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Abstract: Multiple myeloma (MM) is an aggressive malignancy that shapes, during its progression,
a pro‑tumormicroenvironment characterized by altered protein secretion and the gene expression of
mesenchymal stem cells (MSCs). In turn, MSCs fromMMpatients can exert an high pro‑tumor activ‑
ity and play a strong immunosuppressive role. Here, we show, for the first time, greater cell mobility
paralleled by the activation of FilaminA (FLNA) in MM‑derived MSCs, when compared to healthy
donor (HD)‑derivedMSCs. Moreover, we suggest the possible involvement of the IRE1a‑FLNA axis
in the control of the MSC migration process. In this way, IRE1a can be considered as a good tar‑
get candidate for MM therapy, considering its pro‑survival, pro‑osteoclast and chemoresistance role
in the MM microenvironment. Our results suggest that IRE1a downregulation could also interfere
with the response of MSCs to MM stimuli, possibly preventing cell–cell adhesion‑mediated drug re‑
sistance. In addition, further investigations harnessing IRE1a‑FLNA interaction could improve the
homing efficiency of MSC as cell product for advanced therapy applications.

Keywords: multiple myeloma; mesenchymal stem cells; IRE1a; migration

1. Introduction
Multiple myeloma (MM) is a hematological malignancy characterized by the abnor‑

mal proliferation of plasma cell clones and by a tropism for bonemarrow tissue. The tumor
is derived from asymptomatic conditions such as monoclonal gammopathy of uncertain
significance (MGUS) and smoldering myeloma. In turn, it develops and modulates com‑
plex interactionswith the bonemarrowmicroenvironment that sustain its progression and
drug resistance: this makesMM a treatable but not curable malignancy [1]. Themicroenvi‑
ronment can be divided into a non‑cellular component, composed by extracellular matrix
proteinwith a rich fluidmilieu, aswell as by the cellular counterpart that comprises, among
others, the bone marrow mesenchymal stem cells (BMMSCs) [2].

Evidence showed that BMMSCs and MM cells reciprocally affect each other to fa‑
vor a pro‑tumor environment [3–5]. The cross‑talk between MM and BMMSCs can both
be direct [6] and indirect, i.e., through growth factors and exosomes release [4,5]. This
leads to chronic alterations in BMMSC physiology that induce a pro‑inflammatory and
immune‑permissive environment [7,8]. Indeed, transcriptome analysis showed that the
expression profile of MM‑BMMSCs is markedly altered in comparison to healthy donor
(HD)‑derived BMMSCs [9,10], with particular regard to cell cycle progression, immune re‑
sponse and osteoblastogenesis. Such findings are in agreement with previously published
papers showing the deregulation of osteoblast differentiation and increased IL‑6 secretion
in MM‑BMMSCs [11–14].
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As modifications imposed by MM cells [15] to the bone marrow microenvironment
also confer chemoresistance to MM itself, it is very important to identify new anti‑tumoral
targets interfering with the altered MM microenvironment. In this context, the IRE1a‑
XBP1s axis has proven to be promising. Inositol‑requiring enzyme 1 alpha (IRE1a) is an en‑
doplasmic reticulum (ER) receptor involved in ER stress and in unfolded protein response
(UPR) [16]. The activation of IRE1a occurs normally in UPR, together with the induction of
the ATF6 and PERK pathway. In this context, IRE1a exerts different activities such as the
induction of the regulated IRE1a‑Dependent Decay (RIDD) of mRNAs, increase in XBP1s
level through unconventional splicing and initiation of JNK cascade [16]. These events
lead to the resolution of ER stress, reached with a reduction in mRNA translation and
protein folding, as well as to cell survival. It is not surprising that this pathway, in particu‑
lar the IRE1a‑XBP1s axis, is activated in MM cells to avoid apoptosis caused by ER stress,
due to abnormal IgG production, and that it is involved in MM chemoresistance [17–20].
Previous publications showed that the inhibition or disruption of the IRE1a‑XBP1s axis
in MM cells can reduce tumor progression [17–19] and can synergize with MM‑specific
drugs such as bortezomib and lenalidomide [17,20]. Interestingly, the activation of the
IRE1a‑XBP1s pathway in non‑tumor cells of the MM bone marrowmicroenvironment can
contribute to tumor progression. As an example, MM‑secreted extracellular vesicles in‑
duce pro‑osteoclastogenesis differentiation in precursor cells through the activation of the
IRE1a‑XBP1s axis [21]. Moreover, Xu and colleagues showed that a higher expression of
XBP1s in MM‑BMMSCs, compared to HD‑BMMSCs, was associated with increased secre‑
tion of pro‑tumor and of pro‑osteoclast factors [22].

Even though there is a general consensus regarding differences between MM‑ and
HD‑BMMSCs, the impact ofMMonpatent’s BMMSCmigration potentialwas poorly inves‑
tigated. Considering the innate capability of these cells to home and reach cancer/wound
sites [23,24] potentially exerting a direct pro‑tumor effect [6], we aimed to explore the im‑
pact of the MM microenvironment on the MSCs’ migration properties. Interestingly, a
recent paper shed light on a non‑canonical role of IRE1a in the regulation of actin remod‑
eling and migration process in vitro and in vivo. Indeed, Urra and colleagues discovered
a non‑canonical role of IRE1a in the control of migration in tumor cell lines through Fil‑
aminA (FLNA) phosphorylation [25]. FLNA mediates the adhesion of the cytoskeleton
to the plasma membrane and interacts with several partners controlling actin remodel‑
ing and migration in both healthy and tumor cells [26–29]. The activity of FLNA is also
controlled by several interacting proteins and by post‑translational modifications [27]. In
particular, the phosphorylation of Ser 2152 (S2152) is necessary to trigger an efficient mi‑
gration process [25,30]. A mutated form of FLNA, unable to be phosphorylated at S2152
(S2152A), failed to rescue the migration impairment in vitro and in vivo [25] and reduced
cell response to chemoattraction [30].

