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ABSTRACT

Bone is one of the most common sites of complication in multiple myeloma (MM) progression and bone remod-
eling gets definitively perturbed during disease progression. Hypoxia and miR-210 play an important role in he-
matological malignancies. In an attempt to elucidate the specificity of the pathways of hypoxia and miR-210 in
suppression of osteoblastic differentiation in MM patients, we examined the effect of miR-210 and hypoxia on
expression of important cytokines and genes of myeloma cells. Differentiation of BM-MSCs towards osteoblastic
cells in response to microvesicles (MVs) was also investigated. Finally, we proposed a molecular model on how
HIF-1o may promote bone lesions in MM patients. To validate the effect of miR-210 and HIF-1a on targeted
genes, the shRNA of HIF-1a and off-hsa-miR-210 were transfected into RPMI-8226 cells. BM-MSCs were cul-
tured in osteoblastic inducer and 50 pg/mL of MVs derived from both hypoxic and normoxic myeloma cells. We
designed an in vitro study to establish the effects of HIF-1a and miR-210 on the crosstalk between MM and oste-
oblasts. We here showed that hypoxia-induced miR-210 increased the mRNA expression of VLA-4, CXCR4, IL-
6 and TGF-B in myeloma cells. MiR-210 is mandatory for the hypoxia-increased resistance of MM cells to mel-
phalan. Moreover, MVs derived from hypoxic myeloma cells substantially decreased osteoblast differentiation.
Considered comprehensively, our findings explain one of the reasons of bone loss that occurs at the sites of MM
and a nascent crosstalk model in MM pathogenesis.
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INTRODUCTION progression and bone remodeling gets defini-
tively perturbed during disease progression
(Abroun et al., 2012). Devastating complica-
tions also include osteolytic lesions, bone
pain, and hyper-calcemia (Abroun et al.,
2012). MM cells suppress differentiation and
activation of osteoblast by secreting cytokines
such as interleukin-6 (IL-6) and transforming
growth factor-p (TGF-PB) (Frassanito et al.,
2001; Abroun et al., 2012).

Multiple myeloma (MM) is a hematolog-
ical neoplasia with uncontrolled proliferation
and accumulation of plasma cells in the bone
marrow (BM) microenvironment (Hideshima
et al., 2004). Other characteristics are the
presence of monoclonal antibodies in the se-
rum and urine, kidney failure, and osteopenia
(Hideshima et al., 2004). Bone is one of the
most common sites of complication in MM
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TGF-B and IL-6 are known as multifunc-
tional growth factors. They are released by
MM cells and BM stromal cells (Urashima et
al., 1996; Gupta et al., 2001; Lu et al., 2016).
IL-6 influences the pathogenesis of the bone
disease of MM through different pathways,
such as the expression of RANKL by mesen-
chymal stem cells (MSCs), the production of
proteins involved in bone resorption, inhibi-
tion of the anti-osteoclast activity of estro-
gens, and reduction of bone formation (Ara
and Declerck, 2010). Interestingly, increased
production of TGF-B correlates with in-
creased IL-6 expression by stromal cells
(Urashima et al., 1996). Although TGF-f in-
duces the proliferation of osteoblast progeni-
tors, it potently suppresses later phases of os-
teoblast maturation and inhibits matrix miner-
alization. Hence, TGF-P plays a role in the
suppression of bone formation and in the de-
struction of the bones in myeloma patients
(Matsumoto and Abe, 2011).

The malignant plasma cells in the niche of
multiple myeloma attach to stromal elements
using several adhesion receptors. One of the
most extensively studied adhesion molecules
is CXCR4 and its receptor, stromal cell-de-
rived factor-1 (SDF-1) (Saba et al., 2014).
SDF-1 is produced by osteoblast cells and its
receptor, CXCR4, is expressed on myeloma
cells. CXCR4 facilitates homing of MM cells
to the BM and leads to adhesion of myeloma
cells to the stromal cells, such as osteoblasts
and extracellular matrix components; these, in
turn, support the growth, survival, and pro-
gression of myeloma cells (Alsayed et al.,
2007; Azab et al., 2009). Studies have shown
that CXCR4 is involved in the cross-talk be-
tween MM cells and the BM microenviron-
ment (Alsayed et al., 2007; Azab et al., 2009;
Saba et al., 2014). Furthermore, VLA-4 integ-
rin plays an important role in the localization
of myeloma cells to BM by interacting with
its ligands, such as vascular cell adhesion pro-
tein-1 (VCAM-1) and connecting segment-1
(CS-1)/fibronectin (Uchiyama et al., 1993).
Consequently, up-regulation of CXCR4 and
VLA-4 expression in MM might augment as-
sociation of myeloma cells to bone cells.

A growing corpus of evidence has re-
vealed that microvesicles (MVs) function as
genetic messengers in intercellular communi-
cation (Belting and Christianson, 2015). MVs
are enclosed by a lipid bilayer and are re-
leased in the range of 200-1000 nm in diam-
eter from the plasma membrane of different
types of cells (Belting and Christianson,
2015). MVs carry a variable spectrum of mol-
ecules, including DNA fragments, mRNA,
miRNA, proteins, lipids, and polysaccharides
to target locations or associated cells; this pat-
tern specifically reflects the donor cell that re-
leased them (Zhang et al., 2016). MVs may
become sequestered in local target cells, but
they can also escape over long distances for
systemic distribution. Emerging evidence has
demonstrated an increased release of cyto-
kines and MVs in response to microenviron-
ment stress, such as hypoxic conditions
(Noman et al., 2016).

