression of pluripotency/reprogramming
factors: OCT4, SOX2, c-Myc and KLF4 or NANOG, LIN28, c-Myc and KLF4 [85, 86]. Human
somatic cells from all three germ layers, including human differentiated mature B lympho‐
cytes, have been successfully reprogrammed [87-93] Reprogramming of mature B cells
required additional ‘sensitization’ by the myeloid transcription factor CCAAT/enhancerbinding protein-α (C/EBPα) that causes a disruption of PAX5 functions, or a specific knock‐
down of the B cell transcription factor PAX5. This indicates that the loss of PAX5 expression
might be associated with gain of stem cell features for mature PCs and represent one of the
key events in the pathogenesis of MM.

4. Plasticity of multiple myeloma
There is growing evidence that MM encompasses a certain degree of plasticity that might be
responsible for expression of a wide spectrum of multi lineage markers and discrepancies
among myeloma stem cell theories. Two facts support this hypothesis:
i.

There is a strong link between induction of pluripotency and tumor progression;
several human cancers acquire stem cell-like plasticity upon (re)expression of
reprogramming factors. It raises the possibility that dedifferentiation is a key
mechanism for the generation of tumor-initiating cells in human cancer [84]. The
process of dedifferentiation is suggested to be under control of tumor microenviron‐
ment. Interaction of tumor cells with their microenvironment might induce altered
differentiation; epithelial-mesenchymal transition (EMT) which has been observed
in some solid tumors [94, 95]. Similarly to MM, phenotypic plasticity of myeloma PCs
were observed in long-term co-culture with osteoclasts; myeloma PCs lost their
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mature phenotype and dedifferentiated to an immature, resilient, apoptosis-resistant
phenotype. In addition, CD138+ PCs cocultured with DCs lost expression of CD138
and increased the clonogenic potential [75]. It raises the possibility that signals from
the microenvironment can (reversibly) alter the phenotype of PCs and cause obvious
heterogeneity of MM. This regulation might keep dynamic equilibrium between CSC
and non-CSC compartments [96].
Dynamic state between CSC and non-CSC like compartments were also observed in a
subpopulation of differentiated basal-like human mammary epithelial cells that spontaneous‐
ly converted to stem-like cells in vitro and in vivo. Moreover, oncogenic transformation
enhances this spontaneous conversion. These findings indicate that normal and CSC-like cells
can arise de novo and indicate the importance of the differentiation state of cells-of-origin as a
critical factor determining the phenotype of their transformed derivatives [97]. Whether
mature PCs exhibit a plasticity potential responsible for dedifferentiation into cells with stem
cell like properties is questionable but highly attractive. Confirmation that mature PCs have
the capacity to convert into CSCs could resolve current inconsistencies among myeloma stem
cell theories and help to target the population responsible for relapse of the disease.
ii.

Despite of mature phenotype, myeloma PCs have been reported to express pluripo‐
tency factors (SOX2, c-Myc or KLF4) and stem/progenitor markers, such as germline
stem cell markers of the MAGE family, the hematopoietic progenitor marker CD117
or neural stem cell marker nestin [83, 101-105]. Some of these factors provide valuable
prognostic information. Currently, the role of c-myc is growing as the key transform‐
ing factor in the progression of asymptomatic MGUS to a symptomatic disease [101].
SOX2 and MAGE have been demonstrated to be relevant targets for immunotherapy
due to their immunogenicity. Interestingly, MGUS patients frequently mount a
humoral and cellular immune response against SOX2 but MM patients lack antiSOX2 immunity [104, 106]. CD117 (c-kit) is an essential hematopoietic growth factor
receptor with tyrosine-kinase activity. Aberrant expression of CD117 is detected on
a subset of MGUS and MM and is associated with a favorable outcome for MM
patients [107, 108]. KLF4 was described in regulation of apoptosis, proliferation and
differentiation of B cells and B-cell malignancies. Strong up-regulation of KLF4 was
detected in MM cell lines in the process of apoptosis suggesting a role of KLF4 in MM
progression [105]. Nestin is a remarkable protein that is found in rapidly dividing
cells of developing and regenerating tissues [109]. Therefore, it is surprising that this
gene and protein expression of the stem cell marker nestin has been detected in
terminally differentiated PCs of MM patients [83, 110]. Moreover, our recent work
proved that nestin protein is a tumor specific marker for CD138+38+PC of MM [110].
Expression of nestin, a marker of stem/progenitor cells in malignant PCs that are
considered to be terminally differentiated, is highly controversial and indicates that
nestin might play an exceptional role in the pathology of MM. However, biological
or clinical implications of nestin have not been determined in monoclonal gammo‐
pathies or other hematological malignancies so far.
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Summarizing these findings supports the hypothesis that stem cell-like features are not rare
in monoclonal gammopathies and might indicate the existence of inducible stem cell properties
in more differentiated cells than was initially thought [27, 111] (see Fig. 2).

Figure 2. Model of inducible stem cell properties in myeloma

5. Putative role of nestin in myeloma plasticity
Neural stem cell marker nestin was first identified in neuroepithelial stem/progenitor cells of
the rat central nervous system (CNS) by Hockfield and McKay in 1985 [112]. Nestin is detected
in a wide range of undifferentiated tissues under normal and pathological conditions
[113-116]. Expression of nestin is a common feature of multipotent proliferative progenitor
cells with self-renewal and regeneration potentials. During terminal differentiation, nestin
expression is silenced but can be reactivated upon injury or other pathological conditions such
neoplastic transformation. The human nestin gene is located at 1q23 locus and is composed of
four exons and three introns. Nestin expression is driven by a minimal promoter that is
activated by transcriptional factor Sp1 [117]. Moreover, epigenetic regulation was also
demonstrated. Results indicated that histone acetylation might be sufficient to mediate
activation of nestin transcription [118].
Nestin protein belongs to a large family of intermediate filament (IF) proteins that are encoded
by more than 70 genes expressed in a time and site-specific manner in metazoan cells. Members
of the IF family are divided into six classes of proteins according to their structure, properties
and localization [119]. Nestin, a class VI protein, is characterized by a α-helical central ’rod’
domain which is typical for all IF, that contains repeated hydrophobic heptad motifs, a short
N-terminus (head) and a very long C-terminus (tail) (Fig. 3) C-terminus is suggested to
function as a linker or cross-bridge between intermediate filaments, microfilaments and
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microtubules [120]. The molecular weight of human nestin protein is ~ 200 – 220 kDa; more
often it is found in its glycosylated form with molecular weight of 240kDa [121, 122]. Nestin
does not fold by itself most likely because of its very short N-terminus. Therefore, nestin
requires the presence of other IF proteins such as type III vimentin, desmin or type IV αinternexin [109, 123, 124].

