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Simple Summary: Multiple myeloma is a cancer of immunoglobulin-secreting cells that accumulate
in the bone marrow. Mesenchymal stromal cells are important components of the bone marrow
microenvironment interacting with myeloma cells and having a pivotal role in the progression of
the disease. Here we first review studies that have highlighted structural and functional differences
between mesenchymal stromal cells derived from healthy donors and myeloma patients, and propose
a model for the transition from the normal to the myeloma-condition of these cells. Next, we
underscore the contribution of mesenchymal stromal cells to the promotion of myeloma growth and
survival, development of drug resistance, dissemination and homing, myeloma bone disease, and
the establishment of a pro-inflammatory and immunosuppressive microenvironment. It appears as if
as a result of myeloma-mesenchymal stromal cell cross-talk, mesenchymal stromal cells in myeloma
patients have converted into active contributors to the pathophysiology of the disease.

Abstract: Multiple myeloma (MM) is a hematological malignancy of plasma cells that proliferate
and accumulate within the bone marrow (BM). Work from many groups has made evident that the
complex microenvironment of the BM plays a crucial role in myeloma progression and response
to therapeutic agents. Within the cellular components of the BM, we will specifically focus on
mesenchymal stromal cells (MSCs), which are known to interact with myeloma cells and the other
components of the BM through cell to cell, soluble factors and, as more recently evidenced, through
extracellular vesicles. Multiple structural and functional abnormalities have been found when
characterizing MSCs derived from myeloma patients (MM-MSCs) and comparing them to those
from healthy donors (HD-MSCs). Other studies have identified differences in genomic, mRNA,
microRNA, histone modification, and DNA methylation profiles. We discuss these distinctive
features shaping MM-MSCs and propose a model for the transition from HD-MSCs to MM-MSCs
as a consequence of the interaction with myeloma cells. Finally, we review the contribution of
MM-MSCs to several aspects of myeloma pathology, specifically to myeloma growth and survival,
drug resistance, dissemination and homing, myeloma bone disease, and the induction of a pro-
inflammatory and immunosuppressive microenvironment.

Keywords: multiple myeloma; bone marrow mesenchymal stromal cells; myeloma progression

1. Multiple Myeloma and the Bone Marrow Microenvironment

Multiple Myeloma (MM) is a B cell neoplasm characterized by the bone marrow
infiltration by clonal plasma cells secreting pathological immunoglobulins that can be
detected in serum or urine. It represents a paradigm of a disease in which the progress in
understanding the biology of the malignancy has resulted in prognostic and therapeutic
advances, which have led to an improvement in patients’ outcomes [1]. First, MM is a model
of transformation from premalignant asymptomatic conditions (monoclonal gammopathy
of uncertain significance -MGUS- and smouldering myeloma -smMM-) into active stages
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when disease-associated symptoms such as anemia, hypercalcemia, renal impairment, or
bone lesions may appear. The study of this evolution has led to the clinical evaluation
of the concept of early intervention for these asymptomatic patients [2]. Prognosis is
another field of research in MM that started with the use of clinical parameters such as
albumin or β2 microglobulin, continued with the discovery of molecular and cytogenetic
abnormalities conferring adverse prognosis, and more recently, dynamic markers like the
evaluation of the measurable residual disease (MRD) have been incorporated to guide
treatment decisions. However, the most significant advances have been developed in
the therapeutic area, with more than 10 novel agents approved since the early 2000s. As
mentioned, this progress has derived from a better knowledge of the disease biology that
prompted the evaluation of new molecules targeting mechanisms essential for tumor cell
survival. Moreover, in the last years, we have seen an explosion of immunotherapeutic
strategies with the appearance of monoclonal antibodies, bispecific T engagers, or even
CAR-Ts that have revolutionized treatment expectations for this disease.

Although many pathogenic factors are tumor cell-autonomous in cancer, they are usu-
ally insufficient to induce progression and metastasis, and a permissive or even favouring
microenvironment is required for frank malignancy to emerge and later to evade apoptosis.
Today, it is widely accepted that the tumor microenvironment plays an active and pivotal
role in acquiring the so-called tumor hallmarks, enabling tumor growth and evasion of
apoptosis, the development of drug resistance, and metastasis [3,4].

MM cells accumulate within the bone marrow (BM) niche, which consists of a complex
microenvironment of cellular components including mesenchymal stromal cells (MSCs),
fibroblasts, adipocytes, endothelial cells (ECs), osteoclasts (OCs), osteoblasts (OBs), immune
cells and hematopoietic cells, together with a non-cellular compartment of the extracellular
matrix and the liquid milieu of cytokines, growth factors, chemokines and extracellular
vesicles [5–7]. Today it is well established that besides genetic and epigenetic alterations
occurring in myeloma cells, the BM microenvironment plays a pivotal role in mediating
survival, proliferation, drug resistance, and progression of the disease [6,8–11]. MM is
a prototype of malignancy characterized by complex bi-directional interactions between
tumor cells and the BM microenvironment. This review will focus on the interactions
of myeloma cells and mesenchymal stromal cells (MSCs), and how these interactions
contribute to the transition from “normal MSCs” to “myelomatous MSCs”. Finally, we
will go through the reported contribution of MSCs to several aspects of MM pathology,
i.e., growth and survival of myeloma cells, dissemination and homing, myeloma bone
disease, the induction of a pro-inflammatory microenvironment, and the development of
drug resistance.

2. Characterization of Mesenchymal Stromal Cells in Multiple Myeloma
2.1. Mesenchymal Stromal Cells (MSCs)

Mesenchymal stromal cells (MSCs) were originally described by Friendenstein et al.
more than 50 years ago, as cells from the BM with fibroblast-like appearance, capable of dif-
ferentiation into osteocytes, chondrocytes, adipocytes, tenocytes, and myocytes [12]. These
adult multipotent cells comprise a heterogeneous population, which was later shown also
to differentiate into cells from the other germ layers (including neurons, cardiomyocytes,
and hepatocytes). Besides the BM, MSCs have been isolated from a wide range of adult
tissues, such as adipose tissue, liver, skeletal muscle, placenta, or lung (see review [13]).
Their ease of isolation and expansion, together with their capacity to home towards injured
tissue and multi-lineage and immunomodulatory potentials, have granted their clinical
use in regenerative medicine and the treatment of immune disorders [13,14].

However, the lack of a specific cell surface marker for this cell population prompted
the International Society of Cellular Therapy (ISCT) to define minimum criteria to allow
comparison of MSCs between different studies: adherence to plastic under standard culture
conditions, positivity for CD105, CD73 and CD90 (≥95%) and negativity for hematopoietic
cell surface markers (CD34, CD45, CD14/CD11b, CD79a/CD19 and HLA-DR (≤2%)), and
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capacity for in vitro differentiation into osteocytes, adipocytes, and chondrocytes under
appropriate stimuli [15]. Other standardized assays have been proposed for the use of
MSCs for clinical purposes [16,17].

2.2. Physiological and Pathological Roles of MSCs in the BM

Despite being at a very low proportion in the BM (only 0.01 to 0.001% of mononuclear
cells) [18], under physiological conditions, MSCs support the maintenance and differenti-
ation of hematopoietic lineages, regulate bone homeostasis and contribute to the spatial
delimitation of cellular niches. However, in MM, and as part of the BM microenvironment,
MSCs play a crucial role in different aspects of the pathology of the disease, which will be
discussed in Section 3. These pathological functions are mediated by a complex intercellular
cross-talk of myeloma cells and MSCs, other cells of the BM microenvironment, and with
the extracellular matrix. In this sense, myeloma to MSC interactions through adhesion
molecules are prominent: VLA-4 (Very Late Antigen 4; α4β1) to VCAM (Vascular Adhesion
Molecule); LFA-1 (Leukocyte Function associated Antigen 1) and MUC-1 (Mucin 1, cell
surface-associated) to ICAM (Intercellular Adhesion Molecule); AXIIR (Annexin II Recep-
tor) to AXII (Annexin II); Notch1/2 and Jagged1/2 to Jagged1/Dll (Delta-like) and Notch
1 [5,19–21]. In addition, a great body of soluble factors (cytokines, chemokines, growth,
and differentiation factors) has been broadly shown to mediate these reciprocal interac-
tions. More recently, also membrane-limited extracellular vesicles (EVs), both exosomes
(Ø 50–150 nm) and microvesicles (Ø 150 nm–1 µm), which in MM are essentially produced
by myeloma cells and MSCs, mediate the horizontal transfer of protein, lipids, and nucleic
acids in their cargo, conveying information either locally or to cells at distant sites of the
BM [22,23]. In fact, EVs have already been described to play roles in myeloma proliferation,
development of osteolytic lesions, drug resistance, angiogenesis, and progression (see
reviews [24,25]).

2.3. Comparison of MSCs from Healthy Donors (HD-MSCs) and Myeloma Patients MM-MSCs)

A considerable body of knowledge has been accrued comparing human MSCs from the
BM of healthy donors (HD-MSCs) and those derived from myeloma patients (MM-MSCs)
using different experimental settings and techniques. This next section will review selected
in vitro studies in this regard, differentiating data reported from expanded/freshly isolated
MSCs, MSCs in monoculture or co-culture with myeloma cells, and MSCs from 2D/3D
in vitro cultures. In this way, we will try to discern the molecular processes underlying the
transition from HD-MSCs to MM-MSCs.

2.3.1. Studies from MSCs after Expansion vs. Fresh MSCs

Due to the low proportion of MSCs in BM aspirates, most studies have been conducted
after isolation of MSCs by adherence to plastic and subsequent in vitro expansion for a
low number of passages (from 2 to 4). Besides, culturing allowed the progressive loss of
other adherent cell types in the sample and increased MSC purity. These studies enabled
the assessment of functional and phenotypic properties found different in MM-MSCs and
HD-MSCs. As compared to HD-MSCs, and despite some discrepancies between studies,
MM-MSCs showed reduced osteogenic potential as demonstrated by reduced matrix min-
eralization and alkaline phosphatase (ALP) expression and activity [26–28], together with
diminished expression of bone formation markers and transcription factors involved in
osteogenic differentiation [29]. MM-MSCs also presented a reduced proliferation rate [30],
increased angiogenic potential and secretion of angiogenic factors [31], and reduced effi-
ciency to suppress T-cell proliferation [26,32,33]. The expression and secretion of growth
factors, cytokines, chemokines, and factors negatively affecting osteogenic function was
higher in MM-MSCs than in HD-MSCs (IL-1β IL-3, IL-6, IL-10, BAFF, GDF15, TNFα,
TGF1β, DKK1, RANKL, and AREG) [26,27,33,34]. In addition, MM-MSCs showed an early
senescence state with increased cell size and accumulation of cells in S phase, and a char-
acteristic senescence-associated secretory profile (higher expression of HGF, IGF-2, IL-6,
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IL-8, MCP-1, MIP-1a, DKK1, and VEGF in MM-MSCs) [26]. In gene expression profiling
studies, among the differentially expressed genes between MM-MSCs and HD-MSCs, a
large proportion of genes were involved in tumor-microenvironmental cross-talk, and
were implicated in tumor-support (e.g., IL-6, IL-1β, AREG, GDF15), angiogenesis (e.g.,
ANGPTL4, PAI-1), and contribution to bone disease (e.g., NPR3, WISP1). In another study,
a differential transcriptional pattern was found between MM-MSCs, but not in OBs, when
associating the occurrence of bone lesions within MM patients [35].

In search of potential alterations that could be causing the above functional and phe-
notypic differences of MM-MSCs, we conducted an array-based comparative genomic
hybridization analysis. Only MM-MSCs bore several non-recurrent chromosomal gains
and losses (>1 Mb) as well as discrete (<1 Mb) genomic alterations [36]. Although the
significance of those genomic imbalances remains to be determined, their non-recurrent
nature excluded them as being responsible for the functional and gene expression dif-
ferences found in MM-MSCs. Nevertheless, the fact that those genomic alterations were
not found in HD-MSCs maintained in the same culture conditions, at least may reflect a
predisposition of MM-MSCs for genomic instability because of previous exposure to MM
cells. Other studies have also identified genomic aberrations in patient-derived MSCs from
MM and other hematological malignancies [37–39].

MicroRNAs (miRNAs) are endogenous 22-nucleotide long non-coding RNAs that
regulate gene expression by binding to the 3´ untranslated region (UTR) of their target
mRNAs and promoting mRNA degradation and/or inhibiting RNA translation. MiRNAs
have been shown to play an important role in the osteogenic lineage commitment of MSCs
by targeting the expression of transcription factors and components of the primary bone
formation pathways [40]. Important differences in the expression of specific miRNAs have
been found for HD-MSCs and MM-MSCs when subjected to osteogenic differentiation con-
ditions. Xu et al. observed that miR-135b was upregulated in MM-MSCs and impaired their
osteogenic differentiation by targeting SMAD5 [41]. Similarly, miR-138 was significatively
increased in MM-MSCs compared to HD-MSCs [42], and inhibition of miR-138 resulted
in enhanced osteogenic differentiation of MM-MSCs, being ROCK2, TRPS1, and SULF2
potential miR-138 targets. The expression of other miRNAs has been found upregulated in
MM-MSCs (miR-221, miR203a-3p.1, miR-223) or decreased (miR-342, miR-363, or miR-29b)
to that of HD-MSCs, modulating the expression of genes involved in osteoblastogenesis
(see Raimondi et al. [43,44] for reviews).

Conversely, other studies used single-cell RNA sequencing optimized for low-cell
numbers of flow cytometry-sorted BM MSCs to transcriptionally characterize samples from
both origins without in vitro expansion [45]. These studies showed that MSC frequency was
significantly higher in patients with active myeloma, suggesting a differentiation blockade
responsible for accumulating MSCs to support a protective microenvironment for myeloma
cells. Principal component analysis of gene expression data also showed that in vitro
expansion may magnify the differences between HD- and MM-MSCs. Additionally, MM-
MSC transcriptional signature was found enriched in functions related to MM pathogenesis,
such as IL-17 pathway and TNF signaling via NF-κB, osteoblastogenesis inhibition, MSC
proliferation, immune-suppressive potential, and a reinforced pro-adipogenous phenotype
(upregulation of Peroxisome Proliferator-Activated Receptor (PPAR) signaling and genes
for cholesterol efflux and lipid metabolism).

In another series of studies, Schinke et al. [46] established a 34 MSC-specific gene
expression signature capable of distinguishing the transcriptional profile of MSCs from
MM, MGUS, smMM, treated myeloma patients at complete response and heathy controls
in BM biopsy samples. These data underscored that the expression of MSC genes within
the BM microenvironment varies substantially between different disease stages. Moreover,
a prognostic gene score based on 3-MSC specific genes (COL4A1, NPR3, and ITGBL1) was
able to predict progression-free survival in MM patients and progression from smMM
into MM, thus highlighting the contribution of the surrounding microenvironment in the
progression of the disease.
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2.3.2. Studies of MSCs in Monoculture vs. MSCs in Co-Culture with MM Cells

Information about HD- or MM-MSC characteristics has also come from many studies
in which expanded MSCs have been exposed to myeloma cells, reminiscent of their BM
situation. Enhanced production of IL-6, IL-10, TNF-α, OPN, and especially of HGF and
BAFF was observed by MM-MSCs after exposure to the RPMI8226 cell line [34]. Of interest,
the authors noted a continued production of cytokines by MM-MSCs after several weeks of
in vitro cultivation in absence of MM cells, suggesting the presence of an autocrine stimula-
tion pathway for cytokines for MM-MSCs, and the possibility that this may promote relapse
even during disease remission. Regarding the early senescence status observed in MM-
MSCs after in vitro expansion, various studies support the MM-cell induced senescence
as a contributing factor to the altered phenotypic characteristics of MM-MSCs. Kanehira
et al. [47] found that co-culture of the IM9 myeloma cell line with MM-MSCs augmented
the lysophosphatidic acid (LPA) signaling in MSCs. Since the expression of LPA recep-
tor 1 (LPA1) is higher in MM-MSCs than in HD-MSCs, signaling through LPA1 (and not
through LPA3) determined the induction of a pro-senescence profile in MM-MSCs and their
transdifferentiation into tumor-associated fibroblasts, which promoted MM progression
and tumor angiogenesis in in vivo models [47]. Besides, co-culture of myeloma cells from
patients or myeloma cell lines with MSCs decreased the expression of Dicer1 and that of
miR-93/miR-20a in the latter, which was associated with elevated expression of the cell
cycle inhibitor p21. This resulted in senescence of MSCs, reduced osteogenic and increased
adipogenic differentiation, and promotion of MM cell growth [48].