Hypoxia is a common feature of the BM
microenvironment; regions of severe oxygen
deprivation arise in the leukemia niche due to
rapid cell division (Keith and Simon, 2007).
Hypoxia-inducible factor (HIF) family, in-
cluding HIF-1 o and HIF-P, are key transcrip-
tion factors of hypoxia and promote cellular
adaptation of both normal and cancer cells
with reduction in oxygen concentration
(Keith and Simon, 2007). Under hypoxic con-
ditions, HIF-1a is accumulated in the cyto-
plasm and translocated to the nucleus; it het-
erodimerizes there with the HIF-B protein
(Keith and Simon, 2007). Complexes of HIF-
lo/HIF1B proteins regulate a variety of hy-
poxia responsive genes along with additional
cofactors that bind to the hypoxia response el-
ements (HREs) (Keith and Simon, 2007). In
contrast, HIF-1a is constitutively stable in
myeloma cells and is expressed even under
normoxic conditions (Hu et al., 2009).

A large number of genes and miRNAs in
myeloma cells might be the putative targets of
HIF-1a (Hu et al., 2009; Storti et al., 2013).
MiR-210 is the most consistently induced
miRNA under hypoxia (Huang et al., 2010).
HIF1a directly binds to HREs on the proximal
miR-210 promoter (Huang et al., 2010). MiR-
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210 expression is significantly correlated to
the expression of hypoxia inducible genes in
myeloma cells (Annabi et al., 2003). There-
fore, in an attempt to elucidate the specificity
of the pathways of hypoxia and miR-210 in
suppression of osteoblastic differentiation in
MM patients, we examined the effect of miR-
210 and hypoxia on expression of important
cytokines and genes of myeloma cells. Differ-
entiation of BM-MSCs towards osteoblastic
cells in response to MVs was also investi-
gated. Finally, we proposed a molecular
model on how HIF-1a may promote bone le-
sions in MM patients.

SUBJECTS AND METHODS

Cell culture

Human myeloma cell lines, U266 and
RPMI8226 were cultured in RPMI-1640 me-
dia (Sigma Chemical), containing 10 % FBS
(GIBICO), 2 mM L-glutamine, 1 mM sodium
pyruvate, 15 mM HEPES and 50 IU/ml peni-
cillin-streptomycin humidity-controlled incu-
bator (37 °C, 5 % COz). Under hypoxic con-
ditions, RPMI-8226 were incubated in 1 %
and/or 5 % O2, 5 % COz using a 2 gas incuba-
tor.

Human bone marrow mesenchymal stem
cells isolation

Bone mononuclear cells were isolated
from BM aspirates by density gradient cen-
trifugation at 435¢g for 30 minutes using Ficoll
and seeded at 1x10° cells per cm? into T-75
culture flasks. The first change of medium
was accomplished after 48 h isolation and ad-
herent cells were further cultivated at 37 °C in
5 % CO, atmosphere. Cells were harvested at
subconfluence using Trypsin-0.02 %. Upon
70-90 % confluence, cells were detached by
trypsin and thereafter replated at a mean den-
sity of 8x10° cells/cm? into T-75 flask in
DMEM media (Sigma Chemical) containing
10 % FBS (GIBICO) (Wang et al., 2009).

Apoptosis

Apoptosis was evaluated by MTT assay
and flow cytometry. Briefly, RPMI8226
(5x10* cells/mL) were seeded into each well
of a 96-well microplate in a final volume of
200 pL. Then 5, 10 and 20 uM of melphalan
were added to RPMI-8226 cells. MTT reagent
(Sigma-Aldrich) was added 24 h later and the
culture was maintained for 4 h. The formazan
was dissolved in DMSO and the optical den-
sity was assessed at a wavelength of 570 nm.
For flow cytometry analysis, the cell apop-
totic rate was detected using an Annexin V-
FITC/propidium iodide (PI) apoptosis detec-
tion kit following the manufacturer's instruc-
tions (KeyGEN, Nanjing, China). Briefly, the
cells were washed with PBS twice and gently
re-suspended in 500 pl binding buffer con-
taining 5 pl of Annexin V-FITC and 5 pl of PI
at a concentration of 1x10* cells/ml, and in-
cubated for 15 min at room temperature in the
dark.

MiR-210 and HIF-1a knockdown

The HIF-la loss of function was per-
formed by transfection of lentivirus short
hairpin RNA (shRNA) pool anti-HIF-1a,
whereas, pLKO.1 lentiviral vector was the
empty control. The HIF-lo/shRNA vector
was a generous gift from Dr. Giuliani (De-
partment of Clinical and Experimental Medi-
cine, University of Parma; ref. Storti et al.,
2013). Sequences of shRNA are shown in Ta-
ble 1. LentimiRa-Off-has-miR-210-3p vector
(anti-miR-) and pLenti-III-miR-off control
vector (ABM Inc., Canada) were purchased
from ABM Incorporation. Recombinant lenti-
virus was produced by transient transfection
of HEK 293 cells following a standard proto-
col. Myeloma cells were infected as previ-
ously described (Storti et al., 2013).
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Table1: shRNA sequences of HIF-1a

