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Abstract
The survival and growth of multiple myeloma (MM) cells are facilitated by cell–cell interactions with bone marrow stromal 
cells and the bone marrow microenvironment. These interactions induce de novo drug resistance known as cell adhesion-
mediated drug resistance. Our previous results recently revealed that the receptor activator of NF-κB (RANK) ligand 
(RANKL), which is expressed by bone marrow stromal cells, contributes to anti-cancer drug resistance through the activation 
of various signaling molecules and suppression of Bim expression in RANK-expressing MM cells. However, the detailed 
mechanisms underlying RANKL-induced drug resistance remain uncharacterized. In the present study, we investigated the 
mechanism of RANKL-induced drug resistance in RANK-expressing MM cell lines. We found treatment of MM cells with 
RANKL-induced c-Src phosphorylation and activation of the downstream signaling molecules Akt, mTOR, STAT3, JNK, and 
NF-κB. In addition, treatment with dasatinib, a c-Src inhibitor, overcame RANKL- and bone marrow stromal cell-induced 
drug resistance to adriamycin, vincristine, dexamethasone, and melphalan by suppressing c-Src, Akt, mTOR, STAT3, JNK, 
and NF-κB activation and enhancing expression of Bim. Overall, RANKL- and bone marrow stromal cell-induced drug 
resistance correlated with the activation of c-Src signaling pathways, which caused a decrease in Bim expression. Dasatinib 
treatment of RANK-expressing MM cells re-sensitized them to anti-cancer drugs. Therefore, inhibition of c-Src may be a 
new therapeutic approach for overcoming RANKL-induced drug resistance in patients with MM.
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Introduction

Multiple myeloma (MM) is a hematopoietic tumor of clonal 
plasma cells that proliferate, express a monoclonal immu-
noglobulin, and accumulate in bone marrow. New chem-
otherapeutic drugs, including the proteasome inhibitors 
bortezomib and ixazomib, the immunomodulatory drugs 
thalidomide and lenalidomide, and the histone deacetylase 
inhibitor panobinostat, have been developed as treatments 
for MM and can be used in combination with conventional 
anti-cancer drugs, such as adriamycin, vincristine, dexa-
methasone, and melphalan. However, MM is considered 
incurable, as more than 90% of patients relapse, or do not 
respond to presently available chemotherapies [1–4]. There-
fore, it is important that new approaches overcoming drug 
resistance be developed for patients with MM.

MM cell survival and growth is facilitated by cell–cell 
interactions with bone marrow stromal cells and osteoblasts, 
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and cytokine autocrine loops in the bone marrow microen-
vironment [5–11]. Bone marrow stromal cells and osteo-
blasts express extracellular matrix components, such as 
fibronectin, vimentin, and collagen. MM cells adhere to 
this extracellular matrix via integrin β1 [12]. Interactions 
with bone marrow stromal cells and osteoblasts via adhesion 
molecules induce various signaling pathways that regulate 
the expression of drug resistance-related factors, including 
ATP-binding cassette transporters, and Bcl-2 and IAP family 
proteins [12–14]. These interactions induce de novo drug 
resistance known as cell adhesion-mediated drug resistance. 
In addition, innate and/or de novo drug resistance influences 
the bone marrow microenvironment, where long-term expo-
sure to anti-cancer drugs results in acquired resistance by 
MM cells [15]. MM cells from patients and human MM 
cell lines express receptor activator of NF-κB (RANK), 
and patients with International Staging System stages II 
and III MM tend to overexpress RANK by approximately 
15%, where normal expression of RANK occurs in more 
than 95% of MM patients [16, 17]. RANK ligand (RANKL) 
is expressed by bone marrow stromal cells and osteoblasts 
[11, 18–21]. RANK binds to RANKL and induces activa-
tion of signaling pathways, such as the mitogen-activated 
protein kinase (MAPK), (MEK)/extracellular signal-regu-
lated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), 
p38MAPK, nuclear factor-kappa B (NF-κB), and phosphati-
dylinositol 3-kinase (PI3 K)/Akt/mammalian target of rapa-
mycin (mTOR) pathways [22]. Our previous study found 
that RANKL induces drug resistance in RANK-expressing 
MM cells via activation of Akt, mTOR, JNK, NF-κB, and 
STAT3. Quadruple- or quintuple-signaling inhibitor combi-
nations were needed to overcome this drug resistance [23]. 
However, the detailed mechanisms of RANKL-induced drug 
resistance remain unclear. In the present study, we investi-
gated the mechanisms of RANKL-induced drug resistance 
in RANK-expressing MM cell lines. RANKL induced c-Src 
phosphorylation and activation of downstream signaling 
pathways, such as Akt, mTOR, STAT3, JNK, and NF-κB. 
Furthermore, inhibition of the c-Src signaling pathway using 
dasatinib overcame the RANKL- and bone marrow stromal 
cell-induced drug resistance. Therefore, our data suggest 
that c-Src plays an important role in RANKL-induced drug 
resistance, and Src inhibitors such as dasatinib can overcome 
this resistance.