Other authors have analyzed gene expression changes induced in MSCs after in-
teraction with myeloma cells. Our group studied the transcriptomic profile induced in
HD-MSCs and MM-MSCs after direct transwell co-culture with the MM.1S cell line [49].
We found “commonly” deregulated genes in HD- and MM-MSCs functionally involved in
tumor microenvironment cross-talk, myeloma growth induction and drug resistance, angio-
genesis, and signals for OC activation and OB inhibition, which were suggested to reflect
changes occurring in MSCs at initial phases of myeloma disease. CXCL1, CXCL5, CXCL6,
and IL-8 were among the most highly deregulated genes in this subset. In contrast, other
genes induced by co-culture were exclusively deregulated in MM-MSCs, and functional
signatures linked those genes to RNA processing and splicing, activation of the ubiquitin-
proteasome pathway, cell cycle regulation, cellular stress, and non-canonical Wnt signaling.
Following the same line of reasoning, exclusively deregulated genes in MM-MSCs were
suggested to represent expression changes of MSCs at more advanced stages of the disease,
being Neuregulin3 and Norrie Disease Protein functionally validated genes within this
second group. Another study also analyzed the transcriptomic signature of both HD- and
MM-MSCs and pre-OBs after 24 h of direct contact with the INA-6 cell line [50]. Differential
expression of genes in MSCs was related to disease progression (plasma cell (PC) homing,
adhesion, enhanced angiogenesis) and tumor-induced bone loss (OC-derived coupling
factors, increased adipogenesis, and inhibition of OB differentiation). One of the most
upregulated genes in MSCs after myeloma contact was angiopoietin-like 4 (ANGPTL4),
which mediates multiple roles in myeloma cell attachment, angiogenesis, regulation of
lipid metabolism, and OC resorption [50,51]. Overall, these transcriptomic studies un-
derscored the multiple deregulated genes in MSCs after interaction with myeloma cells,
which partially resemble the phenotypic and functional differences observed between HD-
and MM-MSCs in monoculture. Furthermore, they highlight the pivotal role of MSCs in
supporting MM growth, angiogenesis, impaired OB differentiation, pro-adipogenesis, and
OC formation in relation to the pathophysiology of the disease.

MiRNAs have been recognized as essential performers in myeloma cells’ interactions
with the BM microenvironment, and specifically with MSCs [52,53]. Interaction of myeloma
cells with MSCs through direct contact and soluble factors has been shown to modify
miRNA expression in both cell types, which in the case of MSCs may affect the expression
of genes involved in suppression of OB differentiation but also tumor-promotion [43]. Thus,
although increased levels of miR-135b, miR-138, and miR-21 were observed in MM-MSCs as
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compared to HD-MSCs, adhesion of myeloma cell lines to HD-MSCs further increased their
levels, indicating the involvement of MM induction in the reduced osteogenic potential of
MSCs [41,42,54]. As previously commented, the senescence-secretory profile induced in
MM-MSCs because of interaction with myeloma cells was linked to decreased levels of miR-
93/miR-20a, which in turn associated with elevated expression of the cell cycle inhibitor
p21 [48]. Furthermore, the transfer of miRNAs and other ncRNAs from myeloma-derived
EVs to MSCs has been reported to regulate gene expression and functions of MM-MSCs
(e.g., increasing their cytokine secretion and proliferation, inducing their transformation
to cancer-associated fibroblasts, and negatively regulating OB differentiation) [55–57].
Similarly, ncRNAs are also conveyed from MM-MSC-derived EVs into myeloma cells. The
role of EVs targeting MSCs or derived from MM-MSCs in MM pathophysiology will be
reviewed in the next section of this manuscript; for the roles of EVs on MSCs in MM, also
see comprehensive reviews [24,58].

Studies from Adamik et al. showed that interaction of MM cells with MSCs induced
the binding of the transcriptional repressor Gfi1 (growth factor independence-1) to the
Runx2 promoter together with the chromatin modifier Enhancer of Zeste homolog 2 (EZH2),
histone deacetylase 1 (HDAC1), and Lysine-specific demethylase 1 (LSD1) [20,59]. These
chromatin modifiers deposit repressive chromatin marks and epigenetically block Runx2
transcription and osteogenesis, while at the same time contribute to the pathologic switch
of MSC differentiation towards adipogenesis. Interestingly, the Runx2 epigenetic repres-
sion occurred 36–48 h after exposure of MM cells to MSCs. Moreover, Runx2 chromatin
repressive marks were maintained four days after MM cell removal and were present in
isolated and in vitro expanded MM-MSCs [60]. Akin to the latter studies, widespread DNA
methylation alterations of BM isolated and expanded MM-MSCs from different myeloma
stages compared to HD-MSCs have been found [61]. In particular, methylation alterations
in Homeobox genes and other genes involved in osteogenic differentiation were shown
to associate with altered expression along with myeloma progression. Of note, MM-MSC
DNA methylation changes could be partially recapitulated by exposure of HD-MSCs to
myeloma cells. Overall, these data suggest the involvement of both chromatin remodeling-
and DNA methylation-based epigenetic mechanisms in the maintenance of suppressed
OB differentiation of MM-MSCs after cultured in vitro in the absence of myeloma cells,
and perhaps also in the persistence of unhealed MM bone lesions even after remission
of active disease [60–62]. Since DNA methylation alterations in MM-MSCs are observed
across the whole genome [61], it can be envisioned that not only a suppressed OB function
but also the observed tumor-promoting features of MM-MSCs after expansion may rely on
heritable epigenetic marks previously established by MSC-MM interactions in the BM [63].

2.3.3. Studies of MSCs in 2D vs. 3D In Vitro Platforms

Without any doubt, in vitro models that better mimic the physiologically relevant
three-dimensional nature of the BM microenvironment, including adhesive, mechanical,
and chemical cues from cells and the extracellular environment [64], may render better
platforms to elucidate the MM and MSC interactions. When the cytokine production of
MM-MSCs in response to the RPMI8226 myeloma cell line was examined in a 3D culture of
gelatine sponge scaffolds, higher secretion of IL-11 and HGF and less IL-10 was observed
as compared to 2D cultures [65]. Reagan et al. [66] established a 3D tissue-engineered bone
(TE-bone) model based on silk scaffolds with a mineralized bone matrix, which was used to
recapitulate the in vivo interactions of myeloma, MSCs, and endothelial cells. Specifically,
this model was used to identify miRNAs mediating the myeloma-induced dysfunctional
osteogenesis on MSCs. Among the most deregulated miRNAs in MSCs, downregulated
miR-199a-5p was shown to have anti-osteogenic effects, and was also found downregulated
in MM-MSCs. In other study series, MM-MSC-derived exosomes were shown to have
differential miRNA and proteomic profiles compared to those from HD-MSCs. When
MM-MSCs-exosomes were administered in the TE-bone model, increased myeloma growth



Cancers 2021, 13, 2542 7 of 28

was observed, whereas MM growth was even reduced when TE-bones were loaded with
HD-MSCs-exosomes [67].

Myeloma BM co-cultures in gelatin scaffolds using the 3D rotatory culture bioreactor
technology [68] also engaged functional myeloma-stroma interactions. Consistently, pro-
survival signaling, cell adhesion, and soluble factor-mediated drug resistance were shown
to be significantly higher in 3D than in 2D parallel co-cultures. Other 3D models, based
on hydrogel [69] or fibrinogen gel cultures [70] of myeloma cells, endothelial cells, and
MM-MSCs have recapitulated various aspects of the BM niche and their interactions and
proven suitable for prediction of therapeutic response of MM patients ex vivo to various
classes of drugs.

2.4. Transition from HD-MSCs to MM-MSCs

Overall, the above-exposed data strongly suggest that multiple mechanisms in the
BM govern the evolution from HD-MSCs to MM-MSCs. We propose (see Figure 1) that
the interactions of HD-MSCs with myeloma cells as mediated by cell adhesion, soluble
factors, and through extracellular vesicles are key and initiating elements of this transition,
and perhaps for progression from MGUS/smMM to symptomatic stages of the disease.
These interactions would progressively mediate dysregulation of gene expression, changes
in the miRNA and epigenetic profiles, and perhaps even genomic abnormalities which
would shape functional and phenotypic changes from HD-MSCs to MM-MSCs. Transversal
factors affecting these changes in MSCs would be hypoxic conditions due to myeloma
growth, the featured immunosuppressed microenvironment of MM, and patient aging.

Besides, and as suggested from various studies, inherited epigenetic modifications
(expression of miRNAs, chromatin marks, and DNA methylation) established by myeloma-
MSC interactions in the BM, could be at least partially responsible for the persistence of
differences between HD- and MM-MSCs after a long-term absence of interactions with
myeloma cells, such as those observed after in vitro expansion of MSCs. In addition, these
epigenetic modifications may mediate a supportive role of MSCs to residual tumor cells in
the BM and contribute to myeloma relapse. These considerations also raise the concept
that the deregulation of epigenetic modifiers seems to be critical in the establishment,
maintenance, and progression of pathological MM-MSC interactions in MM. However,
since epigenetic mechanisms are reversible, the therapeutic use of epigenetic inhibitors, or
even epigenetic inhibitors in combination with other anti-myeloma agents, offers at the
same time new possibilities for the treatment of MM [63].
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absence of myeloma cell interactions. 
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components of the MM BM microenvironment play an essential role in supporting MM 
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interact with MSCs, and far from being a passive relationship, mutual modulation of phe-
notype, proteome, and function is observed as a consequence of this cross-talk [71]. 

In the BM, MM cells adhere to MSCs and extracellular matrix (ECM) proteins 
through adhesion molecules. MM cells bind to type I collagen, fibronectin, and hyalu-
ronan in the ECM via syndecan 1 (CD138), VLA-4, and CD44 respectively. VLA-4, LFA-1, 
MUC-1, or CD40 present on MM cells bind to VCAM-1, ICAM-1, or CD40L on MSCs. 
Adhesion of tumor cells to MSCs activates many pathways resulting in an induction of 
cell cycle progression and anti-apoptotic proteins, and inhibition of pro-apoptotic signal-
ing pathways in MM cells [72–74]. 

Specifically, the VLA-4—VCAM1 interaction triggers the NF-κB signaling pathway 
in MM-MSCs and the transcription and secretion of IL-6, a major MM cell growth factor 
[5]. In turn, IL-6 enhances the production and secretion of VEGF and basic fibroblast 
growth factor (bFGF) by MM cells, and both growth factors bind to their receptors on 
MSCs and re-stimulate IL-6 production [21]. Furthermore, cellular interactions of MSCs 

Figure 1. Hypothetical transition from HD-MSCs to myeloma MM-MSCs mediated by interaction with MM cells. Interaction
of MGUS and smMM plasma cells with MSCs is considered an initiating event. Direct contact of myeloma cells and MSCs,
together with soluble factors (dashed arrows) and EVs (solid arrows) induce various layers of modifications in MSCs
(phenotypic, gene expression, genomic, miRNA, and epigenetic), contributing to the transition from HD- to MM-MSCs and
to myeloma pathology. Epigenetic modifications may be responsible for maintenance of MM-MSC features in absence of
myeloma cell interactions.

3. Biological Roles of MSCs in MM pathology
3.1. Contribution of MM-MSCs to Tumor Growth and Survival

MM tumor cells grow predominantly in the BM, and the cellular and non-cellular
components of the MM BM microenvironment play an essential role in supporting MM
cell proliferation, survival, migration, and chemoresistance [9]. Specifically, myeloma
cells interact with MSCs, and far from being a passive relationship, mutual modulation of
phenotype, proteome, and function is observed as a consequence of this cross-talk [71].

In the BM, MM cells adhere to MSCs and extracellular matrix (ECM) proteins through
adhesion molecules. MM cells bind to type I collagen, fibronectin, and hyaluronan in
the ECM via syndecan 1 (CD138), VLA-4, and CD44 respectively. VLA-4, LFA-1, MUC-1,
or CD40 present on MM cells bind to VCAM-1, ICAM-1, or CD40L on MSCs. Adhesion
of tumor cells to MSCs activates many pathways resulting in an induction of cell cycle
progression and anti-apoptotic proteins, and inhibition of pro-apoptotic signaling pathways
in MM cells [72–74].

Specifically, the VLA-4—VCAM1 interaction triggers the NF-κB signaling pathway in
MM-MSCs and the transcription and secretion of IL-6, a major MM cell growth factor [5].
In turn, IL-6 enhances the production and secretion of VEGF and basic fibroblast growth
factor (bFGF) by MM cells, and both growth factors bind to their receptors on MSCs and
re-stimulate IL-6 production [21]. Furthermore, cellular interactions of MSCs and MM
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cells are mediated through Notch ligands and receptors, and DKK1. The activation of the
Notch pathway in MM cells and MSCs induces the secretion of IL-6, VEGF, and insulin-like
growth factor (IGF-1) from the latter, which is associated with MM cell proliferation and
survival mediated by upregulated expression of survivin [21,75]. On the other hand, DKK1
secreted by MM cells prevents MSCs from differentiating into OBs, and the undifferentiated
MSCs can produce IL-6, which in turn stimulates the proliferation of DKK1-secreting MM
cells [76,77]. These paracrine loops are critical for maintaining the constant growth of
MM cells through the activation of different signaling pathways [78]. The myeloma-MSC
interactions, together with the senescent status of MM-MSCs, further enhance the number
of cytokines, chemokines, and soluble factors secreted by MSCs to the BM milieu (e.g.,
TNFα, SDF-1, BAFF, OPN, HGF, IL-10, IL-8, GDF-15, AREG) which may function as MM
growth factors and increase MM proliferation and survival [26,27,29,34].

After binding with their receptors, these interleukins and growth factors trigger in
tumor cells the activation of signaling pathways such as the JAK2/STAT3, PI3K/AKT,
RAS and the downstream mitogen-activated protein kinase (MAPKs), which provoke not
only tumor growth and survival but also drug resistance, migration, and dissemination of
myeloma cells [72,73].

As previously commented, exosomes from HD- and MM-MSCs were found distinct
in terms of miRNA profile (lower content of tumor suppressor miR-15a) and higher levels
of oncogenic proteins, cytokines and adhesion molecules (IL-6, CCL2, plakoglobin and
fibronectin). Whereas MM-MSCs exosomes increased myeloma proliferation, HD-MSCs
were able to significantly reduce MM growth in in vitro and in vivo assays [67]. Similarly,
MM-MSCs derived microvesicles were shown to be incorporated by myeloma cells increas-
ing MM viability, proliferation and translation initiation [79]; conversely, HD-MSC-derived
microvesicles decreased these effects. Of interest, mass spectrometry analysis revealed that
MM-MSCs microvesicles were enriched in VLA-4, which facilitated its uptake and transfer
to MM cells [80]. In line with the latter data, MM-MSC-derived exosomes have been shown
to mediate the transfer of the lncRNA LINC00461 to MM cells, where it sponged miR15a/16
and enhanced MM cell proliferation and suppression of apoptosis [81]. MiR-10a was also
found enriched in MM-MSC EVs, and when conveyed to myeloma cells it enhanced MM
proliferation [82]. Concerning MM-derived exosomes, they were found to be enriched in
miR-146a and miR-21, which once transferred to MSCs induced the secretion of cytokines
and chemokines (including CXCL1, IL6, IL8, IP-10, MCP-1, and CCL5), and increased
MSC proliferation and transformation to cancer-associated fibroblasts, finally resulting in
increased MM cell viability and migration [55,56] (see Figure 2).