Hairpin Sequence Target Sequence Region ‘
5'-CCGG-TGCTCTTTGTGGTTGGATCTA-CTCGAG- TGCTCTTTGTGGTT- 3UTR
TAGATCCAACCACAAAGAGCA-TTTTT-3' GGATCTA
5'-CCGG-CCGCTGGAGACACAATCATAT-CTCGAG- CCGCTGGAGA- CDC
ATATGATTGTGTCTCCAGCGG-TTTTT-3' CACAATCATAT
5'-CCGG-CCAGTTATGATTGTGAAGTTA-CTCGAG- CCAG- CDC
TAACTTCACAATCATAACTGG-TTTTT-3' TTATGATTGTGAAGTTA
5'-CCGG-CGGCGAAGTAAAGAATCTGAA-CTCGAG- CGGCGAAGTAAA- CDC
TTCAGATTCTTTACTTCGCCG-TTTTT-3' GAATCTGAA

5'-CCGG-GTGATGAAAGAATTACCGAAT-CTCGAG- @ GTGATGAAAGAATTAC- CDC

ATTCGGTAATTCTTTCATCAC-TTTTT-3'

RNA preparation and quantitative real-time
PCR analysis for the expressions of bone-
related genes

Total RNA was isolated from cells using
TRIzol Rneasy Mini Kit purification accord-
ing to manufacturer’s instruction (Invitro-
gen). cDNA was reverse-transcribed from 5
ng of total RNA obtained from purified cells
using oligo-dT primers (Invitrogen Corp).
Quantitative PCR analysis was performed us-
ing the Light Cycler system (Roche Diagnos-
tics Corp.) with SYBR green staining of DNA

Table 2: Primer sequences

CGAAT

double strands. Cycling conditions were as
follows: 10 minutes at 95 °C, 15 seconds at
95 °C, 1 minute at 60 °C for 40 cycles. The
PCR primers for amplification of HIF-1a,
miR-210, TGF-B, IL-6, Runx2, osteocalcin,
CXCR4, VLA4 and glyceraldehyde-3 phos-
phate dehydrogenase (GAPDH) are shown in
Table 2. Specificity of product was ensured
by melting point analysis and agarose gel
electrophoresis.

Target Gene

Primer sequence (5°-3"

References

: TTCACCTGAGCCTAATAGTCC

HIF-1a S
A: CAAGTCTAAATCTGTGTCCTG
TGF-B S: TACAGCAACAATTCCTGGCG
A: CGTTGATGTCCACTTGCAGT
IL-6 S: AGTGAGGAACAAGCCAGAG
A: ATTTGTGGTTGGGTCAGGG
Runx2 S: GCCTTCAAGGTGGTAGCCC
A: CGTTACCCGCCATGACAGTA
Osteocalcin S: GCAAAGGTGCAGCCTTTGTG
A: GGCTCCCAGCCATTGATACAG
CXCR4 S: CGCCACCAACAGTCAGAG
A: AACACAACCACCCACAAGTC
VLA4 S: CAAGCATTTATGCGGAAAGA
A: AAGTGGTGGGAATTCCTCTG
GAPDH S: 5-CTCTCTGCTCCTCCTGTTCG
A: 5-ACGACCAAATCCGTTGACTC

S, sense primer; A, antisense primer

(Molitoris et al.,
2009)

(Taghavirad et
al., 2017)
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Differentiation of BM-MSCs toward the
osteoblastic cells

20 x 10* human BM-MSCs were seeded
in 6-well plates in DMEM supplemented with
10 % FBS, 1 % penicillin-streptomycin, 10
M dexamethasone (Sigma), 10 mM B-glycer-
ophosphate (Sigma) and 50 pg/ml ascorbic
acid (Sigma) for 21 days. To investigate the
effect of MM-MVs on osteogenic differentia-
tion, 50 pg/mL. MM-MVs added to osteo-
blastic inducer.

Mineralization nodule staining

To evaluate the deposition level of cal-
cium phosphate, the mineralization nodules
were stained with alizarin red S (AR-S).
Briefly, the cells on slides were rinsed in PBS
followed by fixation with 4 % paraformalde-
hyde for 10 min at room temperature. The
fixed cells were incubated with 40 mmol/L
AR-S (pH 4.2) at room temperature for 10
min. Cells were rinsed 5 times with PBS to
reduce nonspecific AR-S staining. The cells
that had red color under microscope (calcium
sedimentation) were positive for osteoblast
differentiation since calcium sedimentation is
a marker for osteoblast maturation.

MV isolation

MVs derived from RPMI-8226 cells un-
der normoxia (pO2 21 %) and hypoxia (pO:2 1
%) conditions were isolated by differential ul-
tracentrifugation. Briefly, the RPMI 8226
cells (1x107) were washed with PBS and in-
cubated in RPMI-1640 media (Sigma Chemi-
cal) containing 10 % FBS (GIBICO) for 72
hours. RPMI-8226 cells were collected by
centrifugation at 400xg for 10 min. The su-
pernatant was then centrifuged at 7000xg for
20 min at 4 °C to remove the cellular debris
and the resulting supernatant was centrifuga-
tion at 20000xg for 1 h at 4 °C. The superna-
tant was discarded to remove the exosomes
and the MVs pellet was washed in PBS. The
isolated MVs were stored in PBS at 4 °C until
use.

Dynamic Light Scattering (DLS)

Dynamic Light scattering (DLS) is one of
the most commonly used techniques that fre-
quently utilizes to estimate the size of small
particles and the molecular weights of large
protein complexes (Rad et al., 2016). We ap-
plied DLS (Malvern Instruments) to verify the
size distributions of MVs derived from MM
cells. MVs were harvested from the superna-
tants of RPMI 8226. Then MVs size was
measured using DLS method. The analyzer
presented the size distribution of MVs graph-
ically as number plots.