Thus, here we investigated for the first timewhether the IRE1a‑FLNA axis is involved
in BMMSCmigration andwhether this pathway ismodified by theMMmicroenvironment.

2. Results and Discussion
2.1. MM‑BMMSCs Exert High Migratory Capability

MM is a complex malignancy relying on a dense network of interactions between
tumor cells, microenvironment and BMMSCs. MSCs are pivotal components of the bone
marrowmicroenvironment in both physiological and pathological conditions. For the first
time, we investigated the impact of the MM microenvironment on BMMSC migration po‑
tential, a key biological property of such stem cells [23,24]. We found that MM‑BMMSCs
are characterized by enhanced mobility, when compared to HD‑BMMSCs. In particular,
24 h after the application of the chemoattractive stimulus, MM‑BMMSCs showed a two‑
fold increased migration potential vs. HD‑BMMSCs (Figure 1A,B). Noteworthy, when
comparing BM‑MSCs isolated from 11MMpatientswithHD‑BMMSCs, 73% (i.e., eight out
of eleven) showed a strongly increased migration potential while 27% (i.e., three out of
eleven) displayedunalteredmobility (Figure 1C).We then attempted to relateMM‑BMMSC
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migration potential to clinical aspects of our patients, but the analysis did not reveal a sig‑
nificant correlation between motility and MM stages (Spearman’s correlation rs = 0, p = 1)
or with applied chemotherapy (Spearman’s correlation rs = 0.255, p = 0.45) (Table 1). Thus,
despite the reduced sample size, we can suggest that a higher migration potential could be
a common feature of MM‑BMMSCs, independently of the patients’ clinical conditions.
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Figure 1. Behavior of MM‑BMMSCs during migration. (A) Relative migration potential of MM‑
BMMSCs (n = 11) compared to HD‑BMMSCs (n = 5) measured at 24 h by transwell migration assay.
BMMSCs were seeded on transwell membranes with 8 µm pores; A‑MEM supplemented with 10%
fetal bovine serum (FBS) was used as chemo‑attractive agent. Two‑tailed t‑test; * p < 0.05. (B) Rep‑
resentative images of total (left) and migrated (right) HD‑ and MM‑BMMSCs after 24 h. Cells were
stained by crystal violet. Scale bar = 50 µm. (C) Distribution of MM‑BMMSCs (n = 11) described as
having “Same” (i.e., from 0.5‑ to 1.5‑fold), “High” (i.e., from 1.5‑ to 3‑fold) or “Very high” (i.e., >3 fold)
migratory behavior when compared to HD‑BMMSCs.
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Table 1. Migration potential of MM‑BMMSCs and selected clinical features of each enrolled patient
(R‑ISS stage and therapy).

Patient Migration Stage
(R‑ISS) Therapy

M1 ++ 2 Yes

M2 = 3 No

M3 + Np before 2016 Yes

M4 = 3 Yes

M5 = 2 No

M6 + 3 No

M7 ++ 3 Yes

M8 + 2 Yes

M9 ++ 3a No

M10 + 3 Yes

M11 + 3 Yes
=: same; +: high; ++: very high.

2.2. FLNA Is Phosphorylated in MM‑BMMSCs
To further explore MM‑BMMSC migratory behavior, we analyzed FLNA expression

and phosphorylation levels. Indeed, FLNA mediates the adhesion of the cytoskeleton to
the plasmamembrane and its activity ismainly stimulated byphosphorylation [25,30]. Sur‑
prisingly, in the MM‑BMMSC samples, an average upregulation of phosphorylated FLNA
(Ser 2152) with a 1.9‑fold increase when compared to HD‑BMMSCs (Figure 2A,B) was ob‑
served. Despite FLNA activation, the level of total FLNA and PKCα, one of the kinases re‑
sponsible for its phosphorylation [26], remained unaltered inMM‑BMMSCs (Figure 2A,B).

Thus, when compared to HD‑BMMSCs, we found a higher motility of MM‑BMMSCs
that, in turn, was associatedwith the upregulation of the phosphorylated fraction of FLNA.
In agreement with other previously reported results [10,11,13], such MM‑BMMSC behav‑
ior can be considered as cell‑inherent, as it is maintained also ex vivo, i.e., far from the
tumor site. We can speculate that such effect may depend on stable epigenetic modifi‑
cations induced by MM cells [12,31]. Furthermore, as we observed that increased MM‑
BMMSC migration does not correlate with MM stages or therapy, we can hypothesize
that related changes in FLNA phosphorylation could be an early modification occurring
during pathology onset. In our opinion, such finding is particularly interesting, as it in‑
volves the cross‑talk between MM cells and BMMSCs with potential implications on tu‑
mor growth progression and chemoresistance [5,32]. Due to their increased migration po‑
tential, a higher fraction of MM‑BMMSCs could reach tumor cells, potentially promoting
cancer growth by direct cell–cell contact or through a bystander effect [4–6]. Indeed, an
enhanced response of BMMSCs to MM stimuli could be a component of the environment‑
mediated drug resistance which incorporates soluble factor‑mediated drug resistance and
cell adhesion‑mediated drug resistance [33].
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8/10, four experiments in triplicate. 
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Figure 2. MM‑BMMSCs possess high level of active FLNA. (A) Representative protein expression
analysis by Western blot in lysates of HD‑ and MM‑BMMSCs cultured for three days in static con‑
dition. GAPDH used as loading control. L = ladder. (B) Relative quantification of P‑FLNA S2152,
FLNA and PKCa expression in HD‑ and MM‑BMMSC lysates. Images were analyzed with ImageJ
software and P‑FLNA S2152 level was normalized to FLNA signal, while FLNA and PKCa were
normalized to GAPDH signal. Two‑tailed t‑test; **, p < 0.01. HD‑BMMSCs n = 3/4, MM‑BMMSCs
n = 8/10, four experiments in triplicate.