3.2. Contribution of MM-MSCs to Drug Resistance

The presence of surviving tumor cells immediately after therapy (MRD+), suggests
the presence of some form of de novo drug resistance. Two types of factors may contribute
to this de novo resistance: intrinsic and extrinsic factors. Intrinsic de novo resistance is
thought to be caused by pre-existing random genetic mutations that are selected through
selective pressures imposed by drugs when these mutations offer a survival advantage
(as first shown by Theluria-Delbruck experiment) [83–85]. Because of the complexity of
acquired resistance, further mutations may be needed in addition to these intrinsic factors
to produce highly resistant phenotypes [84]. By contrast, extrinsic factors such as those
responsible for environmental-mediated drug resistance (EM-DR) may protect tumor cells
that contain intrinsic mutations while other mutations develop.

EM-DR is rapidly induced by signaling events that are initiated by factors present in
the tumor microenvironment and can be subdivided into two categories: soluble factor-
mediated drug resistance (SFM-DR), which is induced by cytokines, chemokines, and
growth factors secreted by MSCs such as IL-6, IGF-1, IL-1, IL-17 and TNF-α; and cell
adhesion-mediated drug resistance (CAM-DR), which is mediated by the adhesion of
tumor cell integrins to MSCs or stromal fibroblasts or components of the ECM, such
as fibronectin, laminin, hyaluronan and collagen IV [11,86–88]. SFM-DR is primarily
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mediated by the induction of gene transcription, whereas CAM-DR is mediated largely, but
not entirely, by non-transcriptional mechanisms including the degradation of activators
of apoptosis [89], subcellular redistribution [90], and increased stability of suppressors of
apoptosis and cell cycle regulators [91].

Several pieces of evidence have shown that MM-MSCs play an essential role in SFM-
DR. The binding of IL-6 produced by MM-MSCs to its receptor on the plasma membrane
triggers the activation of MAPK, JAK2/STAT3, and PI3K/AKT pathways, resulting in
PC proliferation, survival, and drug resistance [5,72]. Importantly, IL-6 is one of the
mediators of dexamethasone resistance in myeloma cells via protein tyrosine phosphatase,
nonreceptor type 11 (PTPN11, also known as SHP2) [92–94]. IL-6 may also inhibit the
antiproliferative effects of cyclin-dependent kinase (CDK) inhibitors p21 and p27 through
the PI3K/AKT pathway [95]. Furthermore, IL-6 activation of the JAK/STAT3 pathway
induces tumor cell survival by up-regulation/activation of anti-apoptotic proteins MCL-1
and BCL-XL, and c-MYC [96]. Clinically, elevated serum IL-6 levels are associated with a
poor prognosis and reflect the proliferation fraction of MM cells within patients [97].

Similar to IL-6, IGF-1 produced by MM-MSCs is another important mediator of PC
growth, survival, migration, and drug resistance [98]. IGF-1 induced signaling pathways
in myeloma cells (PI3K/AKT, MAPK, and NF-κB) that resulted in increased telomerase
activity and upregulation of the antiapoptotic molecules, such as surviving cellular FADD-
like IL-1β–converting enzyme (FLICE)-inhibitory protein (c-FLIP), X-linked inhibitor of
apoptosis protein (XIAP), cellular inhibitor of apoptosis 2 (cIAP-2), and BCL-2–related
protein A1 (BFL1) [99,100].

On the other hand, CAM-DR suppresses drug-induced apoptosis through other well-
characterized mediators of drug resistance such as P-glycoprotein, fibronectin, laminin,
and collagen IV [45]. Research demonstrates that adhesion of MM cells to fibronectin is me-
diated through integrins such as VLA-4 (α4β1) and VLA-5 (α5β1), among others [86,101].
Fibronectin binding upregulates p27, induces NF-κB activation, and has been shown to
alter the expression of 469 gene products in MM cells [102]. Reports also show increased
production of osteopontin (OPN) and hyaluronan synthase 1 (Has1) by MM-MSCs [103].
MM adhesion to hyaluronan also confers CAM-DR to MM cells [104], and OPN has been
shown to mediate multidrug resistance in other cancers by enhancing hyaluronate binding
and may act similarly in MM [105].

In line with the commented data, exosomes from human and murine BM MSCs
were found to confer resistance to bortezomib in MM cells [106]. Increased expression
of Bcl-2 and full-length caspase-8, caspase-9, caspase 3, and PARP in 5T33MM murine
myeloma cells after incubation with BM MSC-derived exosomes was observed [106]. Other
studies compared the miRNA profile of circulating exosomes from bortezomib resistant
and sensitive myeloma patients. Down-regulation of circulating exosomal miR-16-5p, mi-
R15a-5p, miR-20a-5p, and miR-17-5p was found to be predictive for drug resistance to the
proteasome inhibitor [107]. Besides, exosomes derived from MSCs from patients resistant to
bortezomib (r-MSC exos) conferred resistance to this agent in MM cells, whereas treatment
of MM cells with exosomes from sensitive MSCs (s-MSCs) did not [108]. Transcripts PSMA3
and PSMA3-AS1 were enriched in r-MSC exos, and since PSMA3 stability was increased
through formation of a PSMA3-AS1 and pre-PSMA3 duplex, the expression subunit α3 of
the proteasome was increased conferring acquired resistance to bortezomib (see Figure 2).
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Figure 2. MSC- mediated biological activity in the BM microenvironment of MM. The MSC and myeloma cell cross-talk (through adhesion molecules, via soluble factors, 
or by extracellular vesicles derived from MM cells or MSCs) actively contributes to the pathology of the disease. The MSC—MM cell interactions increase MM growth and 
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Figure 2. MSC- mediated biological activity in the BM microenvironment of MM. The MSC and myeloma cell cross-talk (through adhesion molecules, via soluble factors, or by extracellular
vesicles derived from MM cells or MSCs) actively contributes to the pathology of the disease. The MSC—MM cell interactions increase MM growth and survival, induce drug resistance,
promote myeloma dissemination and homing, support myeloma bone disease through impaired OB while favoured adipocyte differentiation and promotion of OC formation, and
additionally contribute to a pro-inflammatory and immunosuppressive microenvironment.
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3.3. Contribution of MM-MSCs to Dissemination and Homing

MM is characterized by disseminated involvement of the BM, and its progression
involves a continuous mobilization of MM cells into the peripheral blood (PB) and homing
back to the BM. MM cells are constantly invading new regions within the BM through
induced systemic recirculation [109,110]. However, a growing body of evidence has demon-
strated a small number of circulating tumor cells (CTCs) in MM and its association with
poor prognosis [111]. Current dogma states that tumor PCs depend on the BM microenvi-
ronment to survive and expand; nevertheless, as the myeloma progresses, both myeloma
cells and the microenvironment become hypoxic, leading to the egress of BM clonal PCs
into the PB. Later homing of MM cells to the BM depends on chemokines that regulate the
adhesion of MM to MSCs [112].

Mobilization or egress of cells and homing are critically regulated by the CXCL12/CXCR4
axis. CXCL12 (also known as SDF-1α) is produced by MSCs and is the ligand of CXCR4
expressed in PCs [113–115]. It has been shown that reduction of CXCL12 or up-regulation
of CXCR4 by hypoxia induces the mobilization of PCs out of the BM [116]. Indeed, the
BMniche is quite hypoxic (1–2% O2) [117]. It has also been shown that hypoxia leads
to inactivation of E-cadherin and activation of transcription factors regulating epithelial-
mesenchymal transition, including Snail and Twist, indicating that this mechanism can
participate in the egress process [118].

Regarding homing events, the first step in this process is the MM cell adhesion to
endothelial cells (EC) through selectins. The adhesion is mediated by different integrins ex-
pressed by MM cells, such as LFA-1 and VLA-4 [119]. This adhesion induces the activation
of the CXCL12/CXCR4 pathway which in turn, induces the secretion of IL-6 and VEGF
by MSCs, promoting PC proliferation, anti-apoptosis, neo-angiogenesis, and resistance to
therapy [67,120]. Furthermore, it has been demonstrated that CXCL12 is highly expressed
by MM-MSCs at BM sites of metastatic disease showing a major role in directing homing
and trafficking of myeloma PCs [114,115]. Studies to identify the expression of chemokine
receptors in MM have shown significant variations in CXCR4 expression ranging from 10
to 100%. CXCL12 secreted by MSCs induces the migration of MM cells in vitro and homing
into the BM in vivo. Moreover, CXCR4 blockade led to significant inhibition of migration,
homing, and growth, thus halting disease progression [115].

The impact of MSC-derived exosomes in regulating MM progression has been tested
in subcutaneously implanted TE-bones using confocal in vivo imaging. Seven weeks after
implantation, higher engraftment and tumor burden was observed in mice with TE-bone
implants loaded with MM cells treated with MM-MSC exosomes. Notwithstanding, in
those implants loaded with MM cells exposed to HD-MSC-derived exosomes, very weak
myeloma engraftment was observed [67]. Similarly, MM-MSC-derived exosomes were
found to contain cytokines including monocyte chemotactic protein 1 (MCP-1), interferon-
inducible protein 10 (IP-10), and SDF-1, and were demonstrated to induce myeloma
5T33MM cell migration in vitro and home to the BM in vivo [106]. In the same line,
microvesicles from MM-MSCs conferred increased migration capability to MM cells [79]
(see Figure 2).

3.4. Contribution of MM-MSCs to Myeloma Bone Disease (MBD): Suppressed Osteoblast and
Favoured Adipocyte Differentiation

Osteolytic lesions are a central symptom of MM, and around 80–90% of myeloma pa-
tients suffer bone complications at some stage of their disease [121]. Clinical manifestations
of myeloma bone disease (MBD) range from diffuse osteopenia to osteoporosis, focal lytic
lesions, pathologic fractures, vertebral compression, and vertebral fractures [122]. Not only
may MBD greatly compromise the quality of life of MM patients, but most importantly,
the presence of pathologic fractures has been associated with decreased survival [123].
This highlights the need for bone-supportive therapeutics complementinganti-myeloma
strategies, or ideally, anti-myeloma agents which may also have a beneficial effect on
bone [124,125].
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These osteolytic lesions arise because of disruption of bone homeostasis, with in-
creased bone resorption over new bone formation. Thus, MBD presents a dual component
of increased OC differentiation and resorption and, on the other hand, reduced OB forma-
tion and bone anabolic activity. During the past two decades, many cellular and molecular
mechanisms responsible for the suppressed OB function and increased OC resorption in
MM have been identified [126]. Being MSCs the main precursors of OBs, they are the major
“passive subjects” of myeloma and other microenvironmental signals leading to impaired
OB function; in addition, MM-MSCs also actively contribute to MBD by promoting OC
activity and differentiation from myeloid precursors. Finally, we will also comment on the
current understanding of MSC fate commitment in the myeloma BM niche, which may
favour the adipocyte lineage (see Figure 2).

3.4.1. Mechanisms of Osteoblast (OB) Suppression

In MBD, multiple mechanisms concurrently mediate the impairment of OB differentia-
tion from MSC osteoprogenitors, as well as the diminished bone anabolic activity of mature
OBs. OB differentiation from mesenchymal progenitors requires the spatio-temporal inte-
gration of Wnt, bone morphogenetic protein (BMP), and Notch signaling pathways, and
the transcription factor Runx2/Cbfa1 is considered an essential regulator at the intersection
of these pathways leading to OB differentiation [127]. However, multiple intercellular
cross-talk of MSCs with myeloma cells or other cells in the BMmilieu (through cell contact,
soluble factors, or extracellular vesicles) deregulate the commented pathways or finally
affect Runx2 activity, greatly influencing the osteogenic capacity of MSCs.

For convenience and clarity, mechanisms leading to impairment of osteoblastogenesis
and OB function will be presented here as mediated by soluble factors (including inhibitors
of Wnt and bone morphogenetic protein (BMP) signaling, cytokines, chemokines, hor-
mones. . . ); adhesion interactions of myeloma cells and MSCs or pre-OBs; altered expression
of surface molecules on osteoprogenitor cells and OBs; extracellular vesicles from myeloma
cells and miRNAs mediating osteogenic suppression; and DNA and chromatin epigenetic
modifications leading to long-term inhibition of OB differentiation.

Soluble Factors (Including Inhibitors of Wnt and BMP Signaling; Cytokines,
Chemokines, PTHrP)

Extensive in vitro and in vivo studies have demonstrated a crucial role for canonical
Wnt signaling in regulating osteoblastogenesis [127,128]. Wnt ligands are secreted gly-
coproteins which bind to a membrane receptor complex of the low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) and Frizzled (FZD); upon binding, dephosphory-
lated β-catenin is stabilized and translocates to the nucleus where it interacts with the
transcription factor T-cell factor/lymphoid enhancer factor (TCF/LEF) to activate the tran-
scription of target genes, such as Runx2 [128]. Elevated levels of two major Wnt signaling
inhibitors, such as DKK1 and sclerostin, have been found in serum from MM patients,
correlating with the presence of focal bone lesions or the extent of bone disease [129,130].
MM cells are major secretors of DKK-1, which binds to the LRP5/6 co-receptor in MSCs
and osteoprogenitors, preventing Wnt binding and thus OB differentiation [131]. Sclerostin
also binds the LRP5/6 co-receptor in MSCs and osteoprogenitors, and although it was
first found to be produced by osteocytes [132,133], primary and myeloma cell lines also
produce this Wnt inhibitor [134]. More recently, Sostdc1 has been found significatively
induced when MM and OB lineage cells are co-cultured. This secreted protein serves
both as a Wnt and BMP antagonist, leading to suppression of OB differentiation [135].
Other Wnt signaling antagonists, such as the secreted Frizzled related proteins (sFRPs),
directly bind to Wnt ligands hindering their effect on OBs [136]. Among the sFRP family
members, sFRP2 and sFRP3 are produced by myeloma cells, and inhibit Wnt signaling and
OB differentiation. The expression of sFRP3 correlates with clinical bone involvement at
diagnosis [137,138].

The BMP pathway has also been recognized as critical in skeletogenesis during devel-
opment and postnatal OB differentiation and bone homeostasis. The BMPs are members



Cancers 2021, 13, 2542 14 of 28

of the transforming growth factor-β (TGF-β) superfamily. After binding to heterodimeric
receptors in MSCs and osteoprogenitors, some of them (e.g., BMP2, BMP7) lead to SMAD
activation and translocation to the nucleus to directly transactivate Runx2or other os-
teoblastogenic genes such as DLX5 (distal-less 5). On the contrary, other BMPR ligands
(e.g., Activin A, TGF-β), inhibit OB differentiation [126,139]. MM cells do not secrete
Activin A but enhance its secretion by MSCs after their interaction, and OCs also are
producers of this factor [140]. Apart from the role of Activin A favoring OC resorption,
this factor was shown to inhibit OB differentiation through SMAD2-dependent downreg-
ulation of Dlx5 [140]. TGF-β is released from the mineralized bone matrix during bone
resorption and has been reported to especially inhibit late OB differentiation [141,142].
Inhibition of OB differentiation by TGF-β is mediated by downregulation of Runx2or Dlx5
expression [143,144]. The HGF is often produced by MM cells and inhibits BMP-induced
osteogenic differentiation of MSCs by blocking nuclear translocation of SMADs, thus re-
ducing the expression of Runx2 and Osterix and maintaining progenitors in a proliferative
undifferentiated state [145]. In relation to this, transcriptomic profiling of bone lining cells
from the 5TGM1 myeloma model revealed BMP signaling to be upregulated in stromal
progenitor cells [146]. In vivo treatment with a BMP type 1 (BMPR1a) receptor antagonist
or a BMPR1a-Fc-solubilized ligand trap prevented trabecular and cortical bone volume
loss by reduction of OC number and reduced OB suppression. However, improved OB
mineralization was not achieved when isolated MSCs were directly treated with those
BMP inhibitors; rather, the improved OB activity in vivo was related to reduction of Wnt
inhibitors DKK-1 and sclerostin. This underscores the reciprocal interaction of BMP and
Wnt signaling in MM-MSCs, and preclinical evidence is given for pharmacological BMP
inhibition to potentially overcome the uncoupling of bone homeostasis driving MBD.