Figure 3. Structure of intermediate filaments (adopted and modified from Michalzyk & Ziman, [2005]

5.1. Cellular roles of nestin
An important regulator of nestin organization and dynamics during mitosis is cdc2-mediated
phosphorylation. Phosphorylation/dephosphorylation of nestin may modulate disassembly
and assembly of intermediate filaments [125]. These processes might play a role during
increased cytoplasmic trafficking in progenitor cells undergoing division or in migrating
interphase cells [126-128]. Nestin was shown to participate in asymmetric redistribution of
cytoskeletal proteins and other factors to daughter neuroepithelial cells [129]. Nestin structure
serves also as a scaffold for cdk5/p35 activity resulting in a cytoprotective effect against stress
induced cell death in neural progenitor cells [122, 130]. Moreover, nestin is supposed to be a
major determinant in suppression of anti-proliferative activity of glucocorticoid receptors (GR)
in undifferentiated tissues by anchoring GRs in cytoplasm but cells lacking nestin accumulate
GRs in the nucleus [131]. This mechanism might be responsible for glucocorticoid resistance
seen in many cancers.
5.2. Nestin in multiple myeloma
Biological or clinical implications of nestin have not been systematically studied in monoclonal
gammopathies or other hematological malignancies so far. The first mention of nestin expres‐
sion in MM was described in malignant PCs of 5 MM patients and two myeloma cell lines
(NOP2 and Liu01) by Liu et al. (2007). Authors referred to the existence of CD56+ primary MM
cells expressing neuronal markers, such as nestin, neuron-specific enolase and β-tubulin III
[83]. Expression of nestin was reported to be stimulated by the Notch signaling pathway in
human gliomas [132]. The Notch pathway plays also an important role in survival and
proliferation of malignant PCs and negatively affects bone disease in MM [133]. Our recent
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work proved that nestin protein is a tumor-specific marker for CD138+38+PC of MM patients
[110]. Regarding the fact that myeloma PCs appear to be mature, terminally differentiated cells
with a low proliferative potential, the presence of nestin is very surprising. Cells expressing
nestin may represent a transient population undergoing dedifferentiation into CSC-like
phenotype. Providing that PCs possess a truly dedifferentiation potential, the direction of
dedifferentiate needs to be elucidated and whether or not this process is reversible.
Unexpectedly, our results showed that nestin was present in one-third of cases in 50% to almost
100% of PCs. Also expression of MAGE genes was found in majority of PCs [102, 134]. Thus,
if nestin is expressed in most cells, it means that majority of PCs might gain stem cell features
and could repopulate the tumor after therapy. These findings take into question the hierarch‐
ical model of myelomagenesis based on the presumption that MM originates from a minor
population of MSC. Conversely, stochastic clonal evolution model better describes mecha‐
nisms responsible for recurrence of MM. This model suggests that majority of tumor cells have
a character of stem cells and may repopulate tumor cells after treatment [135]. Plasticity of PCs
better fits the clonal evolution model because weakly proliferating PCs would not be able to
quickly repopulate the tumor, therefore we hypothesized that they need to convert into more
rapidly dividing cells.
Association of nestin with plasticity of terminally differentiated cell types were demonstrated
in the study of metaplastic conversion of mature pancreatic epithelial cells [136] Metaplastic
conversion is defined as the replacement of one differentiated cell type by another mature cell
type and is frequently associated with an increased risk of subsequent neoplasia. Causes of
these changes remains unclear but one possible mechanism may be transdifferantiation of one
mature cell type to another one either directly or via an undifferentiated transient cells (rev.
in [137]). Means et al. (2005) showed that mature acinar cells can convert into ductal epithelia
under EGFR signaling. Metaplastic changes were accompanied by occurrence of nestinpositive intermediates similar to nestin-positive precursors observed during early pancreatic
development. Results of this study proved a real trans-differentiation potential of mature
mammalian cells and indicated that plasticity of mature cell types may play a role in the
generation of neoplastic precursors. Whether nestin-positive myeloma PCs might represent
particular intermediates undergoing changes leading to the occurrence of cells with a changed
(transdifferantiation) or less differentiated phenotype (dedifferentiation), it remains a matter
for future research. On the other hand, nestin expression might represent only a byproduct of
tumor transformation without any association with myeloma heterogeneity. However, the
dynamic character of nestin network plays an important role in the key cell processes such as
proliferation, migration and cell survival. Nestin polymerization/ depolymerization influences
intracellular signaling, it is likely responsible for rapid redistribution of intracellular proteins,
cytoskeletal remodeling and/or might function as a scaffold for protein interactions [122, 125,
129, 130] (Fig. 4). All these properties might represent an important prerequisite for myeloma
plasticity.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

Figure 4. Nestin remodeling and cellular functions

6. Cancer stem cell phenotype and tumor microenvironment
Recent knowledge supports the hypothesis that altered BM microenvironments participate in
both mechanisms leading to tumor progression; induction of stem cell features and stimulation
of angiogenesis. Cancer stem cell phenotypes may be a plastic state induced in cancer cells
depending upon microenvironmental signals, such as hypoxia. Hypoxia has a great impact on
the production of angiogenic factors but it is also a crucial regulator of the stem cell phenotype.
Several reports have shown that hypoxia and HIFs are involved in maintaining a stem-like
state in normal tissues [138]. One example can represent hematopoietic stem cells that reside
in regions regulated by oxygen tension. It is hypothesized that undifferentiated phenotypes
of these cells relies on HIF activity in hypoxic areas. Hypoxic areas in tumors might be an
analog to stem cell niches in normal tissues. Furthermore, Yoshida et al. (2009) have shown
that hypoxic conditions significantly improve generation of iPSC [139]. Growing knowledge
of cancer stem cell biology suggests that hypoxia may act as a critical regulator of the cancer
stem cell phenotype.
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Series of experiments have demonstrated that hypoxia is responsible for altering the cellular
phenotype by causing an increase in proliferation, self-renewal and upregulation of stem cell
genes in both CSC and non-CSC. Several groups have shown that hypoxia can regulate histone
methylation and thus alter the epigenetic status of cancer cells [140-142]. Tumor hypoxia also
correlates with poor outcome of patients. HIFs were shown to induce the embryonal stem celllike transcriptional program, including OCT4, NANOG, SOX2, KLF4, MYC, and micro‐
RNA-302 in cancer cell lines of prostate, brain, kidney, cervix, lung, colon, liver and breast
tumors [143]. Hypoxic microenvironment potentiates biological effect of Notch signaling in
adenocarcinoma of the lung or alters gene expression of neuroblastoma cells to induce more
immature phenotype [144, 145]. CD133, a cancer stem cell marker, has been reported by several
groups to be upregulated under hypoxic conditions [146, 147]. McCord et al. [2009] showed
that hypoxia not only increased the sub-population of glioblastoma cells positive for CD133,
but also enhanced expression of other stem cell markers, such as SOX2, OCT4 and nestin [148].
Low oxygen levels induced also HIF-2α expression that can increase the expression of stem
cell-associated genes and confer tumorigenic potential to non-CSC [140].
The BM microenvironment of MM is also hypoxic, and myeloma PCs are long term exposed
to low oxygen levels. Tumor adaptation to hypoxia is mediated by the production of HIF-1
[149]. Both HIF-1α and HIF-2α have been reported to be activated in MM patients resulting in
stimulation of angiogenesis [150]. Although a role of BM microenvironment is generally
recognized as a crucial factor affecting myeloma development and support progression, it is
surprising that an importance of hypoxic microenvironment for modulation of plasma cell
phenotype have never been studied in MM.