Materials and methods

Materials

Melphalan was purchased from Sigma (St. Louis, MO, 
USA). Dexamethasone was purchased from Wako (Tokyo, 
Japan). Dasatinib was purchased from Cayman Chemical 

(Ann Arbor, MI, USA). These reagents were dissolved in 
dimethyl sulfoxide, diluted in phosphate-buffered saline 
(0.05 M, pH 7.4), filtered through 0.45-μm syringe filters 
(IWAKI GLASS, Tokyo, Japan), and then used in assays as 
described below.

Adriamycin and vincristine were purchased from Sigma. 
Human soluble RANKL was purchased from PeproTech 
(London, UK). These reagents were dissolved in phos-
phate-buffered saline (0.05 M, pH 7.4) and used in assays 
as described below.

Cell culture

The RANK-expressing MM cell lines ARH-77, IM9, and 
RPMI8226 were used in this study. ST2 cells were obtained 
from Riken Cell Bank (Ibaraki, Japan). All cells were cul-
tured in RPMI1640 medium (Sigma) supplemented with 
10% fetal calf serum (Gibco, Carlsbad, CA, USA), 100 μg/
ml penicillin (Gibco), 100 U/ml streptomycin (Gibco), and 
25 mM HEPES (pH 7.4; Wako), and were maintained in an 
atmosphere containing 5% CO2.

Trypan blue dye exclusion assay

The effect of various anti-cancer drugs on cell survival/pro-
liferation was determined using the trypan blue dye exclu-
sion assay as described previously [23].

Western blotting

Proteins in cellular, cytoplasmic, and nuclear fractions were 
extracted using the ProteoExtract Subcellular Proteome 
Extraction Kit (Calbiochem, San Diego, CA, USA). Lysate 
protein content was quantified using a BCA protein assay 
kit. Extracts (20 μg of protein) were fractionated on sodium 
dodecyl sulfate–polyacrylamide gels and transferred to poly-
vinylidene fluoride membranes (GE Healthcare, Bucking-
hamshire, UK). The membranes were blocked with a 3% 
skim milk solution and incubated overnight at 4 °C with 
the following antibodies: anti-NF-κB p65 (#3034), anti-
phospho-Akt (#9271), anti-phospho-mTOR (#2971), anti-
phospho-STAT3 (#9131), anti-phospho-JNK (#9251), anti-
Akt (#9271), anti-mTOR (#2972), anti-STAT3 (#9132), and 
anti-JNK (#9252), which were purchased from Cell Signal-
ing Technology (Beverly, MA, USA), as well as anti-phos-
pho-c-Src (9A6), anti-c-Src (N-16), and anti-Bim (H191) 
purchased from Santa Cruz Biotechnology (CA, USA). Sub-
sequently, the membranes were incubated with horseradish 
peroxidase-coupled sheep anti-rabbit IgG (Amersham) for 
1 h at room temperature. The reactive proteins were visual-
ized using Luminata Forte (Merck Millipore, Billerica, MA, 
USA) according to the manufacturer’s instructions. As an 
internal standard, β-actin and lamin proteins were detected 
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using anti-β-actin mouse monoclonal primary antibody 
(Sigma) and anti-lamin rabbit polyclonal primary antibody 
(Santa Cruz Biotechnology).