Several cytokines and chemokines (i.e., IL7, IL3, or CCL3) have been identified as sup-
pressors of OB function, besides their role favoring OC formation and/or activity [147,148].
IL7 is mainly produced by MM cells and may directly diminish Runx2 transcriptional
activity, reinforcing the adhesion-mediated inhibitory effect of myeloma cells on MSCs/pre-
OBs [149]. IL7 also indirectly inhibits Runx2 expression through the induction of the Runx2
transcriptional repressor Gfi1 [150]. IL3 is mainly produced by T lymphocytes [151], but
also by malignant PCs [147], and has been reported to inhibit basal and BMP2 stimulated
OB differentiation indirectly through a CD45+/CD11+ monocyte/macrophage media-
tor [152]. The pleiotropic CCL3 chemokine, produced by malignant PCs and OCs, was
also found to contribute to MBD by osteocalcin downregulation and inhibition of OB
function through reduced levels of the transcription factor Osterix [153,154]. Similarly,
TNFα inflammatory cytokine has been shown to have OB inhibitory properties by reduc-
ing the expression of Runx2 and Osterix [155,156]. In relation to the latter, it is thought
that Sequestrosome1/p62 in MSCs and osteoprogenitors mediates the TNFα-induced sup-
pression of OB differentiation in myeloma-MSC co-cultures [157]. More recently, other
members of the TNF superfamily, such as TNF-related weak inducer of apoptosis (TWEAK)
or LIGHT/TNFSF14, have been shown to inhibit OB differentiation, inducing sclerostin
release by OBs [158] or by monocytes [159], thus suggesting new roles and modes of action
for sclerostin. In addition, MM cells are known to release the parathyroid hormone-related
protein (PTHrP), which binds its receptor in MSCs and OBs, inducing the expression of the
transcriptional repressor E4BP4; the latter indirectly inhibits the expression of Runx2 and
Osterix through the transcriptional inhibition of cyclooxygenase 2 (COX-2) [160].

Adhesion Interactions of Myeloma Cells with MSCs or Pre-OBs

Cell to cell interactions of human myeloma cells and BMMSCs or pre-OBs were
shown to inhibit OB formation and function via blockade of Runx2 activity [147], which
was accompanied by a diminished expression of OB differentiation markers (i.e., ALP,
osteocalcin, and collagen I). Interactions via VLA-4 on myeloma cells and VCAM1 on MSCs
were found partially responsible for this effect since antibodies blocking VLA-4 blunted
the inhibitory effect on Runx2 activity [147].
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The third major signaling pathway implicated in skeletal development regulation,
bone remodeling, and MSC differentiation is Notch signaling [125,159]. Notch signaling
maintains MSCs in an undifferentiated state at physiological conditions by suppressing
OB differentiation [160]. However, in MM, Notch signaling is aberrantly activated [161].
Hyperactivation of Notch ligands in myeloma cells (Jagged1/2) activates Notch transmem-
brane receptors in MSCs and osteoprogenitors (i.e., Notch 1). Then, the Notch intracellular
domain (NICD) is cleaved from the membrane by γ-secretase and translocates to the nu-
cleus to complex the transcription factor CSL and co-activator Mastermind-like (MAML)
to initiate transcription of target genes such as HES and HEY. Hes and Hey inhibit Runx2
activity by direct binding; NICD may also directly interact with Runx2 to repress terminal
osteoblastic differentiation [160]. Increased levels of Notch 1 receptor and Notch down-
stream transcription factors (i.e., Hes1 and Hes5) have been reported in MM-MSCs as
compared to HD-MSCs [24], and inhibition of Notch signaling by γ-secretase inhibitors
could restore the osteogenic differentiation of MM-MSCs.

Also, N-cadherin-mediated interactions (CDH2-CDH2) have been found to contribute
to myeloma cells’ ability to inhibit osteoblastogenesis [162].

Deregulated Expression of Surface Molecules such as EphB4 and FZD5/Ror2 on
Osteoprogenitor Cells and OBs

Along with the above-mentioned mechanisms, it has been shown that the deregulated
expression of cell surface ligands and/or receptors involved in bone homeostasis or os-
teogenic signaling pathways in MM-MSCs (i.e., EphB4 and Ror2), negatively affects their
OB differentiation and function. In this way, the bidirectional signaling between ephrin B2
ligands and EphB4 receptors in the cell surface of OCs and OBs is involved in the physio-
logical maintenance of bone homeostasis balancing OC and OB formation. OCs mainly
express ephrinB2, while MSCs and OBs express the receptor EphB4 and ephrinB2 molecules.
Forward signaling through EphB4 in MSCs promotes OB differentiation, whereas reverse
signaling through ephrinB2 in OCs suppresses OC differentiation [163]. MM cells nega-
tively regulate the expression of ephrinB2 and EphB4 in MM-MSCs as compared to their
healthy counterparts. This contributes to uncoupling of bone remodeling, since stimulation
of the EphB4 receptor is diminished, leading to reduced osteoblastogenesis, and at the
same time, decreased ephrinB2 activation augments OC formation [164].

Although the canonical Wnt pathway is central in regulating osteoblastogenesis, the
non-canonical Wnt5a ligand has also been shown to promote osteogenic differentiation of
human MSCs [165], revealing a regulatory cross-talk between canonical and non-canonical
pathways [166]. This non-canonical Wnt signaling is initiated by the binding of Wnt5a
to the Ror2/FZD5 receptor [167,168]. MM-MSCs and pre-OBs from myeloma patients
exhibited decreased levels of Ror2, and co-culture with myeloma cells downregulated the
expression of both FZD5 and Ror2, thus contributing to reduced OB differentiation [167].

Extracellular Vesicles from Myeloma Cells and MicroRNAs Mediating Osteogenic Suppression

Recently, EVs from myeloma cells have been shown to target both MSCs/OBs and
OCs and thus contribute to MBD [169]. Specifically, exosomes from the murine myeloma
cell line 5TGM1 enhanced OC activity and blocked OB differentiation and functionality in
both in vitro and in vivo models. Of interest, it was shown that those MM-EVs mediated
the transfer of DKK-1, which led to a reduction in Runx2, Osterix, and Collagen 1A1 in
OBs [169]. Also, exosomes from MM samples and myeloma cell lines contain the EGFR
ligand amphiregulin (AREG), which could be internalized by human MSCs blocking their
OB differentiation and promoting the release of the pro-osteoclastogenic cytokine IL8 [170].
But inhibition of OB differentiation through myeloma derived-exosomes has also been
mediated by the EV-transfer of lncRNAs and miRNAs. Li and colleagues first demon-
strated that MM-exosomes contained lncRNA RUNX2-AS1, which after incorporation by
MSCs formed an RNA duplex with RUNX2 pre-mRNA, blocked its splicing, and decreased
the expression of Runx2, leading to decreased osteoblastogenesis [171]. Other groups
have identified miRNAs in myeloma–EVs with a putative role in bone disease, such as
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miR-103a-3p, which once transferred to MSCs targeted Runx2 and led to decreased OB
formation [172]; or miR-129-5p, which among other transcripts downregulated Sp-1, a
transcription factor implicated in osteogenesis, and ALP, a known marker of early os-
teogenic differentiation [57]. These miRNAs, together with the dysregulated expression of
other miRNAs and ncRNAs after myeloma cell contact or soluble factor interaction (e.g.,
miR-135b, miR-138, miR-221, miR-203a-3p.1, miR-342 and miR-363, miR-223, HOXC-AS3)
have been found to lead to the inhibition of OB differentiation from MSC precursors (see
comprehensive reviews [43,173]).

Long-Term Inhibition of OB Differentiation by Epigenetic Modifications

When looking for candidate transcription factors that could mediate the long-term
suppression of OB differentiation, D´Souza et al. found that BM MSCs from myeloma
patients and MSCs from MM-bearing mice had increased levels of the transcriptional
repressor Gfi1 [150]. Either exposure of naïve MSCs to MM cells or to TNFα and IL7
increased Gfi1 expression and translocation to the nucleus, leading to repression of Runx2
mRNA in MSCs and inhibition of OB differentiation. In fact, after MM exposure, Gfi1 binds
the RUNX2 promoter and recruits several histone-modifying enzymes (i.e., EZH2, HDAC1,
and LSD1) that change the bivalent signature of the RUNX2 promoter into a repressive
H3K27me3-prevalent state that blocks its transcription and impedes OB differentiation.
Conversely, using inhibitors targeting HDAC1 and EZH2 rescued the expression of Runx2
and enhanced osteogenic differentiation [59,63].

In addition, MM-MSCs at different stages of the disease have been found to bear
widespread DNA methylation alterations, including Homeobox genes and other genes
involved in osteogenic differentiation (e.g., RUNX2 and IBSP), which were associated with
differential gene expression [61]. Co-culture of HD-MSCs with myeloma cells partially
recapitulated DNA methylation changes of MM-MSCs. In line with these data and those
from chromatin-based epigenetic mechanisms, dual targeting of DNA methyltransferases
(DNMTs) and the histone methyltransferase G9a promoted the osteogenic differentiation
of MM-MSCs in vitro and prevented bone loss in an in vivo model of MM.

These latter studies underscore the involvement of epigenetic-based mechanisms, both
chromatin modification- and DNA methylation-based in the myeloma-induced suppressed
osteogenic differentiation of MSCs. Besides, since these epigenetic alterations may be
inherited to MSCs’ cellular progeny, they offer at least a partial explanation for the altered
transcriptional signature of myeloma MSCs in the absence of myeloma interactions [61,63],
and the prolonged suppression of OB differentiation at the site of osteolytic lesions even
after remission of active myeloma disease [62].

3.4.2. Mechanisms of Osteoclast Activation

The suppression of OB differentiation in MM renders an excess of MSCs and immature
OBs in the BM, which may actively promote OC formation and function through several
mechanisms. MM-MSCs and immature OBs show a higher expression of the receptor
activator of NF-κB ligand (RANKL) at their membrane, which binds to RANK receptor on
OCs and OC precursors, exerting an essential role in the differentiation, activation, and
survival of OCs [174,175]. In addition, after interaction with myeloma cells, MM-MSCs
secrete less osteoprotegerin (OPG), a soluble decoy receptor for RANKL, thus contributing
to the increased RANKL/OPG ratio that promotes OC formation and resorption [176]. As
previously mentioned, Activin A is produced by both OCs and BM MSCs after interaction
with myeloma cells [140] and has been shown to stimulate OC resorption [177]. Also,
increased Wnt5a production by MM-MSCs after interaction with myeloma cells may
further contribute to osteoclastogenesis through interaction with FZD/Ror-2 receptors
in OC precursors, leading to increased RANK expression and increased sensitivity to
RANKL [49,178].

MM cells also produce IL6, soluble RANKL, and many other so-called “OC-activating
factors” (e.g., CCL3, IL3, IL7, IL8, IL1β, HGF, CCL20), which have been reported to enhance
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OC formation from myeloid precursors and OC resorption, and which are out of the scope
of this review. OCs, in turn, also release several soluble factors (including IL6, CCL3,
OPN, B-cell activating factor (BAFF), and a-proliferation-inducing ligand (APRIL)), which
promote MM cell growth and survival, thus creating a vicious cycle between bone lesions
and myeloma progression (see reviews [126,179]).

3.4.3. Mechanisms of Adipocyte Formation

The processes of osteogenesis and adipogenesis have traditionally been considered
mutually exclusive, since osteogenic or adipogenic differentiation depend on the activation
of phenotype-specific transcription factors for spatial and temporal control of gene expres-
sion. Similarly, aging and pathological conditions associated with decreased bone loss are
inversely correlated with increased BM adiposity [180]. Since both OBs and adipocytes
derive from BM mesenchymal stromal progenitors, it is tempting to pose the question that
exposure of myeloma cells to MSCs may not only suppress OB differentiation but may also
shift differentiation of MSCs towards adipogenesis [181]. Even more, significant plasticity
exists between OBs and adipocytes and is the basis for transdifferentiation between the
two lineages [182]. Determinants and mechanisms accounting for the favoured adipocyte
differentiation from MSCs in the presence of myeloma cells are under study. The onset of
adipogenesis seems to be partially dependent on cell-to-cell integrin α4 (myeloma cells)-
VCAM1 (MSCs) interactions, which leads to the activation of protein kinase C β1 signaling
(PKCβ1) [183]. Later data correlated with increased levels of PPARγ2 in MSCs, which in
turn were dependent on the repression of the ubiquitin ligase muscle ring-finger protein-1
(MURF1)-mediated ubiquitination, and thus stabilization of this key adipogenic factor.

Other factors may as well regulate adipogenesis in the BM. As such, physiologically
relevant sclerostin levels, secreted both by osteocytes and MM cells, may induce adipo-
genesis in human BM-derived MSCs by inhibition of Wnt signaling [184]. MM cells with
high heparanase expression have been reported to shift the differentiation potential of OB
progenitors to adipogenesis; mechanistically, this shift was due to heparanase-enhanced
production of DKK1 by both OB progenitors and myeloma cells [185]. Indeed, DKK1 is
secreted by human preadipocytes and promotes adipogenesis [186]. Moreover, chromatin-
based epigenetic mechanisms also seem involved in MSC fate reprogramming towards
adipogenesis [63] through increased expression of EZH2 and H3K27me3-mediated sup-
pression of Runx2and other Wnt genes, and at the same time permitting the expression of
adipogenic factors such as PPARγ and C/EBPα.

Once differentiated, pre-adipocytes and mature adipocytes seem to play a causative
role in the pathology of MM and may affect MBD. BM adipocytes secrete several adipokines
and growth factors (e.g., MCP-1, SDF-1α, leptin, TNFα, insulin, resistin) which recruit
myeloma cells and promote myeloma growth and protection from chemotherapy [187–189].
Adipocytes also secrete adiponectin, which has anti-myeloma properties, and its dimin-
ished expression in MM creates a permissive microenvironment for myeloma growth and
the development of MBD [190]. Conversely, increased pharmacological levels of circulating
adiponectin reduced tumor burden and induced a significant increase in OBs and bone
formation rates without affecting OCs [190].

3.5. Contribution to a Pro-Inflammatory and Immunosuppressive Microenvironment

MSCs are known to display potent immunosuppressive and anti-inflammatory activ-
ities, modulating the activity of cells of innate and adaptative immune systems through
a plethora of contact-dependent and independent mechanisms [191]. Together with their
low immunogenicity [192], these features have granted their use in cellular therapy for the
treatment of immunological disorders such as Graft-Versus-Host-Disease [193]. Several
groups, however, have shown that MM-MSCs exhibit somewhat impaired immunomodu-
latory functions. Various studies [26,32,33] reported that MM-MSCs presented diminished
immunoinhibitory capability on T cells (reduced inhibition of T cell proliferation, less
apoptosis, and less inhibition of T cell activation markers) as compared to HD-MSCs.
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Besides, when T cells were co-cultured with MM-MSCs, they increased the Th17/Treg ratio
compared to HD-MSCs [194]. This altered immunomodulatory capacity was dependent
on the altered immunogenicity and secretion profile of MM-MSCs, and, specifically, the
increased IL6, VCAM-1, and CD40 were involved in the Th17 population increase [194]. In
fact, increased numbers of Th17 cells in MM, along with upregulated levels of IL17 and
other pro-inflammatory Th17-associated cytokines have been related to MM growth and
progression [195]. Other studies have shown a pro-inflammatory profile of MM-MSCs.
Single-cell transcriptomic analysis of the MM BM has identified an activated inflammatory
stromal cell population associated with TNF signaling [196]. The increased production of
pro-inflammatory cytokines by MM-MSCs after interaction with MM cells has also been
reported by several groups [26,34,49]. Since many of these inflammatory cytokines also
function as growth factors for myeloma cells or may induce the secretion of myeloma
growth factors by other cells in the microenvironment, it is thought that the increased
inflammatory microenvironment may also promote MM growth and progression.

On the other hand, immunosuppression is a common feature of MM patients asso-
ciated with the evolution of the disease [197,198]. This immunosuppression is mediated
by high concentrations of immunosuppressive soluble factors, loss of effective antigen
presentation, effector cell dysfunction, and by the recruitment of immunosuppressive pop-
ulations, such as myeloid-derived suppressor cells (MDSCs) [199,200]. When MSCs were
co-cultured with peripheral blood mononuclear cells from normal individuals to generate
MSC-educated MDSCs, only MM-MSCs but not HD-MSCs, promoted the induction of
granulocyte-like MDSCs with suppressive ability. In the BM microenvironment, stromal
cells have been shown to contribute to the expansion and activation of MDSCs through the
secretion of hepatocyte growth factor (HGF) and activation of the STAT3 pathway [201].
These MDSCs produced upregulated immunosuppressive factors (e.g., Arginase1 and
TNFα) [49] and increased ability to digest bone matrix [202]. Furthermore, these MDSCs
have been reported to support MM progression by suppressing T cell responses, induc-
ing Treg differentiation, and even differentiating into OCs (see review [197]). Of interest,
MM-MSCs derived exosomes were able to activate MDSCs in the BM and increased their
survival by activating STAT3 and STAT1 pathways and increasing BCL-XL and MCL-1 lev-
els. Furthermore, the release of nitric oxide by MDSCs enhanced their immunosuppression
on T cells.