2.3. IRE1a‑FLNA Interaction in Non‑Migrating and Migrating BMMSCs
Recently, Urra and colleagues unveiled a new non‑canonical role of IRE1a in the con‑

trol of FLNA activation in tumor cell lines [25], whichwas not concernedwith IRE1a kinase
and RNAse activity. They showed that IRE1a is necessary for FLNA‑mediated mobility
changes in different tumor cell lines and in animal cells. Considering the activation of
FLNA observed in MM‑BMMSCs (Figure 2A,B), we investigated (i) whether IRE1a inter‑
acts with FLNA also in primary BMMSCs and (ii) whether this can play a role in the migra‑
tion process. Performing immunoprecipitation assays (Figure S1A), we found that IRE1a
and FLNA interact in primary BMMSCs, and we showed that their binding increases dur‑
ing migration. In particular, we firstly observed that, in non‑migrating conditions, IRE1a
bound low amounts of FLNA in both HD‑ and MM‑BMMSCs (Figure 3A). Still in non‑
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migrating conditions, we observed variable levels of FLNA/IRE1a ratio in MM‑BMMSCs
without significant difference with HD‑BMMSCs (Figure S1B). In static conditions, in fact,
the interaction between IRE1a and FLNA was generally reduced (Figures 3A and S1A),
even though in BMMSCs derived from a few MM patients, a higher basal protein inter‑
action was found. Otherwise, independently from baseline FLNA/IRE1a binding, we de‑
tected a striking increase (from 13‑ to over 100‑fold) in FLNA/IRE1a interaction after mi‑
gration toward chemo‑attractive agents such as FBS and plasma bone marrow (PBM) (Fig‑
ure 3B). Thus, we here report strong evidence showing that IRE1a is involved in the mi‑
gration process of both primary human HD‑ and MM‑BMMSCs, possibly functioning as a
dock for FLNA activation. Our results are in agreement with evidence published by Urra
and colleagues [25]. Noteworthy, in this present work, we took advantage of human pri‑
mary cells and we analyzed only endogenous proteins, i.e., without any transient protein
over‑expression, to show the increased interaction between IRE1a and FLNA during the
migration process (Figure 3A).
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in non‑migrating (NoM) and migrating conditions (Migr = FBS and PBM). After a 24 h transwell
assay, BMMSCs were lysed and IRE1a immunoprecipitation was performed. IgG: ctrl with anti‑
IRE1a antibody without protein sample. (B) Relative quantification of the ratio between FLNA and
IRE1a protein level in migrating (Migr = FBS and PBM) relative to non‑migrating (NoM) condition.
NoM, n = 5; Migr, n = 10. Two‑tailed t‑test; **, p < 0.01. (C) WB analysis of samples from BMM‑
SCs in non‑migrating (NoM) conditions and after 24 h of migration (Migr). A‑MEM supplemented
with 10% FBS was used as chemo‑attractive agent. On the right, relative quantification of IRE1a
level compared to NoM condition. n = 8. Two‑tailed t‑test, **, p < 0.01. (D) WB analysis in samples
from BMMSCs after downregulation of IRE1a with Si‑IRE1a for 72 h. Ctrl = only transfection agent.
(E) WB analysis in BMMSCs after transfectionwith Si‑IRE1a for 72 h and 24 hmigration through 8µm
membrane; A‑MEM supplemented with 10% FBS was used as chemo‑attractive agent. On the right,
relative quantification, with ImageJ, of P‑FLNA level in Si‑IRE1a samples compared to Ctrl. n = 9,
one‑tail t‑test; **, p < 0.01. (F) Analysis of migration in HD‑ (left) or MM‑BMMSCs (right) after down‑
regulation of IRE1a with Si‑IRE1a. BMMSCs were first transfected with Si‑IRE1a for 72 h and then
seeded on transwell membrane. A‑MEM supplemented with 10% FBS was used as chemo‑attractive
agent. Relative migration to Ctrl cells was calculated. HD‑BMMSCs: both Ctrl and Si‑IRE1a n = 10;
MM‑BMMSCs: both Ctrl and Si‑IRE1a n = 8. Two‑tailed t‑test; **, p < 0.01; ***, p < 0.001.

2.4. IRE1a Is Required for Efficient Migration of BMMSCs
We then investigated the potential impact of FLNA phosphorylation factors on the

regulation of BMMSCmigration. Surprisingly, comparing lysates fromnon‑migrating and
migrating BMMSCs, we detected no variation in S2152 phosphorylation and total level of
FLNA (Figures 3C and S1C). On the contrary, migrating cells were characterized by signif‑
icantly higher IRE1a level (Figure 3C) and a trend to statistical significance was observed
(p = 0.06) for the PKCa level (Figure S1C).