7. Conclusion
Despite the achievements of currently used therapy, MM remains difficult to treat. Novel
agents such as inhibitors of proteasome or immunomodulatory drugs have prolonged survival
of patients with MM and even some patients persist in long term remission. However, there
is a little known about mechanisms of myeloma development or the population responsible
for the origin and relapse of the disease. Many scientists have tried to explain causes of the
relapse but none of their theories have been conclusively confirmed so far. In this review, we
explain inconsistencies among particular concepts and the inability to detect cells of origin by
the plasticity potential of myeloma PCs. Plasticity of myeloma PCs might be a cause of vast
phenotypic heterogeneity of MM and different characteristics of putative myeloma precursors.
Under specific signals from aberrant microenvironments, PCs might undergo dedifferentia‐
tion/transdifferentiation changing their phenotype profile, and acquire stem cell-like proper‐
ties to ensure survival. Therefore, an effort to target the specific cell type based only on surface
markers is not sufficient. Instead, it is necessary to concentrate on pathologic mechanisms
responsible for the transition from non-CSC to CSC like cells. Additional focus on adjacent
microenvironments and specific prevention of stem cell-like conversion might increase success
of future therapy.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

Acknowledgements
This work was supported by grants from The Ministry of Education, Youth and Sports:
MSM0021622434 and Czech Science Foundation GAP304/10/1395. The authors would like to
thank Andrea Knight for proof reading the manuscript.

Author details
Hana Šváchová1, Sabina Sevcikova1 and Roman Hájek1,2
*Address all correspondence to: roman.hajek@fno.cz
1 Babak Myeloma Group, Department of Pathological Physiology, Faculty of Medicine, Ma‐
saryk University, Czech Republic
2 Faculty of Medicine, University of Ostrava and University Hospital of Ostrava, Czech Re‐
public,, Czech Republic

References
[1] Rajkumar SV, Kyle RA. Multiple myeloma: diagnosis and treatment. Mayo Clin Proc.
2005 Oct;80(10):1371-82.
[2] Richardson P, Anderson K. Thalidomide and dexamethasone: a new standard of care
for initial therapy in multiple myeloma. J Clin Oncol. 2006 Jan;24(3):334-6.
[3] Hamburger A, Salmon SE. Primary bioassay of human myeloma stem cells. J Clin In‐
vest. 1977 Oct;60(4):846-54.
[4] Bergsagel DE, Valeriote FA. Growth characteristics of a mouse plasma cell tumor.
Cancer Res. 1968 Nov;28(11):2187-96.
[5] Park CH, Bergsagel DE, McCulloch EA. Mouse myeloma tumor stem cells: a primary
cell culture assay. J Natl Cancer Inst. 1971 Feb;46(2):411-22.
[6] Matsui W, Huff CA, Wang Q, Malehorn MT, Barber J, Tanhehco Y, et al. Characteri‐
zation of clonogenic multiple myeloma cells. Blood. 2004 Mar;103(6):2332-6.
[7] Yaccoby S, Epstein J. The proliferative potential of myeloma plasma cells manifest in
the SCID-hu host. Blood. 1999 Nov;94(10):3576-82.
[8] Pfeifer S, Perez-Andres M, Ludwig H, Sahota SS, Zojer N. Evaluating the clonal hier‐
archy in light-chain multiple myeloma: implications against the myeloma stem cell
hypothesis. Leukemia. 2011 Jul;25(7):1213-6.

79

80

Multiple Myeloma - A Quick Reflection on the Fast Progress

[9] Mellstedt H, Hammarström S, Holm G. Monoclonal lymphocyte population in hu‐
man plasma cell myeloma. Clin Exp Immunol. 1974 Jul;17(3):371-84.
[10] Vacca A, Ribatti D. Bone marrow angiogenesis in multiple myeloma. Leukemia. 2006
Feb;20(2):193-9.
[11] Laroche M, Brousset P, Ludot I, Mazières B, Thiechart M, Attal M. Increased vascula‐
rization in myeloma. Eur J Haematol. 2001 Feb;66(2):89-93.
[12] Sezer O, Niemöller K, Eucker J, Jakob C, Kaufmann O, Zavrski I, et al. Bone marrow
microvessel density is a prognostic factor for survival in patients with multiple mye‐
loma. Ann Hematol. 2000 Oct;79(10):574-7.
[13] Rajkumar SV, Leong T, Roche PC, Fonseca R, Dispenzieri A, Lacy MQ, et al. Prog‐
nostic value of bone marrow angiogenesis in multiple myeloma. Clin Cancer Res.
2000 Aug;6(8):3111-6.
[14] Rajkumar SV, Mesa RA, Fonseca R, Schroeder G, Plevak MF, Dispenzieri A, et al.
Bone marrow angiogenesis in 400 patients with monoclonal gammopathy of undeter‐
mined significance, multiple myeloma, and primary amyloidosis. Clin Cancer Res.
2002 Jul;8(7):2210-6.
[15] Liao D, Johnson RS. Hypoxia: a key regulator of angiogenesis in cancer. Cancer
Metastasis Rev. 2007 Jun;26(2):281-90.
[16] Brahimi-Horn MC, Chiche J, Pouysségur J. Hypoxia and cancer. J Mol Med (Berl).
2007 Dec;85(12):1301-7.
[17] Colla S, Storti P, Donofrio G, Todoerti K, Bolzoni M, Lazzaretti M, et al. Low bone
marrow oxygen tension and hypoxia-inducible factor-1α overexpression characterize
patients with multiple myeloma: role on the transcriptional and proangiogenic pro‐
files of CD138(+) cells. Leukemia. 2010 Nov;24(11):1967-70.
[18] Knowles HJ, Athanasou NA. Hypoxia-inducible factor is expressed in giant cell tu‐
mour of bone and mediates paracrine effects of hypoxia on monocyte-osteoclast dif‐
ferentiation via induction of VEGF. J Pathol. 2008 May;215(1):56-66.
[19] Bergsagel PL, Masellis Smith A, Belch AR, Pilarski LM. The blood B-cells and bone
marrow plasma cells in patients with multiple myeloma share identical IgH rear‐
rangements. Curr Top Microbiol Immunol. 1995;194:17-24.
[20] Bergsagel PL, Smith AM, Szczepek A, Mant MJ, Belch AR, Pilarski LM. In multiple
myeloma, clonotypic B lymphocytes are detectable among CD19+ peripheral blood
cells expressing CD38, CD56, and monotypic Ig light chain. Blood. 1995 Jan;85(2):
436-47.
[21] Szczepek AJ, Bergsagel PL, Axelsson L, Brown CB, Belch AR, Pilarski LM. CD34+
cells in the blood of patients with multiple myeloma express CD19 and IgH mRNA