Overall, these pieces of evidence highlight the involvement of MM-MSCs in the
modulation of the immune compartment of MM, contributing to an immune suppressive
and at the same time pro-inflammatory microenvironment (see Figure 2).

4. Concluding Remarks

In summary, a considerable body of knowledge has been accrued relative to the
supporting role of BM MSCs in the growth and progression of MM (contribution to tumor
growth and survival, drug resistance, homing and dissemination, myeloma bone disease,
and immune suppressive and pro-inflammatory microenvironment). Several underlying
changes in MSCs resulting from their interactions with myeloma cells have also been
shown to mediate the path along with the transition from normal HD-MSCs to supporting
MM-MSCs. These include differential gene expression, non-coding RNA dysregulation and
epigenetic (DNA methylation and histone modification) alterations. In fact, the evolution
of the disease is paralleled by an evolution of BM MM-MSCs. Special attention has been
highlighted on epigenetic modifications on MM-MSCs after cross-talk with myeloma
cells, since the epigenetic footprint defines stable phenotypes that can be inherited after
cell division and may be responsible for alterations of MSCs in absence of interaction
with myeloma cells. Future studies to enlighten the role of MM-MSCs in progression from
asymptomatic to symptomatic stages of the disease, dormancy of myeloma cells and relapse
are warranted. On the other hand, the possibility of reversal of epigenetic modifications to
improve the osteogenic capacity of MSCs or to counter their supportive role in MM, drives
attention to epigenetic drugs as potential therapeutic agents in this disease.
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65. Zdzisińska, B.; Roliński, J.; Piersiak, T.; Kandefer-Szerszeń, M. A Comparison of Cytokine Production in 2-Dimensional and
3-Dimensional Cultures of Bone Marrow Stromal Cells of Multiple Myeloma Patients in Response to RPMI8226 Myeloma Cells.
Folia Histochem. Cytobiol. 2009, 47, 69–74. [CrossRef]

66. Reagan, M.R.; Mishima, Y.; Glavey, S.V.; Zhang, Y.; Manier, S.; Lu, Z.N.; Memarzadeh, M.; Zhang, Y.; Sacco, A.; Aljawai, Y.; et al.
Investigating Osteogenic Differentiation in Multiple Myeloma Using a Novel 3D Bone Marrow Niche Model. Blood 2014, 124,
3250–3259. [CrossRef]

67. Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A.K.; Tai, Y.-T.; Reagan, M.; Azab, F.; Flores, L.M.; Campigotto, F.; Weller, E.; et al. BM
Mesenchymal Stromal Cell-Derived Exosomes Facilitate Multiple Myeloma Progression. J. Clin. Invest. 2013, 123, 1542–1555.
[CrossRef]

68. Belloni, D.; Heltai, S.; Ponzoni, M.; Villa, A.; Vergani, B.; Pecciarini, L.; Marcatti, M.; Girlanda, S.; Tonon, G.; Ciceri, F.;
et al. Modeling Multiple Myeloma-Bone Marrow Interactions and Response to Drugs in a 3D Surrogate Microenvironment.
Haematologica 2018, 103, 707–716. [CrossRef]

69. Braham, M.V.J.; Alblas, J.; Dhert, W.J.A.; Öner, F.C.; Minnema, M.C. Possibilities and Limitations of an in Vitro Three-Dimensional
Bone Marrow Model for the Prediction of Clinical Responses in Patients with Relapsed Multiple Myeloma. Haematologica 2019,
104, e523–e526. [CrossRef]

70. de la Puente, P.; Muz, B.; Gilson, R.C.; Azab, F.; Luderer, M.; King, J.; Achilefu, S.; Vij, R.; Azab, A.K. 3D Tissue-Engineered Bone
Marrow as a Novel Model to Study Pathophysiology and Drug Resistance in Multiple Myeloma. Biomaterials 2015, 73, 70–84.
[CrossRef]

71. Marcus, H.; Attar-Schneider, O.; Dabbah, M.; Zismanov, V.; Tartakover-Matalon, S.; Lishner, M.; Drucker, L. Mesenchymal Stem
Cells Secretomes’ Affect Multiple Myeloma Translation Initiation. Cell. Signal. 2016, 28, 620–630. [CrossRef] [PubMed]

72. Hideshima, T.; Anderson, K.C. Signaling Pathway Mediating Myeloma Cell Growth and Survival. Cancers 2021, 13, 216.
[CrossRef] [PubMed]

73. Hiroshi, Y.; Teru, H.; Paul, G.R.; Kenneth, C.A. Recent Advances in the Treatment of Multiple Myeloma. Curr. Pharm. Biotechnol.
2006, 7, 381–393.

74. Neri, P.; Bahlis, N.J. Targeting of Adhesion Molecules as a Therapeutic Strategy in Multiple Myeloma. Curr. Cancer Drug Targets
2012, 12, 776–796. [CrossRef] [PubMed]

75. Wang, X.; Zhang, Z.; Yao, C. Survivin Is Upregulated in Myeloma Cell Lines Cocultured with Mesenchymal Stem Cells. Leuk. Res.
2010, 34, 1325–1329. [CrossRef]

76. Radtke, F.; Raj, K. The Role of Notch in Tumorigenesis: Oncogene or Tumour Suppressor? Nat. Rev. Cancer 2003, 3, 756–767.
[CrossRef]

77. Nefedova, Y.; Cheng, P.; Alsina, M.; Dalton, W.S.; Gabrilovich, D.I. 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.
[CrossRef]

78. Gunn, W.G.; Conley, A.; Deininger, L.; Olson, S.D.; Prockop, D.J.; Gregory, C.A. A Crosstalk Between Myeloma Cells and Marrow
Stromal Cells Stimulates Production of DKK1 and Interleukin-6: A Potential Role in the Development of Lytic Bone Disease and
Tumor Progression in Multiple Myeloma. Stem Cells 2006, 24, 986–991. [CrossRef]

79. Dabbah, M.; Attar-Schneider, O.; Tartakover Matalon, S.; Shefler, I.; Jarchwsky Dolberg, O.; Lishner, M.; Drucker, L. Microvesicles
Derived from Normal and Multiple Myeloma Bone Marrow Mesenchymal Stem Cells Differentially Modulate Myeloma Cells’
Phenotype and Translation Initiation. Carcinogenesis 2017, 38, 708–716. [CrossRef]

80. Dabbah, M.; Jarchowsky-Dolberg, O.; Attar-Schneider, O.; Tartakover Matalon, S.; Pasmanik-Chor, M.; Drucker, L.; Lish-
ner, M. Multiple Myeloma BM-MSCs Increase the Tumorigenicity of MM Cells via Transfer of VLA4-Enriched Microvesicles.
Carcinogenesis 2020, 41, 100–110. [CrossRef]

81. Deng, M.; Yuan, H.; Liu, S.; Hu, Z.; Xiao, H. Exosome-Transmitted LINC00461 Promotes Multiple Myeloma Cell Proliferation and
Suppresses Apoptosis by Modulating MicroRNA/BCL-2 Expression. Cytotherapy 2019, 21, 96–106. [CrossRef] [PubMed]

82. Umezu, T.; Imanishi, S.; Yoshizawa, S.; Kawana, C.; Ohyashiki, J.H.; Ohyashiki, K. Induction of Multiple Myeloma Bone Marrow
Stromal Cell Apoptosis by Inhibiting Extracellular Vesicle MiR-10a Secretion. Blood Adv. 2019, 3, 3228–3240. [CrossRef]

83. Bellamy, W.T.; Dalton, W.S.; Gleason, M.C.; Grogan, T.M.; Trent, J.M. Development and Characterization of a Melphalan-Resistant
Human Multiple Myeloma Cell Line. Cancer Res. 1991, 51, 995–1002. [PubMed]

84. Goldie, J.H.; Coldman, A.J. A Mathematic Model for Relating the Drug Sensitivity of Tumors to Their Spontaneous Mutation
Rate. Cancer Treat. Rep. 1979, 63, 1727–1733. [PubMed]

85. Teicher, B.A.; Herman, T.S.; Holden, S.A.; Wang, Y.Y.; Pfeffer, M.R.; Crawford, J.W.; Frei, E. Tumor Resistance to Alkylating Agents
Conferred by Mechanisms Operative Only in Vivo. Science 1990, 247, 1457–1461. [CrossRef]

86. Damiano, J.S.; Cress, A.E.; Hazlehurst, L.A.; Shtil, A.A.; Dalton, W.S. Cell Adhesion Mediated Drug Resistance (CAM-DR): Role
of Integrins and Resistance to Apoptosis in Human Myeloma Cell Lines. Blood 1999, 93, 1658–1667. [CrossRef] [PubMed]

http://doi.org/10.1002/jbm4.10183
http://www.ncbi.nlm.nih.gov/pubmed/30918921
http://doi.org/10.1242/jcs.079509
http://www.ncbi.nlm.nih.gov/pubmed/22797912
http://doi.org/10.2478/v10042-009-0015-1
http://doi.org/10.1182/blood-2014-02-558007
http://doi.org/10.1172/JCI66517
http://doi.org/10.3324/haematol.2017.167486
http://doi.org/10.3324/haematol.2018.213355
http://doi.org/10.1016/j.biomaterials.2015.09.017
http://doi.org/10.1016/j.cellsig.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26976208
http://doi.org/10.3390/cancers13020216
http://www.ncbi.nlm.nih.gov/pubmed/33435632
http://doi.org/10.2174/156800912802429337
http://www.ncbi.nlm.nih.gov/pubmed/22671924
http://doi.org/10.1016/j.leukres.2010.05.006
http://doi.org/10.1038/nrc1186
http://doi.org/10.1182/blood-2003-07-2340
http://doi.org/10.1634/stemcells.2005-0220
http://doi.org/10.1093/carcin/bgx045
http://doi.org/10.1093/carcin/bgz169
http://doi.org/10.1016/j.jcyt.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30409700
http://doi.org/10.1182/bloodadvances.2019000403
http://www.ncbi.nlm.nih.gov/pubmed/1988143
http://www.ncbi.nlm.nih.gov/pubmed/526911
http://doi.org/10.1126/science.2108497
http://doi.org/10.1182/blood.V93.5.1658
http://www.ncbi.nlm.nih.gov/pubmed/10029595


Cancers 2021, 13, 2542 23 of 28

87. Meads, M.B.; Hazlehurst, L.A.; Dalton, W.S. The Bone Marrow Microenvironment as a Tumor Sanctuary and Contributor to Drug
Resistance. Clin. Cancer Res. 2008, 14, 2519–2526. [CrossRef] [PubMed]

88. Cordes, N.; Seidler, J.; Durzok, R.; Geinitz, H.; Brakebusch, C. β 1-Integrin-Mediated Signaling Essentially Contributes to Cell
Survival after Radiation-Induced Genotoxic Injury. Oncogene 2006, 25, 1378–1390. [CrossRef]

89. Hazlehurst, L.A.; Argilagos, R.F.; Dalton, W.S. B1 Integrin Mediated Adhesion Increases Bim Protein Degradation and Contributes
to Drug Resistance in Leukaemia Cells. Br. J. Haematol. 2007, 136, 269–275. [CrossRef]

90. Shain, K.H.; Landowski, T.H.; Dalton, W.S. Adhesion-Mediated Intracellular Redistribution of c-Fas-Associated Death Domain-
Like IL-1-Converting Enzyme-Like Inhibitory Protein-Long Confers Resistance to CD95-Induced Apoptosis in Hematopoietic
Cancer Cell Lines. J. Immunol. 2002, 168, 2544–2553. [CrossRef]

91. Lwin, T.; Hazlehurst, L.A.; Dessureault, S.; Lai, R.; Bai, W.; Sotomayor, E.; Moscinski, L.C.; Dalton, W.S.; Tao, J. Cell Adhesion
Induces P27Kip1-Associated Cell-Cycle Arrest through down-Regulation of the SCFSkp2 Ubiquitin Ligase Pathway in Mantle-Cell
and Other Non-Hodgkin B-Cell Lymphomas. Blood 2007, 110, 1631–1638. [CrossRef] [PubMed]

92. Hardin, J.; MacLeod, S.; Grigorieva, I.; Chang, R.; Barlogie, B.; Xiao, H.; Epstein, J. Interleukin-6 Prevents Dexamethasone-Induced
Myeloma Cell Death. Blood 1994, 84, 3063–3070. [CrossRef]

93. Chauhan, D.; Pandey, P.; Hideshima, T.; Treon, S.; Raje, N.; Davies, F.E.; Shima, Y.; Tai, Y.-T.; Rosen, S.; Avraham, S.; et al. SHP2
Mediates the Protective Effect of Interleukin-6 against Dexamethasone-Induced Apoptosis in Multiple Myeloma Cells. J. Biol.
Chem. 2000, 275, 27845–27850. [CrossRef] [PubMed]

94. Kim, J.; Denu, R.A.; Dollar, B.A.; Escalante, L.E.; Kuether, J.P.; Callander, N.S.; Asimakopoulos, F.; Hematti, P. Macrophages and
Mesenchymal Stromal Cells Support Survival and Proliferation of Multiple Myeloma Cells. Br. J. Haematol. 2012, 158, 336–346.
[CrossRef] [PubMed]

95. Michigami, T.; Shimizu, N.; Williams, P.J.; Niewolna, M.; Dallas, S.L.; Mundy, G.R.; Yoneda, T. Cell–Cell Contact between Marrow
Stromal Cells and Myeloma Cells via VCAM-1 and A4β1-Integrin Enhances Production of Osteoclast-Stimulating Activity. Blood
2000, 96, 1953–1960. [CrossRef] [PubMed]

96. Delmore, J.E.; Issa, G.C.; Lemieux, M.E.; Rahl, P.B.; Shi, J.; Jacobs, H.M.; Kastritis, E.; Gilpatrick, T.; Paranal, R.M.; Qi, J.; et al. BET
Bromodomain Inhibition as a Therapeutic Strategy to Target C-Myc. Cell 2011, 146, 904–917. [CrossRef]

97. Noll, J.E.; Williams, S.A.; Tong, C.M.; Wang, H.; Quach, J.M.; Purton, L.E.; Pilkington, K.; To, L.B.; Evdokiou, A.; Gronthos, S.;
et al. Myeloma Plasma Cells Alter the Bone Marrow Microenvironment by Stimulating the Proliferation of Mesenchymal Stromal
Cells. Haematologica 2014, 99, 163–171. [CrossRef]

98. Qiang, Y.-W.; Kopantzev, E.; Rudikoff, S. Insulinlike Growth Factor–I Signaling in Multiple Myeloma: Downstream Elements,
Functional Correlates, and Pathway Cross-Talk. Blood 2002, 99, 4138–4146. [CrossRef]

99. Mitsiades, C.S.; Mitsiades, N.; Poulaki, V.; Schlossman, R.; Akiyama, M.; Chauhan, D.; Hideshima, T.; Treon, S.P.; Munshi,
N.C.; Richardson, P.G.; et al. Activation of NF-KB 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. [CrossRef]

100. Akiyama, M.; Hideshima, T.; Hayashi, T.; Tai, Y.-T.; Mitsiades, C.S.; Mitsiades, N.; Chauhan, D.; Richardson, P.; Munshi, N.C.;
Anderson, K.C. Cytokines Modulate Telomerase Activity in a Human Multiple Myeloma Cell Line. Cancer Res. 2002, 62,
3876–3882.