Thus, to challenge the hypothesis that IRE1a can be essential for the control of the
migration process in BMMSCs and for the activation of FLNA, we downregulated IRE1a
expression using a specific si‑RNAdirected against the IRE1a gene (Si‑IRE1a). As expected,
the reduction in IRE1a level, induced by Si‑IRE1a (Figure 3D), decreased the migratory po‑
tential of BMMSCs in both HD andMMpatients (Figures 3F and S1E). Interestingly, IRE1a
downregulation lowered FLNA phosphorylation only during the migration process (Fig‑
ure 3E) and not in non‑migrating conditions (Figures 3D and S1D). Indeed, after Si‑IRE1a
transfection, the level of phosphorylated FLNA remained unaltered in non‑migrating cells
(Figure 3D) but it decreased when cells were subjected to a migratory stimulus: this sup‑
ports the hypothesis that the FLNA/IRE1a axis can specifically control FLNA activation
during the BMMSC migration process. In agreement with previous papers [25], IRE1a
silencing did not completely blunt BMMSC migration, suggesting that other anaplerotic
processes can contribute to the regulation of BMMSC migration.

2.5. Conclusions
In thiswork, we showed that the IRE1a‑FLNAaxis can play a pivotal, even though not

exclusive, role in the control of BMMSC migration potential, which was in turn shown to
be upregulated in MM‑BMMSCs. Taken together, our results may have great importance
in MM therapy. This work, in fact, can suggest the hypothesis to target IRE1a in order to
counteract MM progression, and this is sustained by other published works reporting that
the IRE1a‑XBP1s axis is involved inMMprogression and in patient outcome [34,35]. More‑
over, the disruption of the IRE1a‑XBP1s axis was shown to reduce the viability and drug
resistance of MM cells in different contexts [17–19]. For example, anti‑IRE1a drugs, such
as nilotinib and KIRA8, showed beneficial effects against MM in synergy with bortezomib
and lenalidomide [20]. On the other hand, it is known that IREa‑XBP1s can regulate pro‑
tumor environment acting also in non‑tumor cells such as osteoclasts and BMMSCs [21,22].
We are confident that IRE1a can be considered as a putatively common target to lowerMM
progression. We are aware that the reported results are part of a complex puzzle: to better
understand the possible timing of IRE1a involvement in relation to MM, we will broaden
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our investigation also to BMMSCs derived from pre‑MM conditions, such as MGUS and
smoldering MM. In our opinion, this work can suggest that tIRE1a is an essential factor
within MM pathophysiology.

Disentangling the IRE1a molecular pathway in HD‑ and MM‑BMMSCs could also
be helpful in other MM therapeutic approaches. In virtue of their cancer‑specific homing
potential, HD‑BMMSCs can be applied as an advanced cell therapy product potentially
counteracting MM progression through the modification of the cancer microenvironment.
To achieve a therapeutically relevant medicinal product, ex vivo modifications of BMM‑
SCs implementing their migration capacity are required [36]. Here, we showed that, in
MM‑BMMSCs, IRE1a can contribute to enhanced cell migration by binding active FLNA:
such paradigm can be transferred to HD‑BMMSCs. Priming such cells ex vivo in order to
increase IRE1a‑FLNA interaction could potentially improve the therapeutic activity of an
advanced medicinal product based on HD‑BMMSCs. Additional cell modifications con‑
ferring a clear citotoxic phenotype on MM target may also be required.

Active control of the IRE1a‑FLNA axis can, thus, be considered as an important pa‑
rameter in MM therapy, possibly requiring its direct downregulation in MM‑BMSCs or its
upregulation in HD‑BMMSCs, when applied as an advanced medicinal product.

3. Material and Methods
3.1. Bone Marrow‑Derived Mesenchymal Stem Cell Isolation and Culture

Human bone marrow aspirates were collected from patients with multiple myeloma
with approval from the Ethics Board (CRO‑2021‑31). The samples were centrifuged and
the upper fraction with the plasma bone marrow (PBM) was collected for further experi‑
ments. After the removal of the red blood cells with BD Pharm Lyse™ lysing solution (BD
Biosciences, San Jose, CA, USA) and centrifugation at 1300 rpm for 10 min, the cell pel‑
let was resuspended in a complete medium composed by Minimum Essential Medium α

(α‑MEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (100 U/mL
penicillin; 100 U/mL streptomycin) and plated on a culture dish. After 4–5 days, BMMSC
colonies were visible. Adherent BMMSCs were expanded by standard procedures in com‑
plete medium.

3.2. Western Blot Analysis and Immunoprecipitation
To first compare BMMSCs from HD or MM patients, cells were seeded for three days

and then were lysed with NP40 0.5% lysis buffer supplemented with metallo‑protease and
protease inhibitor cocktails (Merck KGaA, Darmstadt, Germany). The protein concentra‑
tions were measured using a BCA protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA) and the proper amount was loaded into a 4–20% protean TGX gel (Bio‑Rad,
Hercules, CA, USA). After electrophoresis, the proteins were transferred to 0.2 µm PVDF
membrane using a Trans‑Blot Turbo device (BioRad, Hercules, CA, USA). The membrane
was blocked with 5% milk (Blotting Grade Blocker ‑BioRad, Hercules, USA) in TBST and
then the primary antibodies were added in 2.5% milk in TBST overnight at 4 ◦C. The used
antibodies were anti‑IRE1a (1:500, Cell Signaling, Danvers, MA, USA, #3294), anti‑Filamin
A (1:1000, Proteintech, Manchester, UK, #67133‑Ig), anti‑Phospho‑Filamin A S2152 (1:1000,
ABclonal, Woburn, MA, USA #AP0783), anti‑PKC alpha (1:1000, ABclonal, Woburn, MA,
USA #A11107) and anti‑GAPDH (1:3000, Merkmillipore, Burlington, NJ, USA, #CB1001).
After the incubationwith proper secondary antibodies anti‑mouseHRP (1:1000, GEHealth‑
care, Milan, Italy, #GENA931) or anti‑rabbit HRP (1:1000, SouthernBiotech, Birmingham,
AL,USA, #4030‑05), the immunoreactive bandswere visualizedwithAmershamECLPrime
Western BlottingDetection Reagent (Cytiva, Marlborough,MA,USA) and quantified using
the ImageJ software.