Statistical analysis

All results are expressed as mean ± standard deviation for 
several independent experiments. Multiple comparisons 
were performed for data using ANOVA with Dunnett’s post-
test. A p value of less than 5% was considered statistically 
significant.

Results

RANKL‑induced c‑Src phosphorylation in MM cells

RANK activation by RANKL stimulation promotes acti-
vation of signaling molecules, such as Akt, mTOR, JNK, 
and NF-κB, through TRAF-2 and TRAF-6 mediation that 
results in c-Src activation in osteoclasts and other cells 
[22, 24]. We investigated whether phosphorylation of 

c-Src by RANKL is important for downstream RANK 
signaling. RANKL was found to induce c-Src activation 
in RANK-expressing IM9, ARH-77, and RPM8226 cells 
(Fig. 1).

Src inhibitor suppressed the RANKL‑induced signal 
molecules activation in MM cells

Our previous study showed that RANKL stimulation pro-
motes the phosphorylation of Akt, mTOR, STAT3, and JNK, 
and enhances the nuclear localization of NF-κB in MM cells 
[23]. Thus, we examined whether the activation of c-Src 
through RANKL treatment would promote the activation 
of Akt, mTOR, JNK, NF-κB, and STAT3. We found that 
dasatinib, a c-Src inhibitor, suppressed Akt, mTOR, JNK, 
and STAT3 phosphorylation, as well as nuclear transloca-
tion of NF-κB (Fig. 2). Our previous study suggested that 
RANK/RANKL-mediated drug resistance is involved in the 
downregulation of Bim [23]. Inhibition of c-Src activation 
by dasatinib dampened RANKL-induced Bim downregula-
tion in IM9, ARH-77, and RPMI8226 cells (Fig. 2).

Fig. 1   RANKL activates c-Src 
in RANK-positive MM cells. 
a Whole-cell lysates were pre-
pared and immunoblotted with 
antibodies against phosphoryl-
ated c-Src (phospho-c-Src) 
and c-Src in IM9, ARH77, or 
RPMI8226 cells. b Quantifica-
tion of the amounts of phospho-
c-Src, after normalization to the 
amounts of total c-Src protein. 
*p < 0.01 versus control (0 min) 
(ANOVA with Dunnett’s test)
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Dasatinib overcame RANKL‑ and bone marrow 
stromal cell‑induced drug resistance

Dasatinib was found to suppress RANKL-induced activa-
tion of the c-Src signaling pathway and Bim downregula-
tion. Therefore, we treated IM9, ARH-77, and RPMI8226 
cells with dasatinib in the presence or absence of RANKL 
stimulation in order to determine whether sensitivity to 

the conventional anti-cancer drugs adriamycin, vincristine, 
dexamethasone, and melphalan could be restored in cells 
with RANKL-induced drug resistance. Treatment with 
dasatinib at concentrations that inhibit the Src signaling 
pathway (10-100 nM) did not affect the viability of IM9, 
ARH-77, and RPMI8226 cells (Suppl. Fig. 1). Combina-
tion of dasatinib with adriamycin, vincristine, dexametha-
sone, or melphalan significantly induced cell death similar 