101. Hatano, K.; Kikuchi, J.; Takatoku, M.; Shimizu, R.; Wada, T.; Ueda, M.; Nobuyoshi, M.; Oh, I.; Sato, K.; Suzuki, T.; et al. Bortezomib
Overcomes Cell Adhesion-Mediated Drug Resistance through Downregulation of VLA-4 Expression in Multiple Myeloma.
Oncogene 2009, 28, 231–242. [CrossRef] [PubMed]

102. Landowski, T.H.; Olashaw, N.E.; Agrawal, D.; Dalton, W.S. Cell Adhesion-Mediated Drug Resistance (CAM-DR) Is Associated
with Activation of NF- κ B (RelB/P50) in Myeloma Cells. Oncogene 2003, 22, 2417–2421. [CrossRef] [PubMed]

103. Calabro, A.; Oken, M.M.; Hascall, V.C.; Masellis, A.M. Characterization of Hyaluronan Synthase Expression and Hyaluronan Syn-
thesis in Bone Marrow Mesenchymal Progenitor Cells: Predominant Expression of HAS1 MRNA and up-Regulated Hyaluronan
Synthesis in Bone Marrow Cells Derived from Multiple Myeloma Patients. Blood 2002, 100, 2578–2585. [CrossRef] [PubMed]

104. Vincent, T.; Molina, L.; Espert, L.; Mechti, N. Hyaluronan, a Major Non-Protein Glycosaminoglycan Component of the Extra-
cellular Matrix in Human Bone Marrow, Mediates Dexamethasone Resistance in Multiple Myeloma. Br. J. Haematol. 2003, 121,
259–269. [CrossRef] [PubMed]

105. Tajima, K.; Ohashi, R.; Sekido, Y.; Hida, T.; Nara, T.; Hashimoto, M.; Iwakami, S.; Minakata, K.; Yae, T.; Takahashi, F.; et al.
Osteopontin-Mediated Enhanced Hyaluronan Binding Induces Multidrug Resistance in Mesothelioma Cells. Oncogene 2010, 29,
1941–1951. [CrossRef]

106. Wang, J.; Hendrix, A.; Hernot, S.; Lemaire, M.; De Bruyne, E.; Van Valckenborgh, E.; Lahoutte, T.; De Wever, O.; Vanderkerken, K.;
Menu, E. Bone Marrow Stromal Cell-Derived Exosomes as Communicators in Drug Resistance in Multiple Myeloma Cells. Blood
2014, 124, 555–566. [CrossRef]

107. Zhang, L.; Pan, L.; Xiang, B.; Zhu, H.; Wu, Y.; Chen, M.; Guan, P.; Zou, X.; Valencia, C.A.; Dong, B.; et al. Potential Role of
Exosome-Associated MicroRNA Panels and in Vivo Environment to Predict Drug Resistance for Patients with Multiple Myeloma.
Oncotarget 2016, 7, 30876–30891. [CrossRef]

108. Xu, H.; Han, H.; Song, S.; Yi, N.; Qian, C.; Qiu, Y.; Zhou, W.; Hong, Y.; Zhuang, W.; Li, Z.; et al. Exosome-Transmitted PSMA3 and
PSMA3-AS1 Promotes Proteasome Inhibitors Resistance in Multiple Myeloma. Clin. Cancer Res. 2019, 25, 1923–1935. [CrossRef]

http://doi.org/10.1158/1078-0432.CCR-07-2223
http://www.ncbi.nlm.nih.gov/pubmed/18451212
http://doi.org/10.1038/sj.onc.1209164
http://doi.org/10.1111/j.1365-2141.2006.06435.x
http://doi.org/10.4049/jimmunol.168.5.2544
http://doi.org/10.1182/blood-2006-11-060350
http://www.ncbi.nlm.nih.gov/pubmed/17502456
http://doi.org/10.1182/blood.V84.9.3063.3063
http://doi.org/10.1074/jbc.M003428200
http://www.ncbi.nlm.nih.gov/pubmed/10880513
http://doi.org/10.1111/j.1365-2141.2012.09154.x
http://www.ncbi.nlm.nih.gov/pubmed/22583117
http://doi.org/10.1182/blood.V96.5.1953
http://www.ncbi.nlm.nih.gov/pubmed/10961900
http://doi.org/10.1016/j.cell.2011.08.017
http://doi.org/10.3324/haematol.2013.090977
http://doi.org/10.1182/blood.V99.11.4138
http://doi.org/10.1038/sj.onc.1205664
http://doi.org/10.1038/onc.2008.385
http://www.ncbi.nlm.nih.gov/pubmed/18850009
http://doi.org/10.1038/sj.onc.1206315
http://www.ncbi.nlm.nih.gov/pubmed/12717418
http://doi.org/10.1182/blood-2002-01-0030
http://www.ncbi.nlm.nih.gov/pubmed/12239172
http://doi.org/10.1046/j.1365-2141.2003.04282.x
http://www.ncbi.nlm.nih.gov/pubmed/12694247
http://doi.org/10.1038/onc.2009.478
http://doi.org/10.1182/blood-2014-03-562439
http://doi.org/10.18632/oncotarget.9021
http://doi.org/10.1158/1078-0432.CCR-18-2363


Cancers 2021, 13, 2542 24 of 28

109. Paiva, B.; Paino, T.; Sayagues, J.-M.; Garayoa, M.; San-Segundo, L.; Martín, M.; Mota, I.; Sanchez, M.-L.; Bárcena, P.; Aires-Mejia, I.;
et al. Detailed Characterization of Multiple Myeloma Circulating Tumor Cells Shows Unique Phenotypic, Cytogenetic, Functional,
and Circadian Distribution Profile. Blood 2013, 122, 3591–3598. [CrossRef]

110. Chaidos, A.; Barnes, C.P.; Cowan, G.; May, P.C.; Melo, V.; Hatjiharissi, E.; Papaioannou, M.; Harrington, H.; Doolittle, H.; Terpos,
E.; et al. Clinical Drug Resistance Linked to Interconvertible Phenotypic and Functional States of Tumor-Propagating Cells in
Multiple Myeloma. Blood 2013, 121, 318–328. [CrossRef]

111. Nowakowski, G.S.; Witzig, T.E.; Dingli, D.; Tracz, M.J.; Gertz, M.A.; Lacy, M.Q.; Lust, J.A.; Dispenzieri, A.; Greipp, P.R.; Kyle, R.A.;
et al. Circulating Plasma Cells Detected by Flow Cytometry as a Predictor of Survival in 302 Patients with Newly Diagnosed
Multiple Myeloma. Blood 2005, 106, 2276–2279. [CrossRef] [PubMed]

112. Ghobrial, I.M. Myeloma as a Model for the Process of Metastasis: Implications for Therapy. Blood 2012, 120, 20–30. [CrossRef]
113. Hideshima, T.; Chauhan, D.; Hayashi, T.; Podar, K.; Akiyama, M.; Gupta, D.; Richardson, P.; Munshi, N.; Anderson, K.C. The

Biological Sequelae of Stromal Cell-Derived Factor-1α in Multiple Myeloma 1 This Work Was Supported by Multiple Myeloma
Research Foundation Senior Awards (to T. H. and D. C.), Leukemia and Lymphoma Society Scholar Award (to N. M.), NIH Grant
PO-1 78378, and the Doris Duke Distinguished Clinical Research Scientist Award (to K. A.). Mol. Cancer Ther. 2002, 1, 539–544.
[PubMed]

114. Alsayed, Y.; Ngo, H.; Runnels, J.; Leleu, X.; Singha, U.K.; Pitsillides, C.M.; Spencer, J.A.; Kimlinger, T.; Ghobrial, J.M.; Jia, X.; et al.
Mechanisms of Regulation of CXCR4/SDF-1 (CXCL12)–Dependent Migration and Homing in Multiple Myeloma. Blood 2006,
109, 2708–2717. [CrossRef] [PubMed]

115. Roccaro, A.M.; Sacco, A.; Purschke, W.G.; Moschetta, M.; Buchner, K.; Maasch, C.; Zboralski, D.; Zöllner, S.; Vonhoff, S.; Mishima,
Y.; et al. SDF-1 Inhibition Targets the Bone Marrow Niche for Cancer Therapy. Cell Rep. 2014, 9, 118–128. [CrossRef] [PubMed]

116. Lapidot, T. Mechanism of Human Stem Cell Migration and Repopulation of NOD/SCID and B2mnull NOD/SCID Mice. Ann. N.
Y. Acad. Sci. 2001, 938, 83–95. [CrossRef]

117. Cipolleschi, M.G.; Sbarba, P.D.; Olivotto, M. The Role of Hypoxia in the Maintenance of Hematopoietic Stem Cells. Blood 1993, 82,
2031–2037. [CrossRef]

118. Azab, A.K.; Hu, J.; Quang, P.; Azab, F.; Pitsillides, C.; Awwad, R.; Thompson, B.; Maiso, P.; Sun, J.D.; Hart, C.P.; et al. Hypoxia
Promotes Dissemination of Multiple Myeloma through Acquisition of Epithelial to Mesenchymal Transition-like Features. Blood
2012, 119, 5782–5794. [CrossRef]

119. Sanz-Rodríguez, F.; Hidalgo, A.; Teixidó, J. Chemokine Stromal Cell-Derived Factor-1α Modulates VLA-4 Integrin-Mediated
Multiple Myeloma Cell Adhesion to CS-1/Fibronectin and VCAM-1. Blood 2001, 97, 346–351. [CrossRef]

120. Azab, A.K.; Azab, F.; Blotta, S.; Pitsillides, C.M.; Thompson, B.; Runnels, J.M.; Roccaro, A.M.; Ngo, H.T.; Melhem, M.R.; Sacco, A.;
et al. RhoA and Rac1 GTPases Play Major and Differential Roles in Stromal Cell–Derived Factor-1–Induced Cell Adhesion and
Chemotaxis in Multiple Myeloma. Blood 2009, 114, 619–629. [CrossRef]

121. Roodman, G.D. Osteoblast Function in Myeloma. Bone 2011, 48, 135–140. [CrossRef] [PubMed]
122. Longo, V.; Brunetti, O.; D’Oronzo, S.; Dammacco, F.; Silvestris, F. Therapeutic Approaches to Myeloma Bone Disease: An Evolving

Story. Cancer Treat. Rev. 2012, 38, 787–797. [CrossRef] [PubMed]
123. Sonmez, M.; Akagun, T.; Topbas, M.; Cobanoglu, U.; Sonmez, B.; Yilmaz, M.; Ovali, E.; Omay, S.B. Effect of Pathologic Fractures

on Survival in Multiple Myeloma Patients: A Case Control Study. J. Exp. Clin. Cancer Res. 2008, 27, 11. [CrossRef]
124. Garcia-Gomez, A.; Quwaider, D.; Canavese, M.; Ocio, E.M.; Tian, Z.; Blanco, J.F.; Berger, A.J.; Ortiz-de-Solorzano, C.; Hernández-

Iglesias, T.; Martens, A.C.M.; et al. Preclinical Activity of the Oral Proteasome Inhibitor MLN9708 in Myeloma Bone Disease. Clin.
Cancer Res. 2014, 20, 1542–1554. [CrossRef] [PubMed]

125. Hurchla, M.; Garcia-Gomez, A.; Hornick, M.; Ocio, E.; Li, A.; Blanco, J.; Collins, L.; Kirk, C.; Piwnica-Worms, D.; Vij, R.; et al.
The Epoxyketone-Based Proteasome Inhibitors Carfilzomib and Orally Bioavailable Oprozomib Have Anti-Resorptive and
Bone-Anabolic Activity in Addition to Anti-Myeloma Effects. Leukemia 2013, 27, 430–440. [CrossRef] [PubMed]

126. Terpos, E.; Ntanasis-Stathopoulos, I.; Gavriatopoulou, M.; Dimopoulos, M.A. Pathogenesis of Bone Disease in Multiple Myeloma:
From Bench to Bedside. Blood Cancer J. 2018, 8, 1–12. [CrossRef] [PubMed]

127. Lin, G.L.; Hankenson, K.D. Integration of BMP, Wnt, and Notch Signaling Pathways in Osteoblast Differentiation. J. Cell. Biochem.
2011, 112, 3491–3501. [CrossRef]

128. Galli, C.; Piemontese, M.; Lumetti, S.; Manfredi, E.; Macaluso, G.M.; Passeri, G. The Importance of WNT Pathways for Bone
Metabolism and Their Regulation by Implant Topography. Eur. Cell Mater. 2012, 24, 46–59. [CrossRef] [PubMed]

129. Tian, E.; Zhan, F.; Walker, R.; Rasmussen, E.; Ma, Y.; Barlogie, B.; Shaughnessy, J.D.J. The Role of the Wnt-Signaling Antagonist
DKK1 in the Development of Osteolytic Lesions in Multiple Myeloma. Available online: https://www.nejm.org/doi/10.1056/
NEJMoa030847 (accessed on 14 March 2021).

130. Terpos, E.; Christoulas, D.; Katodritou, E.; Bratengeier, C.; Gkotzamanidou, M.; Michalis, E.; Delimpasi, S.; Pouli, A.; Meletis, J.;
Kastritis, E.; et al. Elevated Circulating Sclerostin Correlates with Advanced Disease Features and Abnormal Bone Remodeling in
Symptomatic Myeloma: Reduction Post-Bortezomib Monotherapy. Int. J. Cancer 2012, 131, 1466–1471. [CrossRef]

131. Qiang, Y.-W.; Barlogie, B.; Rudikoff, S.; Shaughnessy, J.D. Dkk1-Induced Inhibition of Wnt Signaling in Osteoblast Differentiation
Is an Underlying Mechanism of Bone Loss in Multiple Myeloma. Bone 2008, 42, 669–680. [CrossRef]

http://doi.org/10.1182/blood-2013-06-510453
http://doi.org/10.1182/blood-2012-06-436220
http://doi.org/10.1182/blood-2005-05-1858
http://www.ncbi.nlm.nih.gov/pubmed/15961515
http://doi.org/10.1182/blood-2012-01-379024
http://www.ncbi.nlm.nih.gov/pubmed/12479272
http://doi.org/10.1182/blood-2006-07-035857
http://www.ncbi.nlm.nih.gov/pubmed/17119115
http://doi.org/10.1016/j.celrep.2014.08.042
http://www.ncbi.nlm.nih.gov/pubmed/25263552
http://doi.org/10.1111/j.1749-6632.2001.tb03577.x
http://doi.org/10.1182/blood.V82.7.2031.2031
http://doi.org/10.1182/blood-2011-09-380410
http://doi.org/10.1182/blood.V97.2.346
http://doi.org/10.1182/blood-2009-01-199281
http://doi.org/10.1016/j.bone.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20601285
http://doi.org/10.1016/j.ctrv.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22494965
http://doi.org/10.1186/1756-9966-27-11
http://doi.org/10.1158/1078-0432.CCR-13-1657
http://www.ncbi.nlm.nih.gov/pubmed/24486586
http://doi.org/10.1038/leu.2012.183
http://www.ncbi.nlm.nih.gov/pubmed/22763387
http://doi.org/10.1038/s41408-017-0037-4
http://www.ncbi.nlm.nih.gov/pubmed/29330358
http://doi.org/10.1002/jcb.23287
http://doi.org/10.22203/eCM.v024a04
http://www.ncbi.nlm.nih.gov/pubmed/22791372
https://www.nejm.org/doi/10.1056/NEJMoa030847
https://www.nejm.org/doi/10.1056/NEJMoa030847
http://doi.org/10.1002/ijc.27342
http://doi.org/10.1016/j.bone.2007.12.006


Cancers 2021, 13, 2542 25 of 28

132. Balemans, W.; Ebeling, M.; Patel, N.; Van Hul, E.; Olson, P.; Dioszegi, M.; Lacza, C.; Wuyts, W.; Van Den Ende, J.; Willems, P.; et al.
Increased Bone Density in Sclerosteosis Is Due to the Deficiency of a Novel Secreted Protein (SOST). Hum. Mol. Genet. 2001, 10,
537–544. [CrossRef]

133. Winkler, D.G.; Sutherland, M.K.; Geoghegan, J.C.; Yu, C.; Hayes, T.; Skonier, J.E.; Shpektor, D.; Jonas, M.; Kovacevich, B.R.;
Staehling-Hampton, K.; et al. Osteocyte Control of Bone Formation via Sclerostin, a Novel BMP Antagonist. EMBO J. 2003, 22,
6267–6276. [CrossRef] [PubMed]

134. Colucci, S.; Brunetti, G.; Oranger, A.; Mori, G.; Sardone, F.; Specchia, G.; Rinaldi, E.; Curci, P.; Liso, V.; Passeri, G.; et al. Myeloma
Cells Suppress Osteoblasts through Sclerostin Secretion. Blood Cancer J. 2011, 1, e27. [CrossRef] [PubMed]

135. Faraahi, Z.; Baud’huin, M.; Croucher, P.I.; Eaton, C.; Lawson, M.A. Sostdc1: A Soluble BMP and Wnt Antagonist That Is Induced
by the Interaction between Myeloma Cells and Osteoblast Lineage Cells. Bone 2019, 122, 82–92. [CrossRef] [PubMed]

136. Krishnan, V.; Bryant, H.U.; MacDougald, O.A. Regulation of Bone Mass by Wnt Signaling. J. Clin. Investig.. 2006, 116, 1202–1209.
[CrossRef] [PubMed]

137. Giuliani, N.; Morandi, F.; Tagliaferri, S.; Lazzaretti, M.; Donofrio, G.; Bonomini, S.; Sala, R.; Mangoni, M.; Rizzoli, V. Production of
Wnt Inhibitors by Myeloma Cells: Potential Effects on Canonical Wnt Pathway in the Bone Microenvironment. Cancer Res. 2007,
67, 7665–7674. [CrossRef]

138. Kristensen, I.B.; Haaber, J.; Lyng, M.B.; Knudsen, L.M.; Rasmussen, T.; Ditzel, H.J.; Abildgaard, N. Myeloma Plasma Cell
Expression of Osteoblast Regulatory Genes: Overexpression of SFRP3 Correlates with Clinical Bone Involvement at Diagnosis.
Leuk. Lymphoma 2013, 54, 425–427. [CrossRef]

139. Chen, D.; Zhao, M.; Mundy, G.R. Bone Morphogenetic Proteins. Growth Factors 2004, 22, 233–241. [CrossRef]
140. Vallet, S.; Mukherjee, S.; Vaghela, N.; Hideshima, T.; Fulciniti, M.; Pozzi, S.; Santo, L.; Cirstea, D.; Patel, K.; Sohani, A.R.; et al.