For immunoprecipitation experiment, protein samples frommigrating (after transwell
migration) andnot‑migrating (plated in 24‑well plates for the sameperiod) conditionswere
incubated with 0.5 µg of anti‑IRE1α antibodies (Cell Signaling, Danvers, MA, USA, #3294)
in 500 µL of PBS and protease inhibitor cocktail for 3 h at room temperature with rota‑
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tion. After this time, the protein–antibody complex was absorbed to 20 µL of Protein G
sepharose 4 fast flow (Cytiva, Marlborough, MA, USA, 17‑0618‑01), and incubated for an‑
other 3 h at RT and subsequently overnight at 4 ◦C. Then, samples were centrifuged at
12,000× g for 20 s and the supernatant was collected for further analysis. After a wash
with 500 µL of PBS and subsequent centrifugation, the pellet was resuspended in 20 µL of
SB buffer 3×. Following this, Western blot analysis was performed as described above.

To investigate changes in protein expression induced by migration, we used protein
samples from migrating (i.e., after transwell migration) and non‑migrating cells (i.e., after
seeding in transwell chambers in absence of chemotactic stimuli).

3.3. Migration Experiment
In all the experiments, 24‑well transwell chambers with 8 µm pore membranes were

used. 1.5 × 104 cells were seeded in the upper chamber in 250 µL of α‑MEM supple‑
mentedwith 10%FBS. After 4–5 h, when all cellswere attached to themembrane, the upper
medium was changed with α‑MEM without FBS. The migration stimulus was applied by
adding themedium supplementedwith FBS or with plasma obtained fromMMpatients in
the lower chamber. After 24 h, the cells were fixed with 4% paraformaldehyde for 10 min
and stained with 10% crystal violet for another 10 min. After two washes in PBS, images
of total and migrated cells were acquired with Olympus CKX41 microscope (4× objective)
equipped with Moticam S12 camera and Motic Images Plus 3.0 software. The migration
potential was calculated comparing the area covered by migrated cells to the area covered
by all the cells (migrated area/total area). For this analysis, we used ImageJ software. For
the experiments with MM‑BMMSCs, HD‑BMMSCs were used as control.

3.4. Si‑RNA Transfection
Anti‑IRE1a si‑RNA (Thermo Fisher Scientific, Waltham, MA, USA, ID S200432) was

used to downregulate IRE1a in BMMSCs. Briefly, 2.5 × 104 BMMSCs from MM patients
and healthy donors were seeded in a 12‑well plate. The next day, transfection was per‑
formed using Lipofectamine RNAiMAX (Thermo Fisher Scientific, Waltham, MA, USA,
#13778) and Si‑IRE1a according to the manufacturer’s protocol. After 72 h, the cells were
collected and used for migration experiment and Western blot as described above. In
all transfection experiments, BMMSCs (MM or HD) transfected only with Lipofectamine
RNAiMAX were used as a control.

3.5. Statistical Analysis
For statistical analysis, unless differently described, a two‑tailed t‑test was performed.

A value of p < 0.05 was considered statistically significant. Spearman’s correlation test was
used to correlate migration with the clinical data reported in Table 1.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12151935/s1, Figure S1: (A) Immunoprecipitation (IP) for IRE1a
and following wb in BMMSC samples. Negative control (IgG), left over (L.O.) and input are also
showed. H.e. = high exposure. (B) Ratio FLNA/IRE1a after immunoprecipitation in MM‑BMMSC
samples in non migrating condition. Value are normalized to HD‑BMMSc level set as 1. (C) Rela‑
tive expression of P‑FLNA (S2152), FLNA and PKCa in non migrating and migrating BMMSC. n = 8.
Two tail t‑test. (D) Analysis of protein level in BMMSC after downregulation of IRE1a with Si‑ERN1.
Results of 3 experiments; both Ctrl and Si‑ERN1 5 < n < 7. (E) Representative images of total (left)
andmigrated (right) BMMSC in Ctrl and Si‑ERN1 condition; Crystal violet staining. Scale bar 50 µm;
Figure S2: Update about IRE1a contribution in MMmicroenvironment. In MM IRE1a regulates pro‑
tumor microenvironment (left panel) increasing directly tumor cell survival and chemoresistance
(Harnoss et al., 2019 [17]; Mimura et al., 2012 [18]; Papandreou et al., 2011 [19]; Yamashita et al.,
2020 [20]). In parallel, IRE1a‑XBP1s activation, by MM‑derived vesicles, induces osteoclastogenic
macrophage differentiationworsening the structure of bone tissue (Raimondi et al., 2020 [21]). More‑
over MM‑BMMSC possess an enhanced secretion of RANKL and IL6 that is dependent by IRE1a‑
XBP1s (Xu et al., 2012b [22]). We found that IRE1a‑FLNA axis contributes to migratory capability

https://www.mdpi.com/article/10.3390/cells12151935/s1
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of BMMSC and we hypothesize (gray square) that this process, in MM contest, produces an higher
probability of MM/BMMSC direct contact and cell adhesion‑mediated drug resistance (CAM‑DR)
(Meads et al., 2009 [33]). We are confident that IRE1a can be a putative common target to counteract
MM progression in different aspects, as highlighted by thinner arrows in the right panel. Inhibition
of IRE1a activity has a direct effect on viability ofMMcells, it reduces chemoresistance (Harnoss et al.,
2019 [17]; Mimura et al., 2012 [18]; Papandreou et al., 2011 [19]; Yamashita et al., 2020 [20]) and osteo‑
clasts differentiation and it interferes with pro‑tumor behavior of BMMSC. In addiction inhibition of
migration, through IRE1a‑FLNA axis inhibition, could impact on MM and BMMSC interaction and
on manifestation of cell‑adhesion‑mediated drug resistance.