Fig. 2   Effect of dasatinib on RANKL-regulated c-Src, Akt, mTOR, 
STAT3, JNK and NF-κB activation, and Bim expression in RANK-
expressing MM cells. a IM9, ARH77, and RPMI8226 cells were 
exposed to the indicated concentrations of dasatinib. After incubation 
with dasatinib for 24 h, cells were treated with RANKL for 60 min. 
Whole-cell lysates were prepared and immunoblotted with antibod-
ies against phosphorylated c-Src (phospho-c-Src), phosphorylated 
Akt (phospho-Akt), phosphorylated mTOR (phospho-mTOR), phos-
phorylated JNK (phospho-JNK), phosphorylated STAT3 (phospho-
STAT3), NF-κB, Akt, mTOR, JNK, STAT3, β-actin, and Lamin. b 

Quantification of the amounts of phospho-c-Src, phospho-Akt, phos-
pho-mTOR, phospho-JNK, phospho-STAT3, or NF-κB, after normal-
ization to the amounts of corresponding protein. *p < 0.01 versus con-
trol (ANOVA with Dunnett’s test). c IM9, ARH77, and RPMI8226 
cells were exposed to the indicated concentrations of dasatinib. After 
incubation with dasatinib for 24  h, cells were treated with RANKL 
for 48 h. Whole-cell lysates were prepared and immunoblotted with 
antibodies against Bim and β-actin. d Quantification of the amounts 
of Bim, after normalization to the amounts of β-actin protein. 
*p < 0.01 versus control (0 min) (ANOVA with Dunnett’s test)
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to conventional drugs alone (no treatment with RANKL) 
(Fig. 3). Thus, dasatinib re-sensitized RANKL-induced 
drug-resistant IM9, ARH-77, and RPMI8226 cells to 
adriamycin, vincristine, dexamethasone, and melphalan.

Next, we investigated whether dasatinib can reverse 
bone marrow stromal cell-induced drug resistance. Co-
culturing of IM9, ARH-77, or RPMI8226 cells with bone 
marrow stromal cells made them resistant to adriamycin, 
vincristine, dexamethasone, and melphalan. Dasatinib re-
sensitized bone marrow stromal cell-induced drug-resist-
ant IM9, ARH-77, and RPMI8226 cells to adriamycin, 
vincristine, dexamethasone, and melphalan (Fig. 4).

These data suggest a critical role for c-Src activation in 
RANKL-mediated drug resistance in RANK-expressing 
MM cells.

Discussion

In the present study, we demonstrated RANKL-induced 
drug resistance in the RANK-expressing MM cell lines 
IM9, ARH-77, and RPMI8226 by activating c-Src and 
its downstream signaling molecules Akt, mTOR, STAT3, 
JNK, and NF-κB, which triggers decreased expression of 
Bim. In addition, treatment with dasatinib at concentra-
tions that did not affect IM9, ARH-77, and RPMI8226 cell 
viability overcame RANKL-mediated drug resistance in 
RANK-expressing MM cells. RANKL binds to its cog-
nate receptor, RANK, following the activation of several 
signaling pathways, including the PI3 K/Akt, JAK/STAT, 
MAPK (ERK1/2 and JNK), and NF-κB pathways [22]. 

Fig. 2   (continued)
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RANK also binds to TRAF-2 and TRAF-6 via its cyto-
plasmic domain. Subsequently, TRAF-2 and TRAF-6 pro-
mote c-Src phosphorylation [22, 24], which in turn results 
in the activation of the PI3 K/Akt, MAPK, STAT3, and 
NF-κB pathways [25]. The findings of the present study 
suggest that RANKL binds to RANK, thereby facilitating 
the activation of c-Src and its downstream signaling mol-
ecules, including Akt, mTOR, STAT3, JNK, and NF-κB. 
It has been reported that the activation of the c-Src/STAT3 
and c-Src/Akt pathways through β1 integrin adhesion to 
fibronectin is involved in cell adhesion-mediated drug 
resistance in MM cells [26]. In addition, interactions 
between macrophages and MM cells via P-selectin glyco-
protein ligand-1/selectin and ICAM-1/CD18 activate the 