Activin A Promotes Multiple Myeloma-Induced Osteolysis and Is a Promising Target for Myeloma Bone Disease. Proc. Natl. Acad.
Sci. USA 2010, 107, 5124–5129. [CrossRef]

141. Maeda, S.; Hayashi, M.; Komiya, S.; Imamura, T.; Miyazono, K. Endogenous TGF-β Signaling Suppresses Maturation of
Osteoblastic Mesenchymal Cells. EMBO J. 2004, 23, 552–563. [CrossRef]

142. Takeuchi, K.; Abe, M.; Hiasa, M.; Oda, A.; Amou, H.; Kido, S.; Harada, T.; Tanaka, O.; Miki, H.; Nakamura, S.; et al. TGF-β
Inhibition Restores Terminal Osteoblast Differentiation to Suppress Myeloma Growth. PLoS ONE 2010, 5, e9870. [CrossRef]
[PubMed]

143. Lee, M.-H.; Kim, Y.-J.; Kim, H.-J.; Park, H.-D.; Kang, A.-R.; Kyung, H.-M.; Sung, J.-H.; Wozney, J.M.; Kim, H.-J.; Ryoo, H.-M.
BMP-2-Induced Runx2 Expression Is Mediated by Dlx5, and TGF-B1 Opposes the BMP-2-Induced Osteoblast Differentiation by
Suppression of Dlx5 Expression. J. Biol. Chem. 2003, 278, 34387–34394. [CrossRef] [PubMed]

144. Alliston, T.; Choy, L.; Ducy, P.; Karsenty, G.; Derynck, R. TGF-β-Induced Repression of CBFA1 by Smad3 Decreases Cbfa1 and
Osteocalcin Expression and Inhibits Osteoblast Differentiation. EMBO J. 2001, 20, 2254–2272. [CrossRef] [PubMed]

145. Standal, T.; Abildgaard, N.; Fagerli, U.-M.; Stordal, B.; Hjertner, Ø.; Borset, M.; Sundan, A. HGF Inhibits BMP-Induced
Osteoblastogenesis: Possible Implications for the Bone Disease of Multiple Myeloma. Blood 2007, 109, 3024–3030. [CrossRef]
[PubMed]

146. Gooding, S.; Olechnowicz, S.W.Z.; Morris, E.V.; Armitage, A.E.; Arezes, J.; Frost, J.; Repapi, E.; Edwards, J.R.; Ashley, N.; Waugh,
C.; et al. Transcriptomic Profiling of the Myeloma Bone-Lining Niche Reveals BMP Signalling Inhibition to Improve Bone Disease.
Nat. Commun. 2019, 10, 4533. [CrossRef] [PubMed]

147. Lee, J.W.; Chung, H.Y.; Ehrlich, L.A.; Jelinek, D.F.; Callander, N.S.; Roodman, G.D.; Choi, S.J. IL-3 Expression by Myeloma Cells
Increases Both Osteoclast Formation and Growth of Myeloma Cells. Blood 2004, 103, 2308–2315. [CrossRef]

148. Giuliani, N.; Colla, S.; Sala, R.; Moroni, M.; Lazzaretti, M.; La Monica, S.; Bonomini, S.; Hojden, M.; Sammarelli, G.; Barillè, S.; et al.
Human Myeloma Cells Stimulate the Receptor Activator of Nuclear Factor-KB Ligand (RANKL) in T Lymphocytes: A Potential
Role in Multiple Myeloma Bone Disease. Blood 2002, 100, 4615–4621. [CrossRef]

149. Giuliani, N.; Colla, S.; Morandi, F.; Lazzaretti, M.; Sala, R.; Bonomini, S.; Grano, M.; Colucci, S.; Svaldi, M.; Rizzoli, V. Myeloma
Cells Block RUNX2/CBFA1 Activity in Human Bone Marrow Osteoblast Progenitors and Inhibit Osteoblast Formation and
Differentiation. Blood 2005, 106, 2472–2483. [CrossRef]

150. D’Souza, S.; del Prete, D.; Jin, S.; Sun, Q.; Huston, A.J.; Kostov, F.E.; Sammut, B.; Hong, C.-S.; Anderson, J.L.; Patrene, K.D.; et al.
Gfi1 Expressed in Bone Marrow Stromal Cells Is a Novel Osteoblast Suppressor in Patients with Multiple Myeloma Bone Disease.
Blood 2011, 118, 6871–6880. [CrossRef]

151. Giuliani, N.; Morandi, F.; Tagliaferri, S.; Colla, S.; Bonomini, S.; Sammarelli, G.; Rizzoli, V. Interleukin-3 (IL-3) Is Overexpressed
by T Lymphocytes in Multiple Myeloma Patients. Blood 2006, 107, 841–842. [CrossRef]

152. Ehrlich, L.A.; Chung, H.Y.; Ghobrial, I.; Choi, S.J.; Morandi, F.; Colla, S.; Rizzoli, V.; Roodman, G.D.; Giuliani, N. IL-3 Is a Potential
Inhibitor of Osteoblast Differentiation in Multiple Myeloma. Blood 2005, 106, 1407–1414. [CrossRef] [PubMed]

153. Vallet, S.; Pozzi, S.; Patel, K.; Vaghela, N.; Fulciniti, M.T.; Veiby, P.; Hideshima, T.; Santo, L.; Cirstea, D.; Scadden, D.T.; et al. A
Novel Role for CCL3 (MIP-1α) in Myeloma-Induced Bone Disease via Osteocalcin Downregulation and Inhibition of Osteoblast
Function. Leukemia 2011, 25, 1174–1181. [CrossRef] [PubMed]

154. Vallet, S.; Anderson, K.C. CCR1 as a Target for Multiple Myeloma. Expert Opin. Ther. Targets 2011, 15, 1037–1047. [CrossRef]

http://doi.org/10.1093/hmg/10.5.537
http://doi.org/10.1093/emboj/cdg599
http://www.ncbi.nlm.nih.gov/pubmed/14633986
http://doi.org/10.1038/bcj.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/22829171
http://doi.org/10.1016/j.bone.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30776499
http://doi.org/10.1172/JCI28551
http://www.ncbi.nlm.nih.gov/pubmed/16670761
http://doi.org/10.1158/0008-5472.CAN-06-4666
http://doi.org/10.3109/10428194.2012.708027
http://doi.org/10.1080/08977190412331279890
http://doi.org/10.1073/pnas.0911929107
http://doi.org/10.1038/sj.emboj.7600067
http://doi.org/10.1371/journal.pone.0009870
http://www.ncbi.nlm.nih.gov/pubmed/20360846
http://doi.org/10.1074/jbc.M211386200
http://www.ncbi.nlm.nih.gov/pubmed/12815054
http://doi.org/10.1093/emboj/20.9.2254
http://www.ncbi.nlm.nih.gov/pubmed/11331591
http://doi.org/10.1182/blood-2006-07-034884
http://www.ncbi.nlm.nih.gov/pubmed/17138824
http://doi.org/10.1038/s41467-019-12296-1
http://www.ncbi.nlm.nih.gov/pubmed/31586071
http://doi.org/10.1182/blood-2003-06-1992
http://doi.org/10.1182/blood-2002-04-1121
http://doi.org/10.1182/blood-2004-12-4986
http://doi.org/10.1182/blood-2011-04-346775
http://doi.org/10.1182/blood-2005-07-2719
http://doi.org/10.1182/blood-2005-03-1080
http://www.ncbi.nlm.nih.gov/pubmed/15878977
http://doi.org/10.1038/leu.2011.43
http://www.ncbi.nlm.nih.gov/pubmed/21403648
http://doi.org/10.1517/14728222.2011.586634


Cancers 2021, 13, 2542 26 of 28

155. Lu, X.; Gilbert, L.; He, X.; Rubin, J.; Nanes, M.S. Transcriptional Regulation of the Osterix (Osx, Sp7) Promoter by Tumor Necrosis
Factor Identifies Disparate Effects of Mitogen-Activated Protein Kinase and NF Kappa B Pathways. J. Biol. Chem. 2006, 281,
6297–6306. [CrossRef] [PubMed]

156. Olfa, G.; Christophe, C.; Philippe, L.; Romain, S.; Khaled, H.; Pierre, H.; Odile, B.; Jean-Christophe, D. RUNX2 Regulates the
Effects of TNFα on Proliferation and Apoptosis in SaOs-2 Cells. Bone 2010, 46, 901–910. [CrossRef] [PubMed]

157. Teramachi, J.; Silbermann, R.; Yang, P.; Zhao, W.; Mohammad, K.S.; Guo, J.; Anderson, J.L.; Zhou, D.; Feng, R.; Myint, K.-Z.; et al.
Blocking the ZZ Domain of Sequestosome1/P62 Suppresses Myeloma Growth and Osteoclast Formation in Vitro and Induces
Dramatic Bone Formation in Myeloma-Bearing Bones in Vivo. Leukemia 2016, 30, 390–398. [CrossRef]

158. Vincent, C.; Findlay, D.M.; Welldon, K.J.; Wijenayaka, A.R.; Zheng, T.S.; Haynes, D.R.; Fazzalari, N.L.; Evdokiou, A.; Atkins,
G.J. Pro-Inflammatory Cytokines TNF-Related Weak Inducer of Apoptosis (TWEAK) and TNFα Induce the Mitogen-Activated
Protein Kinase (MAPK)-Dependent Expression of Sclerostin in Human Osteoblasts. J. Bone Miner. Res. 2009, 24, 1434–1449.
[CrossRef]

159. Brunetti, G.; Rizzi, R.; Oranger, A.; Gigante, I.; Mori, G.; Taurino, G.; Mongelli, T.; Colaianni, G.; Benedetto, A.D.; Tamma, R.; et al.
LIGHT/TNFSF14 Increases Osteoclastogenesis and Decreases Osteoblastogenesis in Multiple Myeloma-Bone Disease. Oncotarget
2014, 5, 12950–12967. [CrossRef]

160. Silvestris, F.; Cafforio, P.; Matteo, M.D.; Calvani, N.; Frassanito, M.A.; Dammacco, F. Negative Regulation of the Osteoblast
Function in Multiple Myeloma through the Repressor Gene E4BP4 Activated by Malignant Plasma Cells. Clin. Cancer Res. 2008,
14, 6081–6091. [CrossRef]

161. Engin, F.; Lee, B. NOTCHing the Bone: Insights into Multi-Functionality. Bone 2010, 46, 274–280. [CrossRef]
162. Engin, F.; Yao, Z.; Yang, T.; Zhou, G.; Bertin, T.; Jiang, M.M.; Chen, Y.; Wang, L.; Zheng, H.; Sutton, R.E.; et al. Dimorphic Effects of

Notch Signaling in Bone Homeostasis. Nat. Med. 2008, 14, 299–305. [CrossRef]
163. Zhao, C.; Irie, N.; Takada, Y.; Shimoda, K.; Miyamoto, T.; Nishiwaki, T.; Suda, T.; Matsuo, K. Bidirectional EphrinB2-EphB4

Signaling Controls Bone Homeostasis. Cell Metab. 2006, 4, 111–121. [CrossRef] [PubMed]
164. Pennisi, A.; Ling, W.; Li, X.; Khan, S.; Shaughnessy, J.D., Jr.; Barlogie, B.; Yaccoby, S. The EphrinB2/EphB4 Axis Is Dysregulated in

Osteoprogenitors from Myeloma Patients and Its Activation Affects Myeloma Bone Disease and Tumor Growth. Blood 2009, 114,
1803–1812. [CrossRef]

165. Baksh, D.; Tuan, R.S. Canonical and Non-Canonical Wnts Differentially Affect the Development Potential of Primary Isolate of
Human Bone Marrow Mesenchymal Stem Cells. J. Cell. Physiol. 2007, 212, 817–826. [CrossRef]

166. Billiard, J.; Way, D.S.; Seestaller-Wehr, L.M.; Moran, R.A.; Mangine, A.; Bodine, P.V.N. The Orphan Receptor Tyrosine Kinase Ror2
Modulates Canonical Wnt Signaling in Osteoblastic Cells. Mol. Endocrinol. 2005, 19, 90–101. [CrossRef]

167. Bolzoni, M.; Donofrio, G.; Storti, P.; Guasco, D.; Toscani, D.; Lazzaretti, M.; Bonomini, S.; Agnelli, L.; Capocefalo, A.; Dalla Palma,
B.; et al. Myeloma Cells Inhibit Non-Canonical Wnt Co-Receptor Ror2 Expression in Human Bone Marrow Osteoprogenitor Cells:
Effect of Wnt5a/Ror2 Pathway Activation on the Osteogenic Differentiation Impairment Induced by Myeloma Cells. Leukemia
2013, 27, 451–463. [CrossRef]

168. Liu, Y.; Rubin, B.; Bodine, P.V.N.; Billiard, J. Wnt5a Induces Homodimerization and Activation of Ror2 Receptor Tyrosine Kinase.
J. Cell. Biochem. 2008, 105, 497–502. [CrossRef]

169. Faict, S.; Muller, J.; De Veirman, K.; De Bruyne, E.; Maes, K.; Vrancken, L.; Heusschen, R.; De Raeve, H.; Schots, R.; Vanderkerken,
K.; et al. Exosomes Play a Role in Multiple Myeloma Bone Disease and Tumor Development by Targeting Osteoclasts and
Osteoblasts. Blood Cancer J. 2018, 8, 1–12. [CrossRef]

170. Raimondo, S.; Saieva, L.; Vicario, E.; Pucci, M.; Toscani, D.; Manno, M.; Raccosta, S.; Giuliani, N.; Alessandro, R. Multiple
Myeloma-Derived Exosomes Are Enriched of Amphiregulin (AREG) and Activate the Epidermal Growth Factor Pathway in the
Bone Microenvironment Leading to Osteoclastogenesis. J. Hematol. Oncol. 2019, 12, 2. [CrossRef] [PubMed]