Author Contributions: F.D.R.: writing—original draft, conceptualization, formal analysis, investi‑
gation, project administration, visualization, validation; K.K.: writing—original draft, investigation,
validation; C.V.: conceptualization, validation; E.L.: conceptualization, validation; F.A.: conceptual‑
ization, funding acquisition, validation, writing—review and editing; R.C.: resources, investigation;
M.R.: resources, investigation; C.D.: resources, investigation; M.M. (Mariagrazia Michieli): funding
acquisition, resources; M.M. (Mario Mazzucato): supervision, project administration. All authors
have read and agreed to the published version of the manuscript.

Funding: The project was supported by “Finchè ci siete voi ci sono anche io” Associazione ONLUS
(grant # j31I17000440007), Alleanza Contro il Cancro (grant # j34I20000600001), Associazione Italiana
Contro Leucemie Linfomi eMieloma (AIL), SEED grant (grant # j35F21000650007), “Ottone Zanolin e
Elena Dametto” Associazione ONLUS and Italian Ministry of Health–Ricerca Corrente. The authors
declare no competing financial interest.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration ofHelsinki and approved by the Ethics Committee ofNational Cancer Institute (protocol
code CRO‑2021‑31).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data is contained within this article and Supplementary Material.

Acknowledgments: We thankMarangonMiriam for patients enrollment and SO Farmacia, National
Cancer Institute, IRCCS, Aviano, Italy for reagent supply during revision process.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

MM multiple myeloma
MGUS monoclonal gammopathy of uncertain significance
HD healthy donor
BMMSC bone marrow mesenchymal stem cell
ER endoplasmic reticulum
UPR unfolded protein response
IRE1a inositol‑requiring enzyme 1 alpha
FLNA FilaminA

References
1. Van de Donk, N.W.C.J.; Pawlyn, C.; Yong, K.L. Multiple myeloma. Lancet 2021, 397, 410–427. [CrossRef]
2. Morrison, S.J.; Scadden, D.T. The bone marrow niche for haematopoietic stem cells. Nature 2014, 505, 327–33434. [CrossRef]
3. Raimondi, L.; De Luca, A.; Amodio, N.; Manno, M.; Raccosta, S.; Taverna, S.; Bellavia, D.; Naselli, F.; Fontana, S.;

Schillaci, O.; et al. Involvement of multiple myeloma cell‑derived exosomes in osteoclast differentiation. Oncotarget 2015,
30, 13772–13789. [CrossRef] [PubMed]

4. 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]

5. 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.
BMmesenchymal stromal cell‑derived exosomes facilitate multiple myeloma progression. J. Clin. Investig. 2013, 123, 1542–1555.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(21)00135-5
https://doi.org/10.1038/nature12984
https://doi.org/10.18632/oncotarget.3830
https://www.ncbi.nlm.nih.gov/pubmed/25944696
https://doi.org/10.1186/s13045-018-0689-y
https://www.ncbi.nlm.nih.gov/pubmed/30621731
https://doi.org/10.1172/JCI66517
https://www.ncbi.nlm.nih.gov/pubmed/23454749


Cells 2023, 12, 1935 11 of 12

6. D’Souza, S.; Kurihara, N.; Shiozawa, Y.; Joseph, J.; Taichman, R.; Galson, D.L.; Roodman, G.D. Annexin II interactions with the
annexin II receptor enhance multiple myeloma cell adhesion and growth in the bone marrow microenvironment. Blood 2012,
119, 1888–1896. [CrossRef] [PubMed]

7. 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]

8. 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]

9. Alameda, D.; Saez, B.; Lara‑Astiaso, D.; Sarvide, S.; Lasa, M.; Alignani, D.; Rodriguez, I.; Garate, S.; Vilas, A.; Paiva, B.; et al.
Characterization of freshly isolated bone marrow mesenchymal stromal cells from healthy donors and patients with multiple
myeloma: Transcriptional modulation of the microenvironment. Haematologica 2020, 105, e470–e473. [CrossRef]

10. Fernando, R.C.; Mazzotti, D.R.; Azevedo, H.; Sandes, A.F.; Gil Rizzatti, E.; de Oliveira, M.B.; Alves, V.L.F.; Eugênio, A.I.P.; de
Carvalho, F.; Dalboni, M.A.; et al. Transcriptome Analysis of Mesenchymal Stem Cells fromMultiple Myeloma Patients Reveals
Downregulation of Genes Involved in Cell Cycle Progression, Immune Response, and Bone Metabolism. Sci. Rep. 2019, 9, 1056.
[CrossRef]

11. Xu, S.; Evans, H.; Buckle, C.; De Veirman, K.; Hu, J.; Xu, D.; E Menu, E.; A De Becker, A.; Broek, I.V.; Leleu, X.; et al. Impaired
osteogenic differentiation of mesenchymal stem cells derived from multiple myeloma patients is associated with a blockade in
the deactivation of the Notch signaling pathway. Leukemia 2012, 26, 2546–2549. [CrossRef]

12. 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] [PubMed]

13. Xu, S.; Santini, G.C.; De Veirman, K.; Broek, I.V.; Leleu, X.; De Becker, A.; Van Camp, B.; Vanderkerken, K.; Van Riet, I. Up‑
regulation of miR‑135b is involved in the impaired osteogenic differentiation of mesenchymal stem cells derived from multiple
myeloma patients. PLoS ONE 2013, 8, e79752. [CrossRef]