Statistical analyses

The data are expressed as the mean+tSEM
of at least three experiments. Statistical anal-
yses were performed using a paired Student’s
t test and one-way Anova. The differences
were considered statistically significant when
P<0.05.

RESULTS

Expression of HIF-1oa and miR-210 in MM
cell lines

Previous studies have revealed that hy-
poxia specifically elevates the expression of
HIF-1a (Keith and Simon, 2007; Storti et al.,
2013). To investigate the effect of acute hy-
poxic conditions, including 5 % and 1 % Oz
on HIF-la expression, we performed real-
time PCR on RNA extracted from myeloma
cells. Expression of HIF-la in RPMI8226
cells after 72 hours incubation with 5 % Oz
showed no significant alterations (data not
shown). However, HIF-1o. mRNA increased
under 1 % Oz after 72 h (Figure 1A). MiR-
210, a so-called hypoxamir, is especially in-
duced by oxygen depletion and involves dif-
ferent cellular pathways. We analyzed the ef-
fect of various conditions of hypoxia on the
expression of miR-210 in MM cell lines,
U266 and RPMI8226. The presence of 1 % Oz
had a significant effect on basal miR-210 lev-
els in the cell lines and caused a 10-fold in-
crease of miR-210 expression in comparison
to control (Figure 1B). However, miR-210 ex-
pression did not change significantly in 5 %
02 and normoxia culture conditions (data not
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Figure1: HIF-1a and miR-210 expression by myeloma cell lines under hypoxic conditions and validation
of permanent HIF-1a knockdown by shRNA. A) Relative expression of HIF-1a mRNA at different hours
of hypoxia (1 % and 5 % O3) was evaluated in U266 and RPMI-8226. B) miR-210 expression at different
hours of hypoxia (1 %0O2) was studied in U266 and RPMI-8226. C, D) Anti-HIF-1a Lentivirus shRNA
pool was used for HIF-1a stable knockdown in RPMI8226, whereas the pLKO.1 lentiviral vector was
used as the empty control vector. HIF1a mRNA expression was evaluated by real-time quantitative PCR
(C) and qualitative PCR (D). E) Value of miR-210 was elevated in RPMI-8226- anti-HIF-1a cells under
hypoxic conditions (1 % O2) and RPMI-8226-pLKO.1 (control) at 24, 48 and 72 h. Internal control for all
experiments was Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. Columns, mean (n=3);
bars, SEM. *P<0.05, **P<0.01, ***P<0.01. Abbreviations: h (hours)
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shown). Hence, in this study, we used 1 % O2
as a hypoxic condition. To investigate
whether HIF-la-induced miR-210 in MM
might involve the regulation of cell functions
under hypoxic conditions, we studied reduced
HIF-1a activity by transfection of cells with a
shRNA-anti-HIF-1a  (RPMI-8226-anti-HIF-
la); this was undertaken in comparison to
cells transfected with pLKO.1 lentiviral vec-
tor as negative control cells. In RPMI-8226-
anti-HIF-1a cells, baseline HIF-1a expression
was strongly suppressed (Figure 1C, D).
These results clearly indicate that shRNA-
anti-HIF-1a functioned efficiently. Further-
more, a robust and stable reduction of miR-
210 expression was seen even after transfec-
tion of cells with shRNA-anti-HIF-1a after 72
h of hypoxia (Figure 1E). These results sug-
gested that the presence of HIF-1a is manda-
tory to elevate miR-210.

Hypoxia modulates expression of adhesion
receptors in MM

To obtain a better understanding of the in-
teractions between MM cells and stromal
cells in the hypoxic microenvironment of
BM, we evaluated the mRNA expression of
CXCR4 and VLA4. Such molecules are criti-
cal for many aspects of MM biology, such as
homing of MM cells to the BM environment,
and survival and proliferation of malignant
plasma cells.

To examine the effect of hypoxia on
CXCR4 and VLA4 expression in MM cells,
levels of CXCR4 and VLA4 mRNA were
measured in RPMI-8226 following 72 h of
normoxic and hypoxic incubation. Substantial
up-regulation of CXCR4 and VLA4 mRNA
was observed in response to 72 h of 1 % Oz
(Figure 2A, B). We found that cells trans-
duced with anti-HIF-1a abrogated increased
mRNA expression of CXCR4 and VLA4 un-
der hypoxia. These findings suggest that HIF-
la is an attractive agent which increases ad-
hesion genes in myeloma cells.

Considering that HIF-la drastically en-
hances miR-210 levels in myeloma cells, we
postulated that HIF-1a may affect expression

of CXCR4 and VLA4 through miR-210 acti-
vation. To this end, we incubated RPMI-
8226-anti-miR-210 under 1 % O2. As ex-
pected, no significant effect was observed on
the expression of CXCR4 and VLA4 in the
miR-210 knockdown cells (Figure 2A, B).
Our date suggested that up-regulation of miR-
210 is a prerequisite for the action of HIF-1a
in myeloma cells.

s4A

Relative expression of CXCR4

)|-|1| Anti-llIF-1a Normoxia  Anli-miRzio Anli-milzio Normoxia

Hypoxa Hypoxa

s
1

Relative expressionof VLA4

T T T T

anti-HIF-1¢ anti-HIF-1a Normoxia Anti-miR210 Anti-miR210 Normoxia
Control Control