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

and have patient-specific IgH VDJ gene rearrangements. Blood. 1997 Mar;89(5):
1824-33.
[22] Jensen GS, Belch AR, Mant MJ, Ruether BA, Yacyshyn BR, Pilarski LM. Expression of
multiple beta 1 integrins on circulating monoclonal B cells in patients with multiple
myeloma. Am J Hematol. 1993 May;43(1):29-36.
[23] Pilarski LM, Hipperson G, Seeberger K, Pruski E, Coupland RW, Belch AR. Myeloma
progenitors in the blood of patients with aggressive or minimal disease: engraftment
and self-renewal of primary human myeloma in the bone marrow of NOD SCID
mice. Blood. 2000 Feb;95(3):1056-65.
[24] Rasmussen T, Jensen L, Johnsen HE. Levels of circulating CD19+ cells in patients
with multiple myeloma. Blood. 2000 Jun;95(12):4020-1.
[25] Kubagawa H, Vogler LB, Capra JD, Conrad ME, Lawton AR, Cooper MD. Studies on
the clonal origin of multiple myeloma. Use of individually specific (idiotype) anti‐
bodies to trace the oncogenic event to its earliest point of expression in B-cell differ‐
entiation. J Exp Med. 1979 Oct;150(4):792-807.
[26] Yaccoby S, Pennisi A, Li X, Dillon SR, Zhan F, Barlogie B, et al. Atacicept (TACI-Ig)
inhibits growth of TACI(high) primary myeloma cells in SCID-hu mice and in cocul‐
ture with osteoclasts. Leukemia. 2008 Feb;22(2):406-13.
[27] Yaccoby S. The phenotypic plasticity of myeloma plasma cells as expressed by dedif‐
ferentiation into an immature, resilient, and apoptosis-resistant phenotype. Clin Can‐
cer Res. 2005 Nov;11(21):7599-606.
[28] Yata K, Yaccoby S. The SCID-rab model: a novel in vivo system for primary human
myeloma demonstrating growth of CD138-expressing malignant cells. Leukemia.
2004 Nov;18(11):1891-7.
[29] Chiron D, Surget S, Maïga S, Bataille R, Moreau P, Le Gouill S, et al. The peripheral
CD138+ population but not the CD138- population contains myeloma clonogenic
cells in plasma cell leukaemia patients. Br J Haematol. 2012 Mar;156(5):679-83.
[30] Kim D, Park CY, Medeiros BC, Weissman IL. CD19(-)CD45(low/-)CD38(high)/
CD138(+) plasma cells enrich for human tumorigenic myeloma cells. Leukemia. 2012
May.
[31] Pilarski LM, Masellis-Smith A, Szczepek A, Mant MJ, Belch AR. Circulating clono‐
typic B cells in the biology of multiple myeloma: speculations on the origin of myelo‐
ma. Leuk Lymphoma. 1996 Aug;22(5-6):375-83..
[32] Szczepek AJ, Seeberger K, Wizniak J, Mant MJ, Belch AR, Pilarski LM. A high fre‐
quency of circulating B cells share clonotypic Ig heavy-chain VDJ rearrangements
with autologous bone marrow plasma cells in multiple myeloma, as measured by
single-cell and in situ reverse transcriptase-polymerase chain reaction. Blood. 1998
Oct;92(8):2844-55.

81

82

Multiple Myeloma - A Quick Reflection on the Fast Progress

[33] Pilarski LM, Jensen GS. Monoclonal circulating B cells in multiple myeloma. A con‐
tinuously differentiating, possibly invasive, population as defined by expression of
CD45 isoforms and adhesion molecules. Hematol Oncol Clin North Am. 1992 Apr;
6(2):297-322.
[34] Jensen GS, Mant MJ, Pilarski LM. Sequential maturation stages of monoclonal B line‐
age cells from blood, spleen, lymph node, and bone marrow from a terminal myelo‐
ma patient. Am J Hematol. 1992 Nov;41(3):199-208.
[35] Conway EJ, Wen J, Feng Y, Mo A, Huang WT, Keever-Taylor CA, et al. Phenotyping
studies of clonotypic B lymphocytes from patients with multiple myeloma by flow
cytometry. Arch Pathol Lab Med. 2009 Oct;133(10):1594-9.
[36] Billadeau D, Ahmann G, Greipp P, Van Ness B. The bone marrow of multiple myelo‐
ma patients contains B cell populations at different stages of differentiation that are
clonally related to the malignant plasma cell. J Exp Med. 1993 Sep;178(3):1023-31.
[37] Bakkus MH, Van Riet I, Van Camp B, Thielemans K. Evidence that the clonogenic
cell in multiple myeloma originates from a pre-switched but somatically mutated B
cell. Br J Haematol. 1994 May;87(1):68-74.
[38] Reiman T, Seeberger K, Taylor BJ, Szczepek AJ, Hanson J, Mant MJ, et al. Persistent
preswitch clonotypic myeloma cells correlate with decreased survival: evidence for
isotype switching within the myeloma clone. Blood. 2001 Nov;98(9):2791-9.
[39] Matsui W, Wang Q, Barber JP, Brennan S, Smith BD, Borrello I, et al. Clonogenic
multiple myeloma progenitors, stem cell properties, and drug resistance. Cancer Res.
2008 Jan;68(1):190-7.
[40] Peacock CD, Wang Q, Gesell GS, Corcoran-Schwartz IM, Jones E, Kim J, et al. Hedge‐
hog signaling maintains a tumor stem cell compartment in multiple myeloma. Proc
Natl Acad Sci U S A. 2007 Mar;104(10):4048-53.
[41] Huff CA, Matsui W. Multiple myeloma cancer stem cells. J Clin Oncol. 2008 Jun;
26(17):2895-900.
[42] Loh YS, Mo S, Brown RD, Yamagishi T, Yang S, Joshua DE, et al. Presence of Hoechst
low side populations in multiple myeloma. Leuk Lymphoma. 2008 Sep;49(9):1813-6.
[43] Jakubikova J, Adamia S, Kost-Alimova M, Klippel S, Cervi D, Daley JF, et al. Lenali‐
domide targets clonogenic side population in multiple myeloma: pathophysiologic
and clinical implications. Blood. 2011 Apr;117(17):4409-19.
[44] Munshi NC, Anderson KC, Bergsagel PL, Shaughnessy J, Palumbo A, Durie B, et al.
Consensus recommendations for risk stratification in multiple myeloma: report of
the International Myeloma Workshop Consensus Panel 2. Blood. 2011 May;117(18):
4696-700.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