14. Tsukamoto, S.; Løvendorf, M.; Park, J.; Salem, K.Z.; Reagan, M.R.; Manier, S.; Zavidij, O.; Rahmat, M.; Huynh, D.; Takagi, S.; et al.
Inhibition of microRNA‑138 enhances bone formation in multiple myeloma bone marrow niche. Leukemia 2018, 32, 1739–1750.
[CrossRef]

15. Wang, J.; De Veirman, K.; Faict, S.; Frassanito, M.A.; Ribatti, D.; Vacca, A.; Menu, E. Multiple myeloma exosomes establish a
favourable bone marrowmicroenvironment with enhanced angiogenesis and immunosuppression. J. Pathol. 2016, 239, 162–173.
[CrossRef] [PubMed]

16. Siwecka, N.; Rozpędek‑Kamińska, W.; Wawrzynkiewicz, A.; Pytel, D.; Diehl, J.A.; Majsterek, I. The structure, activation and
signaling of ire1 and its role in determining cell fate. Biomedicines 2021, 9, 156. [CrossRef] [PubMed]

17. Harnoss, J.M.; Le Thomas, A.; Shemorry, A.; Marsters, S.A.; Lawrence, D.A.; Lu, M.; Chen, Y.‑C.A.; Qing, J.; Totpal, K.;
Kan, D.; et al. Disruption of IRE1α through its kinase domain attenuates multiple myeloma. Proc. Natl. Acad. Sci. USA 2019,
116, 16420–16429. [CrossRef]

18. Mimura, N.; Fulciniti, M.; Gorgun, G.; Tai, Y.‑T.; Cirstea, D.; Santo, L.; Hu, Y.; Fabre, C.; Minami, J.; Ohguchi, H.; et al. Blockade
of XBP1 splicing by inhibition of IRE1α is a promising therapeutic option in multiple myeloma. Blood 2012, 119, 5772–5781.
[CrossRef] [PubMed]

19. Papandreou, I.; Denko, N.C.; Olson, M.; Van Melckebeke, H.; Lust, S.; Tam, A.; Solow‑Cordero, D.E.; Bouley, D.M.; Offner, F.;
Niwa, M.; et al. Identification of an Ire1alpha endonuclease specific inhibitor with cytotoxic activity against human multiple
myeloma. Blood 2011, 117, 1311–1314. [CrossRef]

20. Yamashita, Y.; Morita, S.; Hosoi, H.; Kobata, H.; Kishimoto, S.; Ishibashi, T.; Mishima, H.; Kinoshita, A.; Backes, B.J.;
Yoshiura, K.‑I.; et al. Targeting adaptive ire1α signaling and plk2 in multiple myeloma: Possible anti‑tumor mechanisms
of kira8 and nilotinib. Int. J. Mol. Sci. 2020, 21, 6314. [CrossRef] [PubMed]

21. Raimondi, L.; De Luca, A.; Fontana, S.; Amodio, N.; Costa, V.; Carina, V.; Bellavia, D.; Raimondo, S.; Siragusa, S.;
Monteleone, F.; et al. Multiple myeloma‑derived extracellular vesicles induce osteoclastogenesis through the activation of
the XBP1/IRE1α axis. Cancers 2020, 12, 2167. [CrossRef]

22. Xu, G.; Liu, K.; Anderson, J.; Patrene, K.; Lentzsch, S.; Roodman, G.D.; Ouyang, H. Expression of XBP1s in bone marrow stromal
cells is critical for myeloma cell growth and osteoclast formation. Blood 2012, 119, 4205–4214. [CrossRef] [PubMed]

23. Fu, X.; Liu, G.; Halim, A.; Ju, Y.; Luo, Q.; Song, G. Mesenchymal stem cell migration and tissue repair. Cells 2019, 8, 784.
[CrossRef] [PubMed]

24. De Becker, A.; Van Riet, I. Homing and migration of mesenchymal stromal cells: How to improve the efficacy of cell therapy?
World J. Stem Cells 2016, 8, 73–87. [CrossRef] [PubMed]

25. Urra, H.; Henriquez, D.R.; Cánovas, J.; Villarroel‑Campos, D.; Carreras‑Sureda, A.; Pulgar, E.; Molina, E.; Hazari, Y.M.; Limia,
C.M.; Alvarez‑Rojas, S.; et al. IRE1α governs cytoskeleton remodelling and cell migration through a direct interaction with
filamin A. Nat. Cell Biol. 2018, 20, 942–953. [CrossRef]

26. Tigges, U.; Koch, B.; Wissing, J.; Jockusch, B.M.; Ziegler, W.H. The F‑actin cross‑linking and focal adhesion protein filamin A is
a ligand and in vivo substrate for protein kinase Cα. J. Biol. Chem. 2003, 278, 23561–23569. [CrossRef]