Hypoxia Hypoxia

Figure 2: Hypoxic regulation of CXCR4 and
VLA4 mRNA expression. A, B) Levels of CXCR4
and VLA4 mRNA expression were assessed in
RPMI- 8226 cells using quantitative PCR after 72
h under 1 % O: culture, respectively. RPMI-8226-
pLKO.1 and RPMI-8226-plenti-lll-off-miR210
were used as control of anti-HIF-1a, and anti-miR-
210, respectively. Mean values * standard devia-
tion for 3 independent experiments are shown.
**P<0.01. Abbreviation: N.S (not significant)
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Hypoxia induces cytokines involved in bone
lesion through miR-210

Studies revealed the potential role of IL-6
and TGF-f in vitro and in vivo growth of hu-
man myeloma cells (Edwards et al., 2008).
Therefore, we analyzed the influence of hy-
poxia on the expression of IL6 and TGF-f in
MM cells. Our findings showed that, as
compared to normoxia culture, MM cells
were able to induce up-regulation of mRNA
levels of IL-6 and TGF-f under hypoxic con-
ditions (Figure 3A, B). To confirm the role of
HIF-1a in regulating IL-6 and TGF-B of MM
cells, we cultured RPMI8226 transfected with
a plasmid having silenced HIF-lo and
RPMI8226 with empty vector under hypoxic
conditions. Inhibition of HIF-la activity in
MM cells caused a strong diminishment of
TGF-p and IL-6 mRNA levels, and an almost
full abrogation of hypoxia-stimulated tran-
scription in these cells (Figure 3 A, B). We
next explored the effect of miR-210 on MM
cells. Similar reduction in the expression of
IL-6 and TGF-B was found in the miR210—
deficient myeloma cells (Figure 3 A, B).
Given the fact that hypoxia promotes MM
progression, it can be anticipated that a low
oxygen environment fosters the accumulation
of miR-210, which in turn up-regulates IL-6
and TGF-p to induce bone lesion.

Inhibition of mir-210 enhances the
sensitivity of myeloma cells to melphalan
Melphalan is widely used as a preparative
drug in patients with MM. First, we treated
RPMI-8226 with various concentrations of
melphalan for 24 h. Then, we monitored the
ratio of apoptotic cells by MTT cytotoxicity
assay. Our results indicated that 5 uM of mel-
phalan was sufficient to induce apoptosis of
RPMI8226. By contrast, 10 and 20 pM of
melphalan induced about 100 % apoptosis in
RPMI8226 cells under normoxic conditions
(Figure 4A). Based on these observations, we
used 5 uM of melphalan for RPMI8226 cells
throughout the study. Several lines of evi-
dence found that hypoxia may make myeloma
cells resistant to chemotherapeutic agents.
However, the precise molecular mechanism

of hypoxia in chemodrug resistance of mye-
loma cells remains unclear. Hence, we incu-
bated RPMI-8226 cells under hypoxia for 72
h. As expected, we found that hypoxia signif-
icantly protects myeloma cells against mel-
phalan-induced apoptosis (Figure 4B).
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Relative expression of IL-6

‘—‘ N.S
| [T
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Anti-HIF-tn Anti-HIF-ie  Normoxia Anti-miRzio  Anti-miRzio  Normoxia

Contrel Contral

Hypoxia

Hypoxia

xpression of TGF-b

Relative e;

Figure 3: Effect of HIF-1a and miR-210 on IL-6
and TGF-f expression in myeloma cell line un-
der hypoxic conditions. RPMI8226 cells were
cultivated under hypoxia (1 % O) for 72 h. RNA
was collected and subjected to quantification of
IL-6 (A) and TGF- (B) expression levels using
gRT-PCR. RPMI-8226-pLKO.1 and RPMI-8226-
plentlll-off-miR210 were used as control of anti-
HIF-1a, and anti-miR-210 control, respectively.
Mean values + standard deviation for 3 independ-
ent experiments are shown. *P<0.05, **P<0.01,
Abbreviation: N.S (not significant)

We next investigated whether inhibition
of HIF-1a in RPMI-8226 influences melpha-
lan-induced cell apoptosis under both
normoxic and hypoxic conditions. Previous
studies have suggested that HIF-1a plays a
key role in drug resistance in MM cells and
that the inhibition of HIF-la may sensitize
myeloma cells to melphalan (Hu et al., 2009).
As expected, we found that HIF-1a suppres-
sion significantly induces sensitivity of mye-
loma cells to melphalan under hypoxia and
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normoxia conditions (Figure 4B, C). How-
ever, the effect of anti-HIF-1o on myeloma
cells was more significant under hypoxia than
under normoxia culture. Consequently, these

Apoptosis (%)

