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Abstract
Multiple myeloma (MM) commonly displays multidrug resistance and is associated with poor prognosis. Therefore, it is
important to identify the mechanisms by which MM cells develop multidrug resistance. Our previous study showed that
multidrug resistance is correlated with overexpression of multidrug resistance protein 1 (MDR1) and Survivin, and
downregulation of Bim expression in melphalan-resistant RPMI8226/L-PAM cells; however, the underlying mechanism of
multidrug resistance remains unclear. In the present study, we investigated the mechanism of multidrug resistance in
melphalan-resistant cells. We found that RPMI8226/L-PAM and ARH-77/L-PAM cells showed increased phosphorylation
of extracellular signal-regulated protein kinase 1/2 (ERK1/2) and Akt, and nuclear localization of nuclear factor κB (NF-κB).
The combination of ERK1/2, Akt, and NF-κB inhibitors with melphalan reversed melphalan resistance via suppression of
Survivin expression and enhanced Bim expression in melphalan-resistant cells. In addition, RPMI8226/L-PAM and ARH-
77/L-PAM cells overexpressed hypoxia-inducible factor 1α (HIF-1α) via activation of ERK1/2, Akt, and NF-κB. Moreover,
suppression of HIF-1α by echinomycin or HIF-1α siRNA resensitized RPMI8226/L-PAM cells to melphalan through
downregulation of Survivin expression and upregulation of Bim expression. These results indicate that enhanced Survivin
expression and decreased Bim expression by HIF-1α via activation of ERK1/2, Akt, and NF-κB play a critical role in
melphalan resistance. Our findings suggest that HIF-1α, ERK1/2, Akt, and NF-κB inhibitors are potentially useful as anti-
MDR agents for the treatment of melphalan-resistant MM.

Introduction

Multiple myeloma (MM) is a malignancy of plasma cells. It
is the second most common hematopoietic tumor and is
characterized by expansion and accumulation of plasma
cells in the bone marrow [1, 2]. The 5-year survival rate for

multiple myeloma is estimated to be about 50.7%, on the
basis of data from the Surveillance, Epidemiology, and End
Results (SEER) program [3, 4]. Although the development
of new therapeutic agents, including proteasome inhibitors,
such as bortezomib, cafilzomib, and ixazomib, and immu-
nomodulatory drugs, such as thalidomide and lenalidomide
has improved the survival rate of patients with MM, MM
remains incurable, and relapses are frequent, and decreased
sensitivity to chemotherapy leads to disease progression in
more than 80% of the patients [5–11]. Melphalan, an
alkylating agent, in combination with predonisolone has
been used as first-line therapy in patients with MM and has
proven effective in MM therapy in non-transplant candi-
dates. In addition, a combination of melphalan and pre-
donisolone plus bortezomib or lenalidomaide/thalidomide
prolongs overall survival in patients with MM [12–15].
Furthermore, a combination of dratumumab, bortezomib,
melphalan, and predonisolone (daratumab group) increases
the progression-free survival (PFS) of patients in 18 months
relatively to bortezomib, melphalan, and predonisolone
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alone (control group), and decreases disease progression or
death from 40.2 to 25.1% of patients [16]. However, che-
motherapy regimens directed to MM patients with predicted
resistance to melphalan and/or bortezomib do not lead to
higher progression-free survival than those directed to
patients with predicted sensitivity to melphalan and/or
bortezomib [17]. MM cells frequently exhibit multidrug
resistance (MDR) against common conventional cytotoxic
cancer drugs, and therefore it is important to identify the
MDR mechanism.