27. Nakamura, F.; Stossel, T.P.; Hartwig, J.H. The filamins: Organizers of cell structure and function. Cell Adhes. Migr. 2011,
5, 160–169. [CrossRef]

https://doi.org/10.1182/blood-2011-11-393348
https://www.ncbi.nlm.nih.gov/pubmed/22223826
https://doi.org/10.1007/s00262-014-1623-y
https://doi.org/10.1158/1078-0432.CCR-07-2223
https://www.ncbi.nlm.nih.gov/pubmed/18451212
https://doi.org/10.3324/haematol.2019.235135
https://doi.org/10.1038/s41598-018-38314-8
https://doi.org/10.1038/leu.2012.126
https://doi.org/10.1182/blood-2011-04-346775
https://www.ncbi.nlm.nih.gov/pubmed/22042697
https://doi.org/10.1371/journal.pone.0079752
https://doi.org/10.1038/s41375-018-0161-6
https://doi.org/10.1002/path.4712
https://www.ncbi.nlm.nih.gov/pubmed/26956697
https://doi.org/10.3390/biomedicines9020156
https://www.ncbi.nlm.nih.gov/pubmed/33562589
https://doi.org/10.1073/pnas.1906999116
https://doi.org/10.1182/blood-2011-07-366633
https://www.ncbi.nlm.nih.gov/pubmed/22538852
https://doi.org/10.1182/blood-2010-08-303099
https://doi.org/10.3390/ijms21176314
https://www.ncbi.nlm.nih.gov/pubmed/32878237
https://doi.org/10.3390/cancers12082167
https://doi.org/10.1182/blood-2011-05-353300
https://www.ncbi.nlm.nih.gov/pubmed/22427205
https://doi.org/10.3390/cells8080784
https://www.ncbi.nlm.nih.gov/pubmed/31357692
https://doi.org/10.4252/wjsc.v8.i3.73
https://www.ncbi.nlm.nih.gov/pubmed/27022438
https://doi.org/10.1038/s41556-018-0141-0
https://doi.org/10.1074/jbc.M302302200
https://doi.org/10.4161/cam.5.2.14401


Cells 2023, 12, 1935 12 of 12

28. Yue, J.; Huhn, S.; Shen, Z. Complex roles of filamin‑A mediated cytoskeleton network in cancer progression. Cell Biosci. 2013,
3, 7. [CrossRef]

29. Szeto, S.G.Y.; Williams, E.C.; Rudner, A.D.; Lee, J.M. Phosphorylation of filamin A by Cdk1 regulates filamin A localization and
daughter cell separation. Exp. Cell Res. 2015, 330, 248–266. [CrossRef]

30. Li, L.; Lu, Y.; Stemmer, P.M.; Chen, F. Filamin A phosphorylation by Akt promotes cell migration in response to arsenic. Onco‑
target 2015, 6, 12009–12019. [CrossRef]

31. Adamik, J.; Roodman, G.D.; Galson, D.L. Epigenetic‑Based Mechanisms of Osteoblast Suppression in Multiple Myeloma Bone
Disease. JBMR Plus 2019, 3, e10183. [CrossRef] [PubMed]

32. Wang, J.; Hendrix, A.; Hernot, S.; Lemaire,M.; DeBruyne, E.; VanValckenborgh, E.; Lahoutte, T.; DeWever, O.; Vanderkerken, K.;
Menu, E. BoneMarrow Stromal Cell‑Derived Exosomes as Communicators in Drug Resistance inMultipleMyeloma Cells. Blood
2014, 124, 555–566. [CrossRef] [PubMed]

33. Meads, M.; Gatenby, R.; Dalton, W. Environment‑mediated drug resistance: A major contributor to minimal residual disease.
Nat. Rev. Cancer 2009, 9, 665–674. [CrossRef] [PubMed]

34. Bagratuni, T.; Wu, P.; de Castro, D.G.; Davenport, E.L.; Dickens, N.J.; Walker, B.A.; Boyd, K.; Johnson, D.C.; Gregory, W.;
Morgan, G.J.; et al. XBP1s levels are implicated in the biology and outcome of myeloma mediating different clinical outcomes to
thalidomide‑based treatments. Blood 2010, 116, 250–253. [CrossRef] [PubMed]

35. Goldsmith, S.R.; Fiala, M.A.; Schroeder, M.A.; Wildes, T.M.; Ghobadi, A.; Vij, R.; Stockerl‑Goldstein, K.E. Overexpression of
IRE1α at Myeloma Diagnosis Is Associated with Decreased Survival While Downregulation of IRE1α Expression Is Predictive
of Therapy Resistance. Blood 2019, 134, 4351. [CrossRef]

36. Vicinanza, C.; Lombardi, E.; Da Ros, F.; Marangon, M.; Durante, C.; Mazzucato, M.; Agostini, F. Modified mesenchymal stem
cells in cancer therapy: A smart weapon requiring upgrades for wider clinical applications. World J. Stem Cells 2022, 14, 54–75.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/2045-3701-3-7
https://doi.org/10.1016/j.yexcr.2014.10.024
https://doi.org/10.18632/oncotarget.3617
https://doi.org/10.1002/jbm4.10183
https://www.ncbi.nlm.nih.gov/pubmed/30918921
https://doi.org/10.1182/blood-2014-03-562439
https://www.ncbi.nlm.nih.gov/pubmed/24928860
https://doi.org/10.1038/nrc2714
https://www.ncbi.nlm.nih.gov/pubmed/19693095
https://doi.org/10.1182/blood-2010-01-263236
https://www.ncbi.nlm.nih.gov/pubmed/20421453
https://doi.org/10.1182/blood-2019-131135
https://doi.org/10.4252/wjsc.v14.i1.54

	Introduction 
	Results and Discussion 
	MM-BMMSCs Exert High Migratory Capability 
	FLNA Is Phosphorylated in MM-BMMSCs 
	IRE1a-FLNA Interaction in Non-Migrating and Migrating BMMSCs 
	IRE1a Is Required for Efficient Migration of BMMSCs 
	Conclusions 

	Material and Methods 
	Bone Marrow-Derived Mesenchymal Stem Cell Isolation and Culture 
	Western Blot Analysis and Immunoprecipitation 
	Migration Experiment 
	Si-RNA Transfection 
	Statistical Analysis 

	References