[45] O'Connor BP, Gleeson MW, Noelle RJ, Erickson LD. The rise and fall of long-lived
humoral immunity: terminal differentiation of plasma cells in health and disease. Im‐
munol Rev. 2003 Aug;194:61-76.
[46] O'Connor BP, Cascalho M, Noelle RJ. Short-lived and long-lived bone marrow plas‐
ma cells are derived from a novel precursor population. J Exp Med. 2002 Mar;195(6):
737-45.
[47] Caligaris-Cappio F, Bergui L, Gregoretti MG, Gaidano G, Gaboli M, Schena M, et al.
'Role of bone marrow stromal cells in the growth of human multiple myeloma.
Blood. 1991 Jun;77(12):2688-93.
[48] Chen BJ, Epstein J. Circulating clonal lymphocytes in myeloma constitute a minor
subpopulation of B cells. Blood. 1996 Mar;87(5):1972-6.
[49] Rasmussen T, Lodahl M, Hancke S, Johnsen HE. In multiple myeloma clonotypic
CD38- /CD19+ / CD27+ memory B cells recirculate through bone marrow, peripheral
blood and lymph nodes. Leuk Lymphoma. 2004 Jul;45(7):1413-7.
[50] Vescio RA, Cao J, Hong CH, Lee JC, Wu CH, Der Danielian M, et al. Myeloma Ig
heavy chain V region sequences reveal prior antigenic selection and marked somatic
mutation but no intraclonal diversity. J Immunol. 1995 Sep;155(5):2487-97.
[51] McSweeney PA, Wells DA, Shults KE, Nash RA, Bensinger WI, Buckner CD, et al.
Tumor-specific aneuploidy not detected in CD19+ B-lymphoid cells from myeloma
patients in a multidimensional flow cytometric analysis. Blood. 1996 Jul;88(2):622-32.
[52] Taylor BJ, Kriangkum J, Pittman JA, Mant MJ, Reiman T, Belch AR, et al. Analysis of
clonotypic switch junctions reveals multiple myeloma originates from a single class
switch event with ongoing mutation in the isotype-switched progeny. Blood. 2008
Sep;112(5):1894-903.
[53] Trepel M, Martens V, Doll C, Rahlff J, Gösch B, Loges S, et al. Phenotypic detection of
clonotypic B cells in multiple myeloma by specific immunoglobulin ligands reveals
their rarity in multiple myeloma. PLoS One. 2012;7(2):e31998.
[54] Rasmussen T, Haaber J, Dahl IM, Knudsen LM, Kerndrup GB, Lodahl M, et al. Iden‐
tification of translocation products but not K-RAS mutations in memory B cells from
patients with multiple myeloma. Haematologica. 2010 Oct;95(10):1730-7.
[55] Basak GW, Carrier E. The search for multiple myeloma stem cells: the long and
winding road. Biol Blood Marrow Transplant. 2010 May;16(5):587-94.
[56] Corradini P, Voena C, Omedé P, Astolfi M, Boccadoro M, Dalla-Favera R, et al. De‐
tection of circulating tumor cells in multiple myeloma by a PCR-based method. Leu‐
kemia. 1993 Nov;7(11):1879-82.

83

84

Multiple Myeloma - A Quick Reflection on the Fast Progress

[57] Bergsagel PL, Chesi M, Nardini E, Brents LA, Kirby SL, Kuehl WM. Promiscuous
translocations into immunoglobulin heavy chain switch regions in multiple myelo‐
ma. Proc Natl Acad Sci U S A. 1996 Nov;93(24):13931-6.
[58] Fenton JA, Pratt G, Rawstron AC, Morgan GJ. Isotype class switching and the patho‐
genesis of multiple myeloma. Hematol Oncol. 2002 Jun;20(2):75-85.
[59] Nemec P, Kuglík P, Hájek R. (The origin and formation of chromosomal transloca‐
tions in multiple myeloma). Klin Onkol. 2008;21(2):53-8.
[60] Palumbo A, Battaglio S, Astolfi M, Frieri R, Boccadoro M, Pileri A. Multiple inde‐
pendent immunoglobulin class-switch recombinations occurring within the same
clone in myeloma. Br J Haematol. 1992 Dec;82(4):676-80.
[61] Souto-Carneiro MM, Mahadevan V, Takada K, Fritsch-Stork R, Nanki T, Brown M, et
al. Alterations in peripheral blood memory B cells in patients with active rheumatoid
arthritis are dependent on the action of tumour necrosis factor. Arthritis Res Ther.
2009;11(3):R84.
[62] Tangye SG, Good KL. Human IgM+CD27+ B cells: memory B cells or "memory" B
cells? J Immunol. 2007 Jul;179(1):13-9.
[63] Lim SH, Zhang Y, Wang Z, Varadarajan R, Periman P, Esler WV. Rituximab adminis‐
tration following autologous stem cell transplantation for multiple myeloma is asso‐
ciated with severe IgM deficiency. Blood. 2004 Mar;103(5):1971-2.
[64] Musto P, Carella AM, Greco MM, Falcone A, Sanpaolo G, Bodenizza C, et al. Short
progression-free survival in myeloma patients receiving rituximab as maintenance
therapy after autologous transplantation. Br J Haematol. 2003 Nov;123(4):746-7.
[65] Paíno T, Ocio EM, Paiva B, San-Segundo L, Garayoa M, Gutiérrez NC, et al. CD20
positive cells are undetectable in the majority of multiple myeloma cell lines and are
not associated with a cancer stem cell phenotype. Haematologica. 2012 Jul;97(7):
1110-4.
[66] Rossi EA, Rossi DL, Stein R, Goldenberg DM, Chang CH. A bispecific antibody-IF‐
Nalpha2b immunocytokine targeting CD20 and HLA-DR is highly toxic to human
lymphoma and multiple myeloma cells. Cancer Res. 2010 Oct;70(19):7600-9.
[67] Hosen N, Matsuoka Y, Kishida S, Nakata J, Mizutani Y, Hasegawa K, et al. CD138negative clonogenic cells are plasma cells but not B cells in some multiple myeloma
patients. Leukemia. 2012 Sep;26(9):2135-41.
[68] Christensen JH, Jensen PV, Kristensen IB, Abildgaard N, Lodahl M, Rasmussen T.
Characterization of potential CD138 negative myeloma "stem cells". Haematologica.
2012 Jun;97(6):e18-20.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