171. Li, B.; Xu, H.; Han, H.; Song, S.; Zhang, X.; Ouyang, L.; Qian, C.; Hong, Y.; Qiu, Y.; Zhou, W.; et al. Exosome-Mediated Transfer of
LncRUNX2-AS1 from Multiple Myeloma Cells to MSCs Contributes to Osteogenesis. Oncogene 2018, 37, 5508–5519. [CrossRef]

172. Zhang, Z.; Li, Y.; Geng, C.; Zhou, H.; Gao, W.; Chen, W. Serum Exosomal MicroRNAs as Novel Biomarkers for Multiple Myeloma.
Hematol. Oncol. 2019, 37, 409–417. [CrossRef] [PubMed]

173. Rossi, M.; Tagliaferri, P.; Tassone, P. MicroRNAs in Multiple Myeloma and Related Bone Disease. Ann. Transl. Med. 2015, 3, 13.
[CrossRef]

174. Giuliani, N.; Bataille, R.; Mancini, C.; Lazzaretti, M.; Barillé, S. Myeloma Cells Induce Imbalance in the Osteoprote-
gerin/Osteoprotegerin Ligand System in the Human Bone Marrow Environment. Blood 2001, 98, 3527–3533. [CrossRef]

175. Sezer, O.; Heider, U.; Zavrski, I.; Kühne, C.A.; Hofbauer, L.C. RANK Ligand and Osteoprotegerin in Myeloma Bone Disease.
Blood 2003, 101, 2094–2098. [CrossRef]

176. Pearse, R.N.; Sordillo, E.M.; Yaccoby, S.; Wong, B.R.; Liau, D.F.; Colman, N.; Michaeli, J.; Epstein, J.; Choi, Y. Multiple Myeloma
Disrupts the TRANCE/ Osteoprotegerin Cytokine Axis to Trigger Bone Destruction and Promote Tumor Progression. Proc. Natl.
Acad. Sci. USA 2001, 98, 11581–11586. [CrossRef]

177. Chantry, A.D.; Heath, D.; Mulivor, A.W.; Pearsall, S.; Baud’huin, M.; Coulton, L.; Evans, H.; Abdul, N.; Werner, E.D.; Bouxsein,
M.L.; et al. Inhibiting Activin-A Signaling Stimulates Bone Formation and Prevents Cancer-Induced Bone Destruction in Vivo. J.
Bone Miner. Res. 2010, 25, 2633–2646. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M507804200
http://www.ncbi.nlm.nih.gov/pubmed/16410254
http://doi.org/10.1016/j.bone.2009.12.027
http://www.ncbi.nlm.nih.gov/pubmed/20053387
http://doi.org/10.1038/leu.2015.229
http://doi.org/10.1359/jbmr.090305
http://doi.org/10.18632/oncotarget.2633
http://doi.org/10.1158/1078-0432.CCR-08-0219
http://doi.org/10.1016/j.bone.2009.05.027
http://doi.org/10.1038/nm1712
http://doi.org/10.1016/j.cmet.2006.05.012
http://www.ncbi.nlm.nih.gov/pubmed/16890539
http://doi.org/10.1182/blood-2009-01-201954
http://doi.org/10.1002/jcp.21080
http://doi.org/10.1210/me.2004-0153
http://doi.org/10.1038/leu.2012.190
http://doi.org/10.1002/jcb.21848
http://doi.org/10.1038/s41408-018-0139-7
http://doi.org/10.1186/s13045-018-0689-y
http://www.ncbi.nlm.nih.gov/pubmed/30621731
http://doi.org/10.1038/s41388-018-0359-0
http://doi.org/10.1002/hon.2639
http://www.ncbi.nlm.nih.gov/pubmed/31102419
http://doi.org/10.3978/j.issn.2305-5839.2015.12.13
http://doi.org/10.1182/blood.V98.13.3527
http://doi.org/10.1182/blood-2002-09-2684
http://doi.org/10.1073/pnas.201394498
http://doi.org/10.1002/jbmr.142
http://www.ncbi.nlm.nih.gov/pubmed/20533325


Cancers 2021, 13, 2542 27 of 28

178. Maeda, K.; Kobayashi, Y.; Udagawa, N.; Uehara, S.; Ishihara, A.; Mizoguchi, T.; Kikuchi, Y.; Takada, I.; Kato, S.; Kani, S.; et al.
Wnt5a-Ror2 Signaling between Osteoblast-Lineage Cells and Osteoclast Precursors Enhances Osteoclastogenesis. Nat. Med. 2012,
18, 405–412. [CrossRef]

179. Yaccoby, S. Advances in the Understanding of Myeloma Bone Disease and Tumour Growth. Br. J. Haematol. 2010, 149, 311–321.
[CrossRef] [PubMed]

180. Fairfield, H.; Falank, C.; Avery, L.; Reagan, M.R. Multiple Myeloma in the Marrow: Pathogenesis and Treatments. Ann. N. Y.
Acad. Sci. 2016, 1364, 32–51. [CrossRef] [PubMed]

181. Reagan, M.R.; Liaw, L.; Rosen, C.J.; Ghobrial, I.M. Dynamic Interplay between Bone and Multiple Myeloma: Emerging Roles of
the Osteoblast. Bone 2015, 75, 161–169. [CrossRef]

182. Savopoulos, C.; Dokos, C.; Kaiafa, G.; Hatzitolios, A. Adipogenesis and Osteoblastogenesis: Trans-Differentiation in the
Pathophysiology of Bone Disorders. Hippokratia 2011, 15, 18–21.

183. Liu, Z.; Liu, H.; He, J.; Lin, P.; Tong, Q.; Yang, J. Myeloma Cells Shift Osteoblastogenesis to Adipogenesis by Inhibiting the
Ubiquitin Ligase MURF1 in Mesenchymal Stem Cells. Sci. Signal. 2020, 13. [CrossRef]

184. Fairfield, H.; Falank, C.; Harris, E.; Demambro, V.; McDonald, M.; Pettitt, J.A.; Mohanty, S.T.; Croucher, P.; Kramer, I.; Kneissel, M.;
et al. The Skeletal Cell-Derived Molecule Sclerostin Drives Bone Marrow Adipogenesis. J. Cell. Physiol. 2018, 233, 1156–1167.
[CrossRef]

185. Ruan, J.; Trotter, T.N.; Nan, L.; Luo, R.; Javed, A.; Sanderson, R.D.; Suva, L.J.; Yang, Y. Heparanase Inhibits Osteoblastogenesis
and Shifts Bone Marrow Progenitor Cell Fate in Myeloma Bone Disease. Bone 2013, 57, 10–17. [CrossRef] [PubMed]

186. Christodoulides, C.; Laudes, M.; Cawthorn, W.P.; Schinner, S.; Soos, M.; O’Rahilly, S.; Sethi, J.K.; Vidal-Puig, A. The Wnt
Antagonist Dickkopf-1 and Its Receptors Are Coordinately Regulated during Early Human Adipogenesis. J. Cell Sci. 2006, 119,
2613–2620. [CrossRef]

187. Fairfield, H.; Dudakovic, A.; Khatib, C.M.; Farrell, M.; Costa, S.; Falank, C.; Hinge, M.; Murphy, C.S.; DeMambro, V.; Pettitt, J.A.;
et al. Myeloma-Modified Adipocytes Exhibit Metabolic Dysfunction and a Senescence-Associated Secretory Phenotype. Cancer
Res. 2021, 81, 634–647. [CrossRef]

188. Falank, C.; Fairfield, H.; Reagan, M.R. Reflections on Cancer in the Bone Marrow: Adverse Roles of Adipocytes. Curr Mol Biol Rep
2017, 3, 254–262. [CrossRef] [PubMed]

189. Trotter, T.N.; Gibson, J.T.; Sherpa, T.L.; Gowda, P.S.; Peker, D.; Yang, Y. Adipocyte-Lineage Cells Support Growth and Dissemina-
tion of Multiple Myeloma in Bone. Am. J. Pathol. 2016, 186, 3054–3063. [CrossRef]

190. Fowler, J.A.; Lwin, S.T.; Drake, M.T.; Edwards, J.R.; Kyle, R.A.; Mundy, G.R.; Edwards, C.M. Host-Derived Adiponectin Is
Tumor-Suppressive and a Novel Therapeutic Target for Multiple Myeloma and the Associated Bone Disease. Blood 2011, 118,
5872–5882. [CrossRef] [PubMed]

191. Müller, L.; Tunger, A.; Wobus, M.; von Bonin, M.; Towers, R.; Bornhäuser, M.; Dazzi, F.; Wehner, R.; Schmitz, M. Immunomodula-
tory Properties of Mesenchymal Stromal Cells: An Update. Front. Cell Dev. Biol. 2021, 9. [CrossRef]

192. Gao, M.; Yao, H.; Dong, Q.; Zhang, H.; Yang, Z.; Yang, Y.; Zhu, J.; Xu, M.; Xu, R. Tumourigenicity and Immunogenicity of
Induced Neural Stem Cell Grafts Versus Induced Pluripotent Stem Cell Grafts in Syngeneic Mouse Brain. Sci. Rep. 2016, 6, 29955.
[CrossRef] [PubMed]

193. Roemeling-van Rhijn, M.; Khairoun, M.; Korevaar, S.S.; Lievers, E.; Leuning, D.G.; IJzermans, J.N.; Betjes, M.G.; Genever,
P.G.; van Kooten, C.; de Fijter, H.J.; et al. Human Bone Marrow- and Adipose Tissue-Derived Mesenchymal Stromal Cells
Are Immunosuppressive In Vitro and in a Humanized Allograft Rejection Model. J. Stem Cell Res. Ther. 2013, Suppl 6, 20780.
[CrossRef]

194. André, T.; Najar, M.; Stamatopoulos, B.; Pieters, K.; Pradier, O.; Bron, D.; Meuleman, N.; Lagneaux, L. Immune Impairments in
Multiple Myeloma Bone Marrow Mesenchymal Stromal Cells. Cancer Immunol. Immunother. 2015, 64, 213–224. [CrossRef]

195. Prabhala, R.H.; Pelluru, D.; Fulciniti, M.; Prabhala, H.K.; Nanjappa, P.; Song, W.; Pai, C.; Amin, S.; Tai, Y.-T.; Richardson, P.G.; et al.
Elevated IL-17 Produced by Th17 Cells Promotes Myeloma Cell Growth and Inhibits Immune Function in Multiple Myeloma.
Blood 2010, 115, 5385–5392. [CrossRef]

196. de Jong, M.M.E.; Kellermayer, Z.; Papazian, N.; Duin, M.; Broyl, A.; Sonneveld, P.; Cupedo, T. Single Cell Transcriptomic Analysis
of the Multiple Myeloma Bone Marrow Identifies a Unique Inflammatory Stromal Cell Population Associated with TNF Signaling.
Blood 2019, 134, 690. [CrossRef]

197. Díaz-Tejedor, A.; Lorenzo-Mohamed, M.; Puig, N.; García-Sanz, R.; Mateos, M.-V.; Garayoa, M.; Paíno, T. Immune System
Alterations in Multiple Myeloma: Molecular Mechanisms and Therapeutic Strategies to Reverse Immunosuppression. Cancers
2021, 13, 1353. [CrossRef]

198. Romano, A.; Conticello, C.; Cavalli, M.; Vetro, C.; La Fauci, A.; Parrinello, N.L.; Di Raimondo, F. Immunological Dysregulation in
Multiple Myeloma Microenvironment. Biomed. Res. Int. 2014, 2014. [CrossRef] [PubMed]

199. De Veirman, K.; Menu, E.; Maes, K.; De Beule, N.; De Smedt, E.; Maes, A.; Vlummens, P.; Fostier, K.; Kassambara, A.; Moreaux, J.;
et al. Myeloid-Derived Suppressor Cells Induce Multiple Myeloma Cell Survival by Activating the AMPK Pathway. Cancer Lett.
2019, 442, 233–241. [CrossRef]

200. Leone, P.; Solimando, A.G.; Malerba, E.; Fasano, R.; Buonavoglia, A.; Pappagallo, F.; De Re, V.; Argentiero, A.; Silvestris, N.; Vacca,
A.; et al. Actors on the Scene: Immune Cells in the Myeloma Niche. Front. Oncol. 2020, 10, 599098. [CrossRef] [PubMed]

http://doi.org/10.1038/nm.2653
http://doi.org/10.1111/j.1365-2141.2010.08141.x
http://www.ncbi.nlm.nih.gov/pubmed/20230410
http://doi.org/10.1111/nyas.13038
http://www.ncbi.nlm.nih.gov/pubmed/27002787
http://doi.org/10.1016/j.bone.2015.02.021
http://doi.org/10.1126/scisignal.aay8203
http://doi.org/10.1002/jcp.25976
http://doi.org/10.1016/j.bone.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23895995
http://doi.org/10.1242/jcs.02975
http://doi.org/10.1158/0008-5472.CAN-20-1088
http://doi.org/10.1007/s40610-017-0074-6
http://www.ncbi.nlm.nih.gov/pubmed/29399440
http://doi.org/10.1016/j.ajpath.2016.07.012
http://doi.org/10.1182/blood-2011-01-330407
http://www.ncbi.nlm.nih.gov/pubmed/21908434
http://doi.org/10.3389/fcell.2021.637725
http://doi.org/10.1038/srep29955
http://www.ncbi.nlm.nih.gov/pubmed/27417157
http://doi.org/10.4172/2157-7633.S6-001
http://doi.org/10.1007/s00262-014-1623-y
http://doi.org/10.1182/blood-2009-10-246660
http://doi.org/10.1182/blood-2019-123012
http://doi.org/10.3390/cancers13061353
http://doi.org/10.1155/2014/198539
http://www.ncbi.nlm.nih.gov/pubmed/25013764
http://doi.org/10.1016/j.canlet.2018.11.002
http://doi.org/10.3389/fonc.2020.599098
http://www.ncbi.nlm.nih.gov/pubmed/33194767


Cancers 2021, 13, 2542 28 of 28

201. Yen, B.L.; Yen, M.-L.; Hsu, P.-J.; Liu, K.-J.; Wang, C.-J.; Bai, C.-H.; Sytwu, H.-K. Multipotent Human Mesenchymal Stromal Cells
Mediate Expansion of Myeloid-Derived Suppressor Cells via Hepatocyte Growth Factor/c-Met and STAT3. Stem Cell Rep. 2013, 1,
139–151. [CrossRef]

202. Giallongo, C.; Tibullo, D.; Parrinello, N.L.; La Cava, P.; Di Rosa, M.; Bramanti, V.; Di Raimondo, C.; Conticello, C.; Chiarenza, A.;
Palumbo, G.A.; et al. Granulocyte-like Myeloid Derived Suppressor Cells (G-MDSC) Are Increased in Multiple Myeloma and Are
Driven by Dysfunctional Mesenchymal Stem Cells (MSC). Oncotarget 2016, 7, 85764–85775. [CrossRef]

http://doi.org/10.1016/j.stemcr.2013.06.006
http://doi.org/10.18632/oncotarget.7969

	Multiple Myeloma and the Bone Marrow Microenvironment 
	Characterization of Mesenchymal Stromal Cells in Multiple Myeloma 
	Mesenchymal Stromal Cells (MSCs) 
	Physiological and Pathological Roles of MSCs in the BM 
	Comparison of MSCs from Healthy Donors (HD-MSCs) and Myeloma Patients MM-MSCs) 
	Studies from MSCs after Expansion vs. Fresh MSCs 
	Studies of MSCs in Monoculture vs. MSCs in Co-Culture with MM Cells 
	Studies of MSCs in 2D vs. 3D In Vitro Platforms 

	Transition from HD-MSCs to MM-MSCs 

	Biological Roles of MSCs in MM pathology 
	Contribution of MM-MSCs to Tumor Growth and Survival 
	Contribution of MM-MSCs to Drug Resistance 
	Contribution of MM-MSCs to Dissemination and Homing 
	Contribution of MM-MSCs to Myeloma Bone Disease (MBD): Suppressed Osteoblast and Favoured Adipocyte Differentiation 
	Mechanisms of Osteoblast (OB) Suppression 
	Mechanisms of Osteoclast Activation 
	Mechanisms of Adipocyte Formation 

	Contribution to a Pro-Inflammatory and Immunosuppressive Microenvironment 

	Concluding Remarks 
	References