Normoxiat+Anti-miR-210

findings indicate that HIF-1 is a master factor
for drug resistance in myeloma cells.
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Figure 4: The effect of HIF-1a and miR-210 inhibition on the drug sensitivity of MM cells. A)
RPMI8226 cells were cultured with the indicated concentrations of melphalan (uM) under normoxic con-
dition for 24 h and viability evaluated by MTT test. Graph represents the mean of cells viability. B, C)
The apoptosis (%) of RPMI8226, RPMI8226-anti HIF-1a and RPMI8226-anti-miR-210 was assessed,
following 24 h incubation with 5 yM of melphalan under normoxic and hypoxic conditions by flow cytom-
etry. Abbreviation: N.S (not significant). R1, viable (no-apoptotic) cells; R2, early apoptosis; R3, late
apoptosis; R4, necrosis. x-axis: annexin V; y-axis: propidium iodide (Pl). The percentage (%) of viable
cells (R1) and apoptotic cells (R2 and R3) were considered. Bars represent mean = 95 % confidence
interval of three independent experiments. *P < 0.05; **P < 0.01. Student's t-test was used to test for

significance.
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Considering that hypoxia enhances miR-
210 levels in myeloma cells, we treated miR-
210-silencing cells with melphalan under
normoxia and hypoxia cultures. We observed
a significant reduction of cell viability in
miR-210—deficient cells as compared to hy-
poxia samples (Figure 4B, C). However, the
value of melphalan-induced apoptosis in
RPMI-8226-anti-miR210 was of no signifi-
cance under normoxia. Based on these obser-
vations, miR-210 up-regulation appears to be
a prerequisite for the anti-apoptotic effect of
HIF-1a in myeloma cells under hypoxic con-
dition.
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MV derived from hypoxic myeloma cells
suppress osteoblast differentiation from
BM-MSCs

Better understanding of the role of hy-
poxia will allow greater manipulation of this
pathway to affect MM outcomes. MVs de-
rived from hypoxia MM cells could be one of
the paths to curtail the damage caused by os-
teoblasts. Therefore, MM-MVs were isolated
from the conditioned medium and validated
using DLS to examine size characteristics
(Figure 5A). As shown in Figure 5A, the scale
bars indicate that these vesicles have a diam-
eter range of 100-1000 nm. Most vesicles
from the RPMI 8226 cells were 100-400 nm
in size, and were, therefore, considered MVs.

3
1

Value of Osteocalcin Expression

Figure 5: The effect of MM-MVS on osteoblasts differentiation. A) The scale bar shows size of MVs.
B) Stained with alizarin red was conducted on 21 days. BM-MSCs were cultured in osteoinduction with-
out MM-MVs (1), in the presence of 50 ug/ml MVs derived from hypoxic myeloma cells (2), and/or pres-
ence of 50 pg/ml MVs derived from normoxic myeloma cells (3). C) Results of Runx2 and osteocalcin
expression in BM-MSCs that were cultured in osteogenic medium in the presence or absence of MM-
MVs. RPMI-8226 cells were cultured in the normoxic and hypoxic chamber for the indicated periods (72
h). The MVs were harvested and added to osteogenic medium for 21 days. Quantification of these
mMRNA expressions normalized against the GAPDH mRNA levels. Data were obtained from three inde-
pendent experiments and are presented as mean + S.D. (* P <0.05, ** P <0.01).
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To study differentiation of BM-MSCs to-
ward osteoblast cells in the presence of MVs,
we incubated BM-MSCs with MVs (50 pg/
ml) for 21 days. Our results revealed that BM-
MSCs in osteogenic medium without MM-
MVs were alizarin red positive after the
twenty-first day; however, in the presence of
MVs, BM-MSCs were not positive for aliza-
rin red (Figure 5B). Moreover, the inhibitory
effect of MVs derived from hypoxic MM
cells on osteoblast differentiation was more
intent than normoxic MM-derived MVs (Fig-
ure 5B).

Runx2 is an osteoblast-specific transcrip-
tion factor that is necessary for the commit-
ment of osteoblast (Adhami et al., 2015).
Moreover, Runx2 is an osteoblast marker
which occurs after osteoblast differentiation.
Therefore, we studied the effect of MVs de-
rived from MM cells on the expression of
Runx2 in BM-MSCs differentiation towards
osteoblasts. Our findings revealed signifi-
cantly decreased expression of Runx2 in the
presence of MM-MVs (Figure 5C). However,
BM-MSCs in an osteogenic medium with hy-
poxic MM cells derived from MVs indicated
significantly higher reduction of Runx2 (Fig-
ure 5C).

Osteocalcin is expressed by osteoblastic
cells and is known as an indicator in the late
stage of maturation (Zoch et al., 2016). As
shown in Figure 5C, MVs derived from both
hypoxic and normoxic myeloma cells sub-
stantially decreased mRNA expression of 0s-
teocalcin. Expression value of osteocalcin de-
creased severely in the presence of MVs de-
rived from hypoxic RPMI-8226 cells (0.3 +
0.02) as compared to MVs derived from
normoxia RPMI-8226 cells (0.1 +0.01). Con-
sequently, our results indicate that MVs de-
rived from hypoxic MM are crucial regulators
of BM-MSCs differentiation toward osteo-
blast cells.

DISCUSSION

In contrast to other organs, bone marrow
has been accepted to be a naturally hypoxic
organ. It is well known that the BM microen-
vironment is hypoxic in MM patients (Arendt

etal., 2014). During proliferation of leukemia
cells, MM cells exist in an increasingly hy-
poxic niche which promotes disease progres-
sion (Hu et al., 2012). HIF-1a is the main hy-
poxia factor; however, it is constitutively ex-
pressed in myeloma cells regardless of the
presence of the hypoxic stimuli (Borsi et al.,
2014). Umezu et al. (2014) demonstrated that
expression of HIF-1a is overexpressed in MM
cells under chronic hypoxic conditions. Simi-
larly, we showed the up-regulated expression
of HIF-1a in MM cells after 72 h of 1 % Oo.
Although a vast number of studies have ex-
amined aberrant miRNAs in MM cells, there
have been few reports about effect of miR-
210. This might be because miR-210 is not in-
creased during normoxia, and because nearly
all research was carried out under normoxic
conditions.