P-glycoprotein, the product of multidrug resistance protein
1 (MDR1) gene, is implicated as the one factor of MDR in
tumors where it acts as an efflux pump. MDR1 is located in
the transmembrane and reduces the intracellular concentration
of anticancer drugs, thereby causing MDR [18, 19]. Bcl-2
family members regulate response to chemotherapy in various
cancer cells [20]. Bim, the BH-3 only pro-apoptotic protein of
Bcl-2 family, promotes apoptosis and reduces protein levels,
leading to drug resistance [6, 21]. In addition, Survivin, a
member of the inhibitor of apoptosis family, suppresses
apoptosis via inhibition of caspase activity and is involved in
acquired drug resistance [22–24]. These proteins are regulated
by various signaling pathways. It has been reported that the
phosphoinositide 3-kinase (PI3K)/Akt and mitogen-activated
protein kinase (MAPK) kinase (MEK)/extracellular signal-
regulated protein kinase 1/2 (ERK1/2) pathways induce
overexpression of Bcl-2 and downregulation of Bim [25]. It
has also been reported that MDR1-mediated MDR involves
several signaling pathways, including PI3K/Akt, MEK/ERK,
and nuclear factor κB (NF-κB) pathways [26, 27]. Moreover,
activation of ERK1/2, Akt, and NF-κB induces the expression
of Survivin [28–30]. Thus, modulation of these signaling
pathways may overcome MDR in MM cells.

We previously used the myeloma cell line RPMI8226
and its multidrug-resistant counterpart RPMI8226/L-PAM
to investigate MDR mechanisms, and found that MDR1 and
Survivin are overexpressed, and Bim is suppressed in
RPMI8226/L-PAM cells [6]. We also previously demon-
strated that activation of c-Src contributes to the MDR
observed in these cells [31]. Although the expression of
MDR1, Survivin, and Bim is regulated by c-Src activation
in RPMI8226/L-PAM cells, the underlying mechanism of
MDR in MM cells remains unclear. In the present study, we
further investigated the mechanism of melphalan resistance
in melphalan-resistant cells.

Materials and methods

Materials

Melphalan, echinomycin, U0126, LY294002, and dimethyl
fumarate (DMF) were purchased form Wako (Tokyo,

Japan). These reagents were dissolved in dimethyl sulf-
oxide. These reagents were diluted in PBS (0.05 M, pH7.4),
filtrated through syringe filters (0.45 μm, IWAKI GLASS,
Tokyo, Japan) and used for various assays described below.

Cell culture

RPMI8226 cells were obtained from Health Science
Research Resources Bank (Osaka, Japan). ARH-77 cells
were obtained from DS Pharma Biomedical (Osaka, Japan).
Melphalan-resistant variant were established in our labora-
tory. This resistant variants are resistant to adriamycin,
vincristine, dexamethasone, and melphalan. These cells
were cultured 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) in an atmo-
sphere containing 5% CO2.

Trypan blue dye exclusion assay

The effect of various drugs on cell survival/proliferation
was determined using the trypan blue dye exclusion assay.
Prior to each experiment, cells (2 × 103 cells/well) were
plated onto 96-well plates. After culturing for 24 h, the cells
were exposed to anticancer drugs for various times. Equal
volumes of cell suspension and 0.4% trypan blue solution
were mixed gently, loaded into a hemocytometer, and the
viable cells (unstained) and dead cells (stained blue) were
counted. Each experiment was performed in triplicate.
Results are reported from an average of at least five inde-
pendent experiments.

Western blotting

The cytoplasm and nuclear fraction of cells was extracted
with the ProteoExtract Subcellular Proteome Extraction
Kit (Calbiochem, San Diego, CA, USA). The protein
content in the cell lysates was determined using a BCA
protein-assay kit. The extracts (40 μg of protein) were
fractionated on polyacrylamide-SDS gels and transferred
to PVDF membranes (GE Healthcare, Buckinghamshire,
UK). The membranes were blocked with a solution con-
taining 3% skim milk and incubated overnight at 4 °C
with each of the following antibodies: anti-NF-κB p65,
anti-phospho-ERK1/2 antibody, anti-phospho-Akt anti-
body, anti-phospho-mammalian target of rapamycin
(mTOR) antibody, anti-phospho-p38MAPK, anti-
phospho-c-Jun N-terminal kinase (JNK), antibody, anti-
ERK1/2 antibody, anti-Akt antibody, anti-mTOR anti-
body, anti-p38MAPK antibody, anti-HIF-1α antibody
(Cell Signaling Technology, Beverly, MA, USA), anti-
MDR antibody, anti-Survivin antibody, anti-Bim
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antibody, anti-lamin A/C antibody (Santa Cruz Bio-
technologies, CA, USA), and anti-β-actin antibody
(Sigma). Subsequently, the membranes were incubated
with horseradish peroxidase-coupled anti-rabbit IgG
sheep antibodies (GE Healthcare) for 1 h at room tem-
perature. The reactive proteins were visualized using
Luminata Forte (Merck Millipore, Nottingham, UK)
according to the manufacturer’s instructions.