[69] Jourdan M, Ferlin M, Legouffe E, Horvathova M, Liautard J, Rossi JF, et al. The mye‐
loma cell antigen syndecan-1 is lost by apoptotic myeloma cells. Br J Haematol. 1998
Mar;100(4):637-46.
[70] Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC. Isolation and functional
properties of murine hematopoietic stem cells that are replicating in vivo. J Exp Med.
1996 Apr;183(4):1797-806.
[71] Wu C, Alman BA. Side population cells in human cancers. Cancer Lett. 2008 Sep;
268(1):1-9.
[72] Srinivasan V, Sivaramakrishnan H, Karthikeyan B. Detection, isolation and charac‐
terization of principal synthetic route indicative impurities in verapamil hydrochlor‐
ide. Sci Pharm. 2011 Sep;79(3):555-68.
[73] Montanaro F, Liadaki K, Schienda J, Flint A, Gussoni E, Kunkel LM. Demystifying SP
cell purification: viability, yield, and phenotype are defined by isolation parameters.
Exp Cell Res. 2004 Aug;298(1):144-54.
[74] O'Connor BP, Cascalho M, Noelle RJ. Short-lived and long-lived bone marrow plas‐
ma cells are derived from a novel precursor population. J Exp Med. 2002 Mar;195(6):
737-45.
[75] Kukreja A, Hutchinson A, Dhodapkar K, Mazumder A, Vesole D, Angitapalli R, et al.
Enhancement of clonogenicity of human multiple myeloma by dendritic cells. J Exp
Med. 2006 Aug;203(8):1859-65.
[76] Kumar S, Kimlinger T, Morice W. Immunophenotyping in multiple myeloma and re‐
lated plasma cell disorders. Best Pract Res Clin Haematol. 2010 Sep;23(3):433-51.
[77] Paiva B, Almeida J, Pérez-Andrés M, Mateo G, López A, Rasillo A, et al. Utility of
flow cytometry immunophenotyping in multiple myeloma and other clonal plasma
cell-related disorders. Cytometry B Clin Cytom. 2010 Jul;78(4):239-52.
[78] Busslinger M. Transcriptional control of early B cell development. Annu Rev Immu‐
nol. 2004;22:55-79.
[79] Calame K. MicroRNA-155 function in B Cells. Immunity. 2007 Dec;27(6):825-7.
[80] Harada H, Kawano MM, Huang N, Harada Y, Iwato K, Tanabe O, et al. Phenotypic
difference of normal plasma cells from mature myeloma cells. Blood. 1993 May;
81(10):2658-63.
[81] Mahmoud MS, Huang N, Nobuyoshi M, Lisukov IA, Tanaka H, Kawano MM. Al‐
tered expression of Pax-5 gene in human myeloma cells. Blood. 1996 May;87(10):
4311-5.
[82] Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the B-lymphoid line‐
age depends on the transcription factor Pax5. Nature. 1999 Oct;401(6753):556-62.

85

86

Multiple Myeloma - A Quick Reflection on the Fast Progress

[83] Liu S, Otsuyama K, Ma Z, Abroun S, Shamsasenjan K, Amin J, et al. Induction of
multilineage markers in human myeloma cells and their down-regulation by inter‐
leukin 6. Int J Hematol. 2007 Jan;85(1):49-58.
[84] Allan AL. Cancer Stem Cells in Solid Tumors. Stem Cell Biology and Regenerative
Medicine: Springer, 2011; 2011. 475 p.
[85] Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryon‐
ic and adult fibroblast cultures by defined factors. Cell. 2006 Aug;126(4):663-76.
[86] Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al. In‐
duced pluripotent stem cell lines derived from human somatic cells. Science. 2007
Dec;318(5858):1917-20.
[87] Lowry WE, Richter L, Yachechko R, Pyle AD, Tchieu J, Sridharan R, et al. Generation
of human induced pluripotent stem cells from dermal fibroblasts. Proc Natl Acad Sci
U S A. 2008 Feb;105(8):2883-8.
[88] Park IH, Lerou PH, Zhao R, Huo H, Daley GQ. Generation of human-induced pluri‐
potent stem cells. Nat Protoc. 2008;3(7):1180-6.
[89] Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction
of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 2007
Nov;131(5):861-72.
[90] Hanna J, Markoulaki S, Schorderet P, Carey BW, Beard C, Wernig M, et al. Direct re‐
programming of terminally differentiated mature B lymphocytes to pluripotency.
Cell. 2008 Apr;133(2):250-64.
[91] Aasen T, Raya A, Barrero MJ, Garreta E, Consiglio A, Gonzalez F, et al. Efficient and
rapid generation of induced pluripotent stem cells from human keratinocytes. Nat
Biotechnol. 2008 Nov;26(11):1276-84.
[92] Maherali N, Hochedlinger K. Guidelines and techniques for the generation of in‐
duced pluripotent stem cells. Cell Stem Cell. 2008 Dec;3(6):595-605.
[93] Aoi T, Yae K, Nakagawa M, Ichisaka T, Okita K, Takahashi K, et al. Generation of
pluripotent stem cells from adult mouse liver and stomach cells. Science. 2008 Aug;
321(5889):699-702.
[94] Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The epithelialmesenchymal transition generates cells with properties of stem cells. Cell. 2008 May;
133(4):704-15.
[95] Prindull G, Zipori D. Environmental guidance of normal and tumor cell plasticity:
epithelial mesenchymal transitions as a paradigm. Blood. 2004 Apr;103(8):2892-9.
[96] Dhodapkar MV. Immunity to stemness genes in human cancer. Curr Opin Immunol.
2010 Apr;22(2):245-50.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