Hypoxia-associated accumulation of
miR-210 could switch multiple circuits of sig-
naling in response to low oxygen conditions
(Chan et al., 2012). Hence, we investigated
the crucial role of hypoxia and miR-210 on
the pathobiology of bone degradation in MM.

Osteoporosis is a frequent low-bone mass
disorder in MM, leading to structural instabil-
ity and high fracture risk (Wang et al., 2009).
Studies have demonstrated that differentia-
tion and function of osteoblast are mediated
by complex agents that involve signal trans-
duction and transcriptional regulations (Wang
et al., 2009). In recent years, major advances
in the field of myeloma have allowed better
understanding of the interaction between MM
cells and the BM microenvironment. Hypoxia
inhibits growth, differentiation, and bone-
forming capacity (Utting et al., 2006). Utting
et al. demonstrated that osteoblast function
and bone formation are strongly dependent on
oxygen (Utting et al., 2006). They showed
that the reduction of pO2 causes abolition of
the bone nodule formation through decreased
proliferation and differentiation of osteoblast
cells to the osteogenic phenotype. Moreover,
hypoxia causes a reversible state of osteoblast
quiescence (Utting et al., 2006). Although
HIF-1a overexpression is seen in myeloma
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cells, the mechanism of HIF-1a in bone dis-
eases still remains poorly understood. Ac-
cordingly, this study attempts to elucidate the
effect of HIF-1a and miR-210 in the interplay
of MM and osteoblast cells.

The differentiation and activation of oste-
oclasts is mainly regulated by MM cells in the
BM (Habibi et al., 2013). Furthermore, con-
tact between myeloma cells and osteoblasts
plays a key role in regulating elevated bone
lesions. Interaction of CXCR4 and SDF-1 has
an important role in migration and retention
of MM cells within the BM niche (Alsayed et
al., 2007). Low oxygen concentration induces
high expression of SDF-1 and CXCR4 in dif-
ferent cell types (Hu et al., 2012). A direct
correlation between the level of hypoxia and
the expression of CXCR4 in MM has been in-
vestigated (Azab et al., 2012). Azab et al.
showed that hypoxia increases the expression
of CXCR4 in MM cells and accelerates hom-
ing of MM cells to the BM. Furthermore,
SDF-1 stimulates up-regulation of VLA-4 in
MM cells and modulates their trafficking and
localization to the BM microenvironment
(Sanz-Rodriguez et al., 2001). Indeed, SDF-1
elevates both avidity and the affinity of VLA-
4 to its ligands, including CS-1/fibronectin
and VCAM-1 (Sanz-Rodriguez et al., 2001).
We showed a direct correlation between the
expression of CXCR4 and VLA4 in myeloma
cells with miR-210. We tested the effect of
knockdown of HIF 1a and miR-210 on the ex-
pression of VLA4 and CXCR4 of MM cells
under hypoxic conditions. Down-regulation
of HIF 1 a prevented the hypoxia-increased ex-
pression of VLA4 and CXCR4. MiR-210 de-
ficient RPMI8226 showed no changes in ex-
pression of VLA4 and CXCR4 under hypoxic
culture conditions. This supports the involve-
ment of miR-210 in the regulation of CXCR4
and VLA4 during hypoxic situations. Alt-
hough this needs more research, it can be hy-
pothesized with caution that hypoxia could in-
duce egress myeloma cells to osteoblasts
through miR-210 and elevate myeloma cyto-
kines-induced bone lesion.

TGF-p and IL-6 are considered important
contributors in the MM microenvironment.