HIF-1α transcriptional activity

The DNA binding activity of HIF-1α was evaluated using
HIF-1α transcription factor assay kit (Cayman Chemical,
MI, USA) according to the manufacturer’s instructions.
Nuclear extracts were prepared and incubated in 96-well
plates coated with immobilized double-stranded oligonu-
cleotides containing the HIF-1α response element. The HIF-
1α transcription factor complex was detected by the addi-
tion of a specific primary antibody directed against HIF-1α,
visualized by an anti-IgG horseradish peroxidase-conjugate
and quantified by measuring the absorbance at 450 nm.

RNA interference

The double-stranded HIF-1α small interfering RNAs (siR-
NAs; HSS104774), MDR1 small interfering RNAs (siR-
NAs; HSS107919), Survivin siRNAs (HSS179403), and
Bim siRNAs (HSS145413) were synthesized and purified
by Invitrogen (Carlsbad, CA, USA). StealthTM RNAi
negative control duplex (low GC content) (Invitrogen) was
used as a negative control. Transfection of siRNAs was
performed according to the manufacturer’s protocol by
using the LipofectAMINETM 3000 reagent (Invitrogen).
Briefly, 4 μl of 20-μM siRNA was mixed with 200 μl of
Opti-MEM. LipofectAMINE TM 3000 (4 μl) was diluted in
200 μl of Opti-MEM and incubated at room temperature for
5 min. After incubation, the diluted LipofectAMINETM

3000 was mixed with the diluted siRNA and further incu-
bated for 20 min at room temperature. Total 400 μl of the
siRNA-LipofectAMINETM 3000 complex was applied to
each well of the cultured cells at approximately 50–70%
confluence in 6-well microplates.

Quantitative real-time polymerase chain reaction
(PCR)

Total RNA was isolated using RNAiso (Takara Biomedical,
Siga, Japan). One microgram of purified total RNA was
used for the real-time PCR analysis with the PrimeScript
First-Strand Synthesis System (Takara Biomedical). cDNA
was subjected to quantitative real-time PCR by using SYBR
Premix Ex Taq (Takara Biomedical) and the ABI Prism
7000 detection system (Applied Biosystems, Foster, CA) in

a 96-well plate according to the manufacturer’s instructions.
The PCR conditions for GAPDH, MDR1, Survivin, and
Bim were 94 °C for 2 min; followed by 40 cycles of 94 °C
for 0.5 min, 50 °C for 0.5 min, and 72 °C for 0.5 min. The
following primers were used: MDR1, 5′-GGC TCC GAT
ACA TGG TTT TCC-3′ (5′-primer) and 5′-TTC AGT GTG
CGA TCT TCC CAG C-3′ (3′-primer); Survivin, 5′-CTG
CCT GGC AGC CCT TTC TCA A-3′ (5′-primer) and 5′-
AAT AAA CCC TGG AAG TGG TGC A-3′ (3′-primer);
Bim, 5′-ATG GCA AAG CAA CCT TCT GA-3′ (5′-pri-
mer) and 5′-CGC ATA TCT GCA GGT TCA GCC-3′ (3′-
primer); and GAPDH, 5′-GAC ATC AAG AAG GTG GTG
AA-3′ (5′-primer) and 5′-TGT CAT ACC AGG AAA TGA
GC-3′ (3′-primer). As an internal control for each sample,
the GAPDH gene was used for standardization. Cycle
threshold (Ct) values were established, and the relative
difference in expression from GAPDH expression was
determined according to the 2–ΔΔCt method of analysis and
compared to the expression in control cells.

SurvExpress analysis

The relationship between HIF-1α expression levels and the
overall survival of MM patients was evaluated by the P-
value approach using the SurvExpress database [32].
Microarray datasets of Shaughnessy [33] were assessed
using SurvExpress database. Briefly, patients were divided
into two groups according to HIF-1α expression levels in
their tumors, at all possible cut-off points.

Statistical analysis

All results are expressed as means and S.D. of several
independent experiments. Multiple comparisons of the data
were done by ANOVA with Dunnet’s test. P values less
than 5% were regarded as significant.