[97] Chaffer CL, Brueckmann I, Scheel C, Kaestli AJ, Wiggins PA, Rodrigues LO, et al.
Normal and neoplastic nonstem cells can spontaneously convert to a stem-like state.
Proc Natl Acad Sci U S A. 2011 May;108(19):7950-5.
[98] Bergsagel PL, Kuehl WM. Chromosome translocations in multiple myeloma. Onco‐
gene. 2001 Sep;20(40):5611-22.
[99] Greipp PR, San Miguel J, Durie BG, Crowley JJ, Barlogie B, Bladé J, et al. Internation‐
al staging system for multiple myeloma. J Clin Oncol. 2005 May;23(15):3412-20.
[100] Clevers H. Stem cells, asymmetric division and cancer. Nat Genet. 2005 Oct;37(10):
1027-8.
[101] Chesi M, Robbiani DF, Sebag M, Chng WJ, Affer M, Tiedemann R, et al. AID-de‐
pendent activation of a MYC transgene induces multiple myeloma in a conditional
mouse model of post-germinal center malignancies. Cancer Cell. 2008 Feb;13(2):
167-80.
[102] Jungbluth AA, Ely S, DiLiberto M, Niesvizky R, Williamson B, Frosina D, et al. The
cancer-testis antigens CT7 (MAGE-C1) and MAGE-A3/6 are commonly expressed in
multiple myeloma and correlate with plasma-cell proliferation. Blood. 2005 Jul;
106(1):167-74.
[103] Schoenhals M, Kassambara A, De Vos J, Hose D, Moreaux J, Klein B. Embryonic stem
cell markers expression in cancers. Biochem Biophys Res Commun. 2009 May;383(2):
157-62.
[104] Spisek R, Kukreja A, Chen LC, Matthews P, Mazumder A, Vesole D, et al. Frequent
and specific immunity to the embryonal stem cell-associated antigen SOX2 in pa‐
tients with monoclonal gammopathy. J Exp Med. 2007 Apr;204(4):831-40.
[105] Zhu L, Somlo G, Zhou B, Shao J, Bedell V, Slovak ML, et al. Fibroblast growth factor
receptor 3 inhibition by short hairpin RNAs leads to apoptosis in multiple myeloma.
Mol Cancer Ther. 2005 May;4(5):787-98.
[106] Dhodapkar MV, Dhodapkar KM. Spontaneous and therapy-induced immunity to
pluripotency genes in humans: clinical implications, opportunities and challenges.
Cancer Immunol Immunother. 2011 Mar;60(3):413-8.
[107] Bataille R, Pellat-Deceunynck C, Robillard N, Avet-Loiseau H, Harousseau JL, Mor‐
eau P. CD117 (c-kit) is aberrantly expressed in a subset of MGUS and multiple mye‐
loma with unexpectedly good prognosis. Leuk Res. 2008 Mar;32(3):379-82..
[108] Schmidt-Hieber M, Pérez-Andrés M, Paiva B, Flores-Montero J, Perez JJ, Gutierrez
NC, et al. CD117 expression in gammopathies is associated with an altered matura‐
tion of the myeloid and lymphoid hematopoietic cell compartments and favorable
disease features. Haematologica. 2011 Feb;96(2):328-32.

87

88

Multiple Myeloma - A Quick Reflection on the Fast Progress

[109] Michalczyk K, Ziman M. Nestin structure and predicted function in cellular cytoske‐
letal organisation. Histol Histopathol. 2005 Apr;20(2):665-71.
[110] Svachova H, Pour L, Sana J, Kovarova L, Raja KR, Hajek R. Stem cell marker nestin is
expressed in plasma cells of multiple myeloma patients. Leuk Res. 2011 Aug;35(8):
1008-13.
[111] Blau HM, Brazelton TR, Weimann JM. The evolving concept of a stem cell: entity or
function? Cell. 2001 Jun;105(7):829-41.
[112] Hockfield S, McKay RD. Identification of major cell classes in the developing mam‐
malian nervous system. J Neurosci. 1985 Dec;5(12):3310-28.
[113] About I, Laurent-Maquin D, Lendahl U, Mitsiadis TA. Nestin expression in embry‐
onic and adult human teeth under normal and pathological conditions. Am J Pathol.
2000 Jul;157(1):287-95.
[114] Ha Y, Kim TS, Yoon DH, Cho YE, Huh SG, Lee KC. Reinduced expression of devel‐
opmental proteins (nestin, small heat shock protein) in and around cerebral arterio‐
venous malformations. Clin Neuropathol. 2003 2003 Sep-Oct;22(5):252-61.
[115] Yamada H, Takano T, Ito Y, Matsuzuka F, Miya A, Kobayashi K, et al. Expression of
nestin mRNA is a differentiation marker in thyroid tumors. Cancer Lett. 2009 Jul;
280(1):61-4.
[116] Wiese C, Rolletschek A, Kania G, Blyszczuk P, Tarasov KV, Tarasova Y, et al. Nestin
expression--a property of multi-lineage progenitor cells? Cell Mol Life Sci. 2004 Oct;
61(19-20):2510-22.
[117] Cheng L, Jin Z, Liu L, Yan Y, Li T, Zhu X, et al. Characterization and promoter analy‐
sis of the mouse nestin gene. FEBS Lett. 2004 May;565(1-3):195-202.
[118] Han DW, Do JT, Araúzo-Bravo MJ, Lee SH, Meissner A, Lee HT, et al. Epigenetic hi‐
erarchy governing Nestin expression. Stem Cells. 2009 May;27(5):1088-97.
[119] Guérette D, Khan PA, Savard PE, Vincent M. Molecular evolution of type VI inter‐
mediate filament proteins. BMC Evol Biol. 2007;7:164.
[120] Marvin MJ, Dahlstrand J, Lendahl U, McKay RD. A rod end deletion in the inter‐
mediate filament protein nestin alters its subcellular localization in neuroepithelial
cells of transgenic mice. J Cell Sci. 1998 Jul;111 ( Pt 14):1951-61.
[121] Grigelioniené G, Blennow M, Török C, Fried G, Dahlin I, Lendahl U, et al. Cerebro‐
spinal fluid of newborn infants contains a deglycosylated form of the intermediate
filament nestin. Pediatr Res. 1996 Dec;40(6):809-14.
[122] Sahlgren CM, Mikhailov A, Hellman J, Chou YH, Lendahl U, Goldman RD, et al. Mi‐
totic reorganization of the intermediate filament protein nestin involves phosphory‐
lation by cdc2 kinase. J Biol Chem. 2001 May;276(19):16456-63.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