c-Src pathway and suppress caspase activation by melpha-
lan, adriamycin, and bortezomib in MM cells [27]. It has 
also been indicated that acquired multidrug resistance in 
MM cells acts, at least in part, through the activation of 
c-Src, where treatment with c-Src inhibitors re-sensitizes 
cells to various anti-cancer drugs [14]. Moreover, it has 
been suggested that c-Src activation is involved in the 
resistance to conventional anti-cancer drugs and molecular 
targeting drugs used to treat various cancers, such as lung, 
breast, and gastric cancers, and chronic myeloid leukemia 
[28–31]. Our previous study indicated that RANKL-medi-
ated drug resistance is associated with the activation of 
Akt, mTOR, STAT3, JNK, and NF-κB in RANK-express-
ing MM cells, and suppression of Bim expression [23]. 

Fig. 3   Effect of dasatinib on RANKL-mediated drug resistance. a 
IM9, b ARH-77, and c RPMI8226 cells were treated with 100  nM 
dasatinib. After 12 h, cells were treated with RANKL for 24 h. Cells 
were subsequently exposed to the indicated concentrations of doxoru-
bicin, vincristine, dexamethasone, or melphalan. After incubation for 

72  h, the number of dead cells was measured by trypan blue stain-
ing. The results are representative of five independent experiments. 
*p < 0.01 versus untreated IM9, ARH-77, or RPMI8226 cells (analy-
sis of variance with Dunnett’s test)
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SAHA, a histone deacetylase inhibitor, re-sensitizes cells 
to adriamycin, vincristine, dexamethasone, and melphalan 
by enhancing Bim expression [23]. These results suggest 
that the activation of the Src signaling pathway contributes 
to RANKL- and bone marrow stromal cell-induced drug 
resistance in RANK-expressing MM cells.

Dasatinib is a multi-kinase inhibitor that competes for 
ATP with Src/Abl, c-Kit, EphA2, and platelet-derived 
growth factor receptor β [32, 33]. It has been shown that con-
stitutive activation of Src promotes proliferation and survival 
in MM cells, and inhibition of Src by dasatinib suppresses 
tumor growth in mouse models [32, 34, 35], but dasatinib 
alone has minimal effect in MM patients [36]. It has also 
been reported that dasatinib enhances the induction of 
apoptosis of conventional anti-myeloma agents in MM cell 
lines and plasma cells from MM patients [33]. Therefore, 

dasatinib is administered to human patients in doses of 
70–140 mg, and administration of dasatinib (70 mg) has 
a Cmax serum concentration of approximately 100–200 nM 
[37]. In addition, it has been reported that dasatinib plasma 
concentrations reach approximately 200–400 nM without 
displaying dose-limiting toxicity in pediatric patients [37, 
38]. These findings suggest that dasatinib may prove use-
ful in combination pharmacological therapies for treating 
RANK-mediated drug-resistant MM.

In conclusion, this study indicates that dasatinib can 
overcome RANKL- and bone marrow stromal cell-induced 
drug resistance by suppressing the Src signaling pathway 
and enhancing Bim expression in RANK-expressing MM 
cells. These findings may prove to be useful in the develop-
ment of inhibitors of RANK-mediated drug resistance, such 
as dasatinib, for targeting of MM cells.

Fig. 4   Effect of dasatinib on bone marrow stromal cells-mediated 
drug resistance. a IM9, b ARH-77, and c RPMI8226 cells were 
treated with 100 nM dasatinib. After 12 h, cells were co-cultured with 
bone marrow stromal cells for 24 h. Cells were subsequently exposed 
to the indicated concentrations of doxorubicin, vincristine, dexa-

methasone, or melphalan. After incubation for 72  h, the number of 
dead cells was measured by trypan blue staining. The results are rep-
resentative of five independent experiments. *p < 0.01 versus controls 
(analysis of variance with Dunnett’s test)
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