Results

ERK1/2, Akt, and NF-κB are constitutively activated
in melphalan-resistant cells

The results of our previous study indicated that MDR1 and
Survivin expression is elevated, Bim expression is
decreased, and c-Src is activated in the melphalan-resistant
RPMI8226/L-PAM, ARH-77/L-PAM, and HS-Sultan/L-
PAM cell lines that we established (Supplementary Fig. S1
and S2) [31]. We therefore investigated the activity of the
downstream effectors of Src in RPMI8226/L-PAM, ARH-
77/L-PAM, and HS-Sultan/L-PAM cells. The expression
level of phosphorylated ERK1/2 and Akt was higher in
RPMI8226/L-PAM, ARH-77/L-PAM, and HS-Sultan/L-
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PAM cells than in RPMI8226, ARH-77/L-PAM, and HS-
Sultan cells (Fig. 1 and Supplementary Fig. S3). Nuclear
localization of NF-κB was elevated in RPMI8226/ L-PAM,
ARH-77/L-PAM, and HS-Sultan/L-PAM cells (Fig. 1 and
Supplementary Fig. S3). However, the expression levels of
phosphorylated mTOR, p38MAPK, and JNK did not differ
between the parent and drug-resistant cells (Fig. 1 and
Supplementary Fig. S3).

Inhibition of ERK1/2, Akt, and NF-κB activation
overcomes drug resistance in RPMI8226/L-PAM cells

The potential role of ERK1/2, Akt, and NF-κB in the drug
resistance displayed by RPMI8226/L-PAM, ARH-77/L-
PAM, and HS-Sultan/L-PAM cells was further investi-
gated, and it was found that ERK1/2 and Akt phosphor-
ylation, and the nuclear entry of NF-κB p65 were
inhibited by treatment with 5 or 10 μM U0126 (a MEK
inhibitor), 5 or 10 μM LY294002 (a PI3K inhibitor), and
20 μM DMF (an NF-κB inhibitor) in RPMI8226/L-PAM,
ARH-77/L-PAM, or HS-Sultan/L-PAM cells, respectively

(Fig. 2a–f, Supplementary Fig. S4a–c, and Fig. S5a–c).
Next, the effect of melphalan alone and in combination
with one, two, or all three of these inhibitors (U0126,
LY294002, and DMF) on the viability of RPMI8226/L-
PAM, ARH-77/L-PAM, and HS-Sultan/L-PAM cells was
assessed. Each of the three inhibitors was shown to
weakly enhance the sensitivity of RPMI8226/L-PAM,
ARH-77/L-PAM, and HS-Sultan/L-PAM cells to mel-
phalan (Fig. 2g, Supplementary Fig. S4d, and Fig. S5d).
Double-inhibitor combinations were moderately enhanced
the sensitivity of cells to melphalan, and triple-inhibitor
combinations were found to significantly overcome drug
resistance (Fig. 2g, Supplementary Fig. S4d, and
Fig. S5d). The inhibitors alone were found to be non-toxic
to these cells (Supplementary Fig. S6-S8).

The effect of signaling molecule inhibitors on the
expression of MDR1, Survivin, and Bim

The effects of U0126, LY294002, and DMF treatment on
RPMI8226/L-PAM cells were further assessed in terms of

Fig. 1 Melphalan-resistant cells express constitutively phosphorylated
ERK1/2, Akt, and NF-κB. a The cytoplasmic and nuclear fractions
were extracted from RPMI8226 and RPMI8226/L-PAM cells and then
subjected to SDS-PAGE/immunoblotting with anti-phospho-ERK1/2,
anti-phospho-mTOR, anti-phospho-p38MAPK, anti-phospho-Akt,
anti-phospho-JNK, anti-NF-κB p65, anti-ERK1/2, anti-Akt, anti-
mTOR, anti-JNK, and anti-p38MAPK antibodies. Anti-β-actin and
anti-lamin antibodies were used as internal standards. b Quantification
of the amount of NF-κB p65, phospho-ERK1/2, phospho-Akt, phos-
pho-mTOR, or phospho-p38MAPK, normalized to the amount of the
corresponding proteins, respectively. The results are representative of
five independent experiments. *P < 0.01 compared to RPMI8226 cells