[123] Sjöberg G, Jiang WQ, Ringertz NR, Lendahl U, Sejersen T. Colocalization of nestin
and vimentin/desmin in skeletal muscle cells demonstrated by three-dimensional flu‐
orescence digital imaging microscopy. Exp Cell Res. 1994 Oct;214(2):447-58.
[124] Coulombe PA, Wong P. Cytoplasmic intermediate filaments revealed as dynamic
and multipurpose scaffolds. Nat Cell Biol. 2004 Aug;6(8):699-706.
[125] Steinert PM, Chou YH, Prahlad V, Parry DA, Marekov LN, Wu KC, et al. A high mo‐
lecular weight intermediate filament-associated protein in BHK-21 cells is nestin, a
type VI intermediate filament protein. Limited co-assembly in vitro to form hetero‐
polymers with type III vimentin and type IV alpha-internexin. J Biol Chem. 1999 Apr;
274(14):9881-90.
[126] Lendahl U, Zimmerman LB, McKay RD. CNS stem cells express a new class of inter‐
mediate filament protein. Cell. 1990 Feb;60(4):585-95.
[127] Kachinsky AM, Dominov JA, Miller JB. Intermediate filaments in cardiac myogene‐
sis: nestin in the developing mouse heart. J Histochem Cytochem. 1995 Aug;43(8):
843-7.
[128] Vaittinen S, Lukka R, Sahlgren C, Hurme T, Rantanen J, Lendahl U, et al. The expres‐
sion of intermediate filament protein nestin as related to vimentin and desmin in re‐
generating skeletal muscle. J Neuropathol Exp Neurol. 2001 Jun;60(6):588-97.
[129] Chou YH, Khuon S, Herrmann H, Goldman RD. Nestin promotes the phosphoryla‐
tion-dependent disassembly of vimentin intermediate filaments during mitosis. Mol
Biol Cell. 2003 Apr;14(4):1468-78.
[130] Sahlgren CM, Pallari HM, He T, Chou YH, Goldman RD, Eriksson JE. A nestin scaf‐
fold links Cdk5/p35 signaling to oxidant-induced cell death. EMBO J. 2006 Oct;
25(20):4808-19.
[131] Reimer R, Helmbold H, Szalay B, Hagel C, Hohenberg H, Deppert W, et al. Nestin
modulates glucocorticoid receptor function by cytoplasmic anchoring. PLoS One.
2009;4(6):e6084.
[132] Shih AH, Holland EC. Notch signaling enhances nestin expression in gliomas. Neo‐
plasia. 2006 Dec;8(12):1072-82.
[133] Schwarzer R, Kaiser M, Acikgoez O, Heider U, Mathas S, Preissner R, et al. Notch
inhibition blocks multiple myeloma cell-induced osteoclast activation. Leukemia.
2008 Dec;22(12):2273-7.
[134] Atanackovic D, Hildebrandt Y, Jadczak A, Cao Y, Luetkens T, Meyer S, et al. Cancertestis antigens MAGE-C1/CT7 and MAGE-A3 promote the survival of multiple mye‐
loma cells. Haematologica. 2010 May;95(5):785-93.
[135] Adams JM, Strasser A. Is tumor growth sustained by rare cancer stem cells or domi‐
nant clones? Cancer Res. 2008 Jun;68(11):4018-21.

89

90

Multiple Myeloma - A Quick Reflection on the Fast Progress

[136] Means AL, Meszoely IM, Suzuki K, Miyamoto Y, Rustgi AK, Coffey RJ, et al. Pancre‐
atic epithelial plasticity mediated by acinar cell transdifferentiation and generation of
nestin-positive intermediates. Development. 2005 Aug;132(16):3767-76.
[137] Tosh D, Slack JM. How cells change their phenotype. Nat Rev Mol Cell Biol. 2002
Mar;3(3):187-94.
[138] Heddleston JM, Li Z, Lathia JD, Bao S, Hjelmeland AB, Rich JN. Hypoxia inducible
factors in cancer stem cells. Br J Cancer. 2010 Mar;102(5):789-95.
[139] Yoshida Y, Takahashi K, Okita K, Ichisaka T, Yamanaka S. Hypoxia enhances the
generation of induced pluripotent stem cells. Cell Stem Cell. 2009 Sep;5(3):237-41.
[140] Heddleston JM, Li Z, McLendon RE, Hjelmeland AB, Rich JN. The hypoxic microen‐
vironment maintains glioblastoma stem cells and promotes reprogramming towards
a cancer stem cell phenotype. Cell Cycle. 2009 Oct;8(20):3274-84.
[141] Pan ZH, Chen ZD. (Hypoxia-inducible factor 1 and prostate cancer). Zhonghua Nan
Ke Xue. 2007 Apr;13(4):356-9.
[142] Xia X, Lemieux ME, Li W, Carroll JS, Brown M, Liu XS, et al. Integrative analysis of
HIF binding and transactivation reveals its role in maintaining histone methylation
homeostasis. Proc Natl Acad Sci U S A. 2009 Mar;106(11):4260-5.
[143] Mathieu J, Zhang Z, Zhou W, Wang AJ, Heddleston JM, Pinna CM, et al. HIF induces
human embryonic stem cell markers in cancer cells. Cancer Res. 2011 Jul;71(13):
4640-52.
[144] Chen YQ, Zhao CL, Li W. Effect of hypoxia-inducible factor-1alpha on transcription
of survivin in non-small cell lung cancer. J Exp Clin Cancer Res. 2009;28:29.
[145] Jögi A, Øra I, Nilsson H, Lindeheim A, Makino Y, Poellinger L, et al. Hypoxia alters
gene expression in human neuroblastoma cells toward an immature and neural
crest-like phenotype. Proc Natl Acad Sci U S A. 2002 May;99(10):7021-6.
[146] Seidel S, Garvalov BK, Wirta V, von Stechow L, Schänzer A, Meletis K, et al. A hy‐
poxic niche regulates glioblastoma stem cells through hypoxia inducible factor 2 al‐
pha. Brain. 2010 Apr;133(Pt 4):983-95.
[147] Soeda A, Park M, Lee D, Mintz A, Androutsellis-Theotokis A, McKay RD, et al. Hy‐
poxia promotes expansion of the CD133-positive glioma stem cells through activa‐
tion of HIF-1alpha. Oncogene. 2009 Nov;28(45):3949-59.
[148] McCord AM, Jamal M, Shankavaram UT, Shankavarum UT, Lang FF, Camphausen
K, et al. Physiologic oxygen concentration enhances the stem-like properties of
CD133+ human glioblastoma cells in vitro. Mol Cancer Res. 2009 Apr;7(4):489-97.
[149] Hickey MM, Simon MC. Regulation of angiogenesis by hypoxia and hypoxia-induci‐
ble factors. Curr Top Dev Biol. 2006;76:217-57.

Heterogeneity and Plasticity of Multiple Myeloma
http://dx.doi.org/10.5772/55365

[150] Martin SK, Diamond P, Williams SA, To LB, Peet DJ, Fujii N, et al. Hypoxia-inducible
factor-2 is a novel regulator of aberrant CXCL12 expression in multiple myeloma
plasma cells. Haematologica. 2010 May;95(5):776-84.

91