IL-6 has a crucial role in the pathogenesis of
MM through autocrine and paracrine mecha-
nisms. The cellular origin of IL-6 is contro-
versial. Several studies indicate that IL-6 is
produced by the MM cells themselves
(Frassanito et al., 2001). Other authors, how-
ever, point to its paracrine production by BM
cells and suggest that myeloma cells depend
on close contact with stromal cells (Uchiyama
et al., 1993; Hideshima et al., 2005). How-
ever, in this study we found that IL-6 expres-
sion occurs in MM cells. Studies have impli-
cated hypoxia-stimulated IL-6 production in
different types of cells (Yan et al., 1995). For
the first time, we demonstrated that IL-6
mRNA is significantly elevated under hy-
poxic culture conditions. Inhibition of HIF-1a
is sufficient to overcome the hypoxia-en-
hanced expression of IL-6. In addition, we
found that IL-6 expression is strongly down-
regulated in miR210 deficient myeloma cell
line; this suggests that miR210 might be es-
sential to hypoxic-induced IL-6 expression.
Interestingly, HIF-10 in MM cells is inducible
by bone marrow milieu stimuli, such as IL-6
even in normoxic culture conditions (Borsi et
al., 2014). Therefore, a positive feedback be-
tween hypoxia and IL-6 might be considered.
TGF-B is expressed at high levels by my-
eloma cells and impacts the tumor microenvi-
ronment through exacerbation of the lytic
bone disease (Lu et al., 2016). Previously,
studies showed that hypoxia involves TGF-f3
response; however, there is no evidence on
the effect of the mechanism of hypoxia on
TGF-B in myeloma cells (Saed et al., 2000).
We found that miR-210 is the major regulator
of TGF-B expression in myeloma cells under
hypoxia. We first demonstrated that hypoxia
stimulates expression of TGF-f in the mye-
loma cell line. Thereafter, we found decreased
mRNA expression of TGF-B in RPMI-8226-
anti-miR210, and TGF- and IL-6 induced
myeloma progression and bone disease (Lu et
al., 2016). Consequently, a knockdown of
HIF-1a and miR-210 could reduce expression
of myeloma cytokines-induced bone lesion.
In addition to conventional intercellular
release of soluble factors, substantial attention
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has been given in current scholarship to the
impress of extracellular vesicles being in-
volved in the transfer of biological infor-
mation in the crosstalk between cells. Wang
et al. showed a novel communication mecha-
nism between BM-MSCs and MM cells
through exosome secretion (Wang et al.,
2014). They demonstrated that the BM-MSC-
derived exosomes provide an extremely intri-
cate compartment and support MM progres-
sion, bone disease, and drug resistance (Wang
etal., 2014). Moreover, MM-MVs could have
mutual effects on BM stromal cells. The re-
cent discoveries on MVs in osteoblast com-
mitment and differentiation have opened up
new approaches to understanding the patho-
genesis of MM. For the first time, our data
demonstrated that MVs derived from hypoxic
MM cells impair osteoblast differentiation.
The interplay between MM cells and osteo-
blasts play a crucial role in myeloma patho-
genesis by extracellular vesicles. MM-MVs in
the vicinity of osteoblasts might mediate bone
remodeling and suppress bone formation. Re-
cent studies have shown increased release of
MVs in response to hypoxia. The exposure of
myeloma cell lines to hypoxia demonstrates
increase in the number of released MVs in a
HIF-1a dependent manner (Noman et al.,
2016). Moreover, proteins and miRNAs are
the core elements in MV and the hypoxic mi-
croenvironment influences the contents of
MM-MVs (Noman et al., 2016; Giusti et al.,
2013; Penfornis et al., 2016). Such a hypoxic
signature carried by MM-MVs could enhance
the invasiveness of tumor cells and thereby
promote tumor aggressiveness. However, for
the first time, we showed MVs do indeed de-
crease mRNA expression of Runx2 and oste-
ocalcin. On the other hand, MVs derived from
hypoxic MM acted as more substantial sup-
pressors on Runx2 and osteocalcin expres-
sion. It has been demonstrated that MM exo-
somes stimulate formation and activation of
osteoclasts (Raimondi et al., 2015). MVs and
exosomes derived from the malignant plasma
cells protect osteoclast precursors, and induce

osteoclasts differentiation and their bone re-
sorption activity (Raimondi et al., 2015). In-
creased M Vs are significantly associated with
decreased overall survival (OS) and could be
a marker of poor prognosis in MM patients.
However, the effect of MVs derived from hy-
poxic MM cells on prognostic factors includ-
ing plasma cell percentage in the BM, 2-mi-
croglobulin concentration, and cancer stage is
still not clear.

Inhibition of the HIF-la function by a
specific HIF-1a inhibitor results in enhanced
sensitivity to melphalan in myeloma cells (Hu
et al., 2009). A combination of TH-302, a po-
tent and highly selective hypoxia-activated
prodrug, and bortezomib makes impressive
improvements in multiple disease parameters
and induces significantly prolonged survival
(Hu et al., 2010). However, we here showed
that the presence of miR-210 is mandatory for
the hypoxia-increased resistance of MM cells
to melphalan and that the effects of melphalan
increase is due to miR-210 down-regulation.
Hence, targeting the miR-210 function can be
used as an attractive therapeutic approach for
myeloma cells.

Considered comprehensively, our find-
ings explain one of the reasons of bone loss
that occurs at the sites of MM and a nascent
crosstalk model in MM pathogenesis. We de-
signed an in vitro study to establish the effects
of HIF-1a and miR-210 on the crosstalk be-
tween MM and osteoblasts (Figure 6). How-
ever, the effect of miR-210 on the release
mechanism of M Vs is not clear and should be
investigated in future studies.

We also showed that hypoxia-induced
miR-210 might augment adhesion of MM
cells to osteoblasts and mediate MSCs-differ-
entiated osteoblasts by inducing expression of
IL6 and TGF-B and releasing MVs from my-
eloma cells. Also, hypoxia and miR-210 in-
crease resistance of myeloma cells to chemo-
therapy drugs and facilitate stable cross-talk
between myeloma cells and BM-stromal
cells.
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Figure 6: Outlook of hypoxia and miR-210 function in myeloma and osteoblast cells. Hypoxia
increases expression of CXCR4 and VLA4 in MM cells, leading to augmented adhesion of MM cells to
the osteoblasts. HIF-1a and miR-210 axis is elevated expression of cytokines, such as IL-6 and TGF-
in myeloma cells that progresses bone lesion. Further, MM cells could produce further microvesicles
under hypoxia and MVs derived from hypoxic MM suppress differentiation of BM-MSCs toward osteo-

blasts. Abbreviation: OS (Osteoblast); MSCs (Mesenchymal stem cells); MCs (Multiple cells)

An important question that remains to be
addressed is to understand how miR-210
could affect MVs, and how MVs derived from
MM cells under hypoxic conditions may act
on the signaling pathway of inhibition of os-
teogenesis. To address this issue, further re-
search will be necessary to identify the signal-
ing pathway of hypoxic MM cells on osteo-
blasts. Moreover, MVs might exert these ef-
fects with high specificity. Hence, specific
miRNA transported to MVs functioning as
genetic messengers in intercellular communi-
cation under hypoxic conditions should be in-
vestigated. Nevertheless, the role of MVs in
multiple myeloma remains largely unknown
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