(ANOVA with Dunnett’s test). c The cytoplasmic and nuclear frac-
tions were extracted from ARH-77 and ARH-77/L-PAM cells and then
subjected to SDS-PAGE/immunoblotting with anti-phospho-ERK1/2,
anti-phospho-mTOR, anti-phospho-p38MAPK, anti-phospho-Akt,
anti-phospho-JNK, anti-NF-κB p65, anti-ERK1/2, anti-Akt, anti-
mTOR, anti-JNK, and anti-p38MAPK antibodies. Anti-β-actin and
anti-lamin antibodies were used as internal standards. d Quantification
of the amount of NF-κB p65, phospho-ERK1/2, phospho-Akt,
phospho-mTOR or phospho-p38MAPK, normalized to the amount of
the corresponding proteins, respectively. The results are representative
of five independent experiments. *P < 0.01 compared to ARH-77 cells
(ANOVA with Dunnett’s test)
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the molecular mechanisms associated with MDR1, Survi-
vin, and Bim expression. Treatment with U0126,
LY294002, and DMF alone was found to reduce the

expression of MDR1, but not that of Survivin, and did not
increase Bim expression (Fig. 3a, d). Double-inhibitor
combinations reduced the expression of Survivin and
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MDR1 to levels similar to those of parent cells, and weakly
increased Bim expression (Fig. 3b, e). Triple-inhibitor
combinations decreased MDR1 and Survivin expression,
and enhanced Bim expression (Fig. 3c, f).

Further, to assess the role of MDR1 and Survivin in the
melphalan resistance of RPMI8226/L-PAM cells, these
cells were treated with MDR1 and Survivin siRNAs.
Treatment of cells with MDR1 siRNA at a concentration
sufficient to completely suppress MDR1 expression did
not overcome their melphalan resistance (Fig. 4a, d, g, j).
However, siRNA-mediated silencing of Survivin was
found to partially overcome melphalan resistance in
RPMI8226/L-PAM cells (Fig. 4b, e, h, k). In addition,
RPMI8226 cells treated with Bim siRNA acquired mel-
phalan resistance (Fig. 4c, f, i, m). These results suggest
that the mechanism of drug resistance in RPMI8226/L-
PAM cells may involve upregulation of Survivin expres-
sion and downregulation of Bim expression, but not
upregulation of MDR1 expression. These results indicate
that enhanced Survivin expression and decreased Bim
expression may play a critical role in the mechanism of
drug resistance in RPMI8226/L-PAM cells.

Overexpression of HIF-1α via activation of ERK1/2,
Akt, and NF-κB regulates Survivin and Bim
expression in melphalan-resistant cells

HIF-1α is involved in the transcription of various genes,
such as Survivin and MDR1, and regulates apoptosis-
inducing factors, such as Bim [34–36]. So far, the findings
in this study indicate that melphalan resistance is achieved
by downregulation of Bim and upregulation of Survivin,
and activation of ERK1/2, Akt, and NF-κB. Further, to
assess the expression of Survivin and Bim in melphalan-
resistant RPMI8226/L-PAM, ARH-77/L-PAM, and HS-
Sultan/L-PAM cells, we investigated the expression levels
of HIF-1α. HIF-1α protein level and activity were increased

in RPMI8226/L-PAM, ARH-77/L-PAM, and HS-Sultan/L-
PAM cells compared to parent cells (Fig. 5a, b, and Sup-
plementary Fig. S9a). We also examined whether inhibition
of HIF-1α by echinomycin, an HIF-1α inhibitor, suppressed
Survivin expression and increased Bim expression. Treat-
ment with echinomycin inhibited Survivin expression and
increased Bim expression in RPMI8226/L-PAM, ARH-77/
L-PAM, and HS-Sultan/L-PAM cells, and combined treat-
ment with melphalan and echinomycin overcame melphalan
resistance (Fig. 5c–e and Supplementary Fig. S9b-c). In
addition, connation of melphalan and HIF-1α siRNA
induced cell death by suppressing Survivin expression and
enhancing Bim expression in RPMI8226/L-PAM cells
(Fig. 5f, g).

Next, we investigated whether inhibition of ERK1/2,
Akt, or NF-κB suppresses HIF-1α expression. Treatment
with U0126, LY294002, or DMF alone did not suppress the
expression of HIF-1α (Fig. 6a, d). Double-inhibitor com-
binations moderately reduced the expression of HIF-1α, and
triple-inhibitor combinations decreased HIF-1α expression
to levels similar to those of parent cells (Fig. 6b, c, e, f).

Overexpression of HIF-1α correlates with poor
prognosis in MM patients

We analyzed the relationship between expression levels of
HIF-1α and prognosis of human MM patients using the
SurvExpress database. We observed that the expression
level of HIF-1α correlates with poor overall survival
(Fig. 7), and thus concluded that HIF-1α overexpression is
associated with poor prognosis and reduced drug sensitivity
in MM patients.

Discussion

In this study, we demonstrate that melphalan resistance in
RPMI8226/L-PAM, ARH-77/L-PAM, and HS-Sultan/L-
PAM cells is associated with ERK1/2, Akt, and NF-κB
activation, and inhibition of these signaling factors over-
came melphalan resistance. Activation of ERK1/2 and Akt
has been shown to suppress cyclophosphamide-induced cell
death, and these specific inhibitors enhance sensitivity to
cyclophosphamide [37]. In addition, perifosine, an Akt
inhibitor, enhances the cytotoxicity of dexamethasone,
melphalan, or doxorubicin in MM cell lines [38]. Alkylating
agent-induced NF-κB activation is associated with che-
moresistance, and suppression of NF-κB reverses the sen-
sitivity to alkylating agents [39, 40]. Together, our previous
study and this one show that, in melphalan-resistant cells,
phosphorylation of c-Src induces ERK1/2, Akt, and NF-κB
activation, and inhibition of c-Src by dasatinib resensitizes
the cells to melphalan [31]. It was reported that macrophage

Fig. 2 Inhibition of ERK1/2, Akt, or NF-κB overcomes drug resis-
tance in RPMI8226/L-PAM cells. a–f RPMI8226/L-PAM cells were
exposed to the indicated concentrations of U0126, LY294002, or
dimethyl fumarate (DMF). a–c After incubation for 72 h, the cyto-
plasmic and nuclear fractions were extracted and then subjected to
SDS-PAGE/immunoblotting with anti-phospho-ERK1/2, anti-phos-
pho-Akt, anti-ERK1/2, anti-Akt, and anti-NF-κB p65 antibodies. Anti-
β-actin and anti-lamin antibodies were used as internal standards. d–f
Quantification of the amount of NF-κB p65, phospho-ERK1/2, or
phospho-Akt, normalized to the amount of the corresponding proteins,
respectively. The results are representative of five independent
experiments. *P < 0.01 compared to RPMI8226 cells (ANOVA with
Dunnett’s test). g RPMI8226/L-PAM cells were exposed to the indi-
cated concentrations of melphalan, U0126, LY294002, or DMF. After
incubation for 72 h, the number of dead cells was counted by trypan
blue staining. The results are representative of five independent
experiments. *P < 0.01 vs. RPMI8226 untreated cells, #P < 0.01 vs.
RPMI8226/L-PAM untreated cells (ANOVA with Dunnett’s test)
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Fig. 3 U0126, LY294002, and DMF treatment suppresses Survivin
expression and enhances Bim expression in RPMI8226/L-PAM cells. a–c
RPMI8226/L-PAM cells were exposed to the indicated concentrations of
U0126, LY294002, or dimethyl fumarate (DMF). After incubation with
inhibitors for 72 h, the cell lysates were extracted and subjected to SDS-

PAGE/immunoblotting with antibodies against MDR1, Survivin, and β-
actin. Anti-β-actin antibody was used as an internal standard. d–f Quan-
tification of the amount of MDR1 or Survivin, normalized to the amount
of β-actin. The results are representative of five independent experiments.
*P < 0.01 compared to RPMI8226 cells (ANOVA with Dunnett’s test)
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Fig. 4 Effect of MDR1, Survivin, and Bim siRNAs on melphalan
resistance. a, b RPMI8226/L-PAM cells treated with negative siRNA,
MDR1 siRNA, or Survivin siRNA. c RPMI8226 cells treated with
negative siRNA or Bim siRNA. a–c Total RNA was extracted, and the
MDR1, Survivin, or Bim mRNA levels were determined by real-time
PCR. The results are expressed as the test:control ratio after correction
of the GAPDH mRNA levels. The results are representative of five
independent experiments. *P < 0.01 vs. control (ANOVA with Dun-
nett’s test). d–f Whole-cell lysates were extracted and immunoblotted
with antibodies against d MDR1, e Survivin, f Bim, and β-actin. g–i
Quantification of the amount of g MDR1, h Survivin, or i Bim, nor-
malized to the amounts of the β-actin. The results are representative of

5 independent experiments. *P < 0.01, compared to controls (ANOVA
with Dunnett’s test). j, k RPMI8226/L-PAM cells were subsequently
exposed to the indicated concentrations of melphalan, MDR1 siRNA,
or Survivin siRNA. After incubation for 72 h, the number of dead cells
was measured by trypan blue staining. The results are representative of
five independent experiments. *P < 0.01 vs. untreated cells (analysis of
variance with Dunnett’s test). l RPMI8226 cells were subsequently
exposed to the indicated concentrations of melphalan or Bim siRNA.
After incubation for 72 h, the number of dead cells was measured by
trypan blue staining. The results are representative of five independent
experiments. *P < 0.01 vs. untreated cells, #P < 0.01 vs. melphalan-
treated cells (analysis of variance with Dunnett’s test)
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inflammatory protein 1α (MIP-1α) or tumor necrosis factor
α (TNFα) promote c-Src activation via binding to specific
receptors in cancer cells [41]. In addition, activation of
ERK1/2, Akt, and/or NF-κB by MIP-1α and/or TNFα
autocrine loop is associated with melphalan resistance in
MM cells [40, 42]. These findings indicated that activation

of ERK1/2, Akt, and NF-κB contributes to melphalan
resistance in MM cells.

Our previous study clearly indicated that overexpression
of MDR1 and Survivin and decreased Bim expression are
associated with melphalan resistance in RPMI8226/L-PAM
cells. In the present study, we found that inhibition of

Fig. 5 Melphalan-resistant cells overexpress HIF-1α and echinomycin
overcomes melphalan resistance. a The cytoplasmic and nuclear
fractions were extracted and then subjected to SDS-PAGE/immuno-
blotting with anti-HIF-1α antibody. Anti-β-actin and anti-lamin anti-
bodies were used as internal standards. b RPMI8226/L-PAM cells
constitutively activate HIF-1α. The nuclear fractions were extracted
and analyzed for HIF-1α activity using HIF-1α transcription factor
assay kit. The results are representative of five independent experi-
ments. *P < 0.01 vs. RPMI8226 cells (ANOVA with Dunnett’s test). c
Echinomycin inhibited HIF-1α activity. Cells were treated with 0.01,
0.1, or 1 nM echinomycin. After incubation for 24 h, the nuclear
fractions were extracted and analyzed for HIF-1α activity using HIF-
1α transcription factor assay kit. The results are representative of five
independent experiments. *P < 0.01 vs. RPMI8226/L-PAM untreated
cells (ANOVA with Dunnett’s test). d RPMI8226/L-PAM and ARH-
77/L-PAM cells were exposed to the indicated concentrations of
echinomycin. After incubation with inhibitors for 72 h, the cell lysates
were extracted and then subjected to SDS-PAGE/immunoblotting with

antibodies against Survivin, Bim, and β-actin. Anti-β-actin antibody
was used as an internal standard. e RPMI8226/L-PAM and ARH-77/
L-PAM cells were exposed to the indicated concentrations of mel-
phalan or ecinomycin. After incubation for 72 h, the number of dead
cells was counted by trypan blue staining. The results are repre-
sentative of five independent experiments. *P < 0.01 vs. RPMI8226/L-
PAM or ARH-77/L-PAM untreated cells (ANOVA with Dunnett’s
test). f RPMI8226/L-PAM cells were treated with negative siRNA or
HIF-1α siRNA. The cytoplasmic and nuclear fractions were extracted
and then subjected to SDS-PAGE/immunoblotting with anti-HIF-1α,
anti-Survivin, and anti-Bim antibodies. Anti-β-actin and anti-lamin
antibodies were used as internal standards. g Cells were subsequently
exposed to the indicated concentrations of melphalan, HIF-1α siRNA,
or negative siRNA. After incubation for 72 h, the number of dead cells
was measured by trypan blue staining. The results are representative of
five independent experiments. *P < 0.01 vs. untreated cells (ANOVA
with Dunnett’s test)
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ERK1/2, Akt, or NF-κB by U0126, LY294002, or DMF,
respectively, suppressed MDR1 expression, but did not
affect Survivin and Bim expression in RPMI8226/L-PAM

cells, and then did not reverse melphalan resistance.
Double-inhibitor combinations significantly inhibited Sur-
vivin expression, partiality enhanced Bim expression, and

Overexpression of HIF-1α contributes to melphalan resistance in multiple myeloma cells by activation of. . . 81



moderately overcame melphalan resistance. Triple-inhibitor
combination overcame melphalan resistance by suppressing
Survivin expression and enhancing Bim expression in
RPMI8226/L-PAM cells. These results indicate that acti-
vation of ERK1/2, Akt, or NF-κB promotes the MDR1
expression, but MDR1 does not contribute to melphalan
resistance. In addition, siRNA-mediated silencing of Sur-
vivin partially overcame melphalan resistance; however,
melphalan resistance was not overcome by siRNA-mediated
silencing of MDR1. Furthermore, parent cells treated with
Bim siRNA acquired melphalan resistance. It has been
reported that combination with valspodar (an MDR1 inhi-
bitor), vincristine, adriamycin, and dexamethasone did not
improve overall survival and progression free survival in
recurring or refractory patients with MM, as compared to
vincristine, adriamycin, and dexamethasone combination
therapy in phase III trial [43]. It has also been reported that
overexpression of Survivin and downregulation of Bim are
correlated with poor prognosis in patients with MM [44].
Relapse patients of MM overexpress Survivin, and treat-
ment with Survivin siRNA has been shown to enhance the
cytotoxic effect of adriamycin, dexamethasone, and mel-
phalan [45]. Lack of pro-apoptotic Bim function reduces the
response to chemotherapy and overall survival in acute
lymphoblastic lymphoma [46]. These findings suggest that
overexpression of Survivin and decreased Bim expression
may play an important role in melphalan resistance.

HIF-1α is known to be a transcription factor, and is related
with various cellular functions, such as cell proliferation,
survival, and drug resistance [47]. We clearly showed the
RPMI8226/L-PAM, ARH-77/L-PAM, and HS-Sultan/L-
PAM cells overexpressed HIF-1α compared with parent cells,
and echinomycin overcame melphalan resistance by sup-
pressing Survivin expression and enhancing Bim expression
in RPMI8226/L-PAM, ARH-77/L-PAM, and HS-Sultan/L-
PAM cells. In addition, treatment with HIF-1α siRNA
reversed the melphalan sensitivity in RPMI8226/L-PAM
cells. Moreover, inhibition of ERK1/2, Akt, and NF-κB by
treatment with U0126, LY294002, and DMF significantly
suppressed the expression of HIF-1α in RPMI8226/L-PAM
cells. It has been reported that binding of HIF-1α to the
Survivin promoter increases transcription of the Survivin gene
[48]. In addition, induction of HIF-1α downregulates Bim

expression at a transcriptional level [49]. Moreover, activation
of the PI3K/Akt and MEK/ERK pathways enhances hypoxia-
independent HIF-1α expression [50]. It has also been indi-
cated that activation of NF-κB signaling by phosphatase of
regenerating liver-3 promotes HIF-1α expression under nor-
moxia and hypoxia conditions in gastric cancer cells [51].
These findings suggested that enhanced HIF-1α expression
via activation of ERK1/2, Akt, and NF-κB leads to upregu-
lation of Survivin and downregulation of Bim expression.

In this study, we found that MM patients showing high
expression levels of HIF-1α had significantly lower overall
survival rates than those showing low HIF-1α expression
levels. Evidence shows that overexpression of HIF-1α
promotes disease progression and drug resistance, thereby
conducing to poor prognosis in MM patients. It was
reported that myeloma patients with t(4;14) translocations, a
poorer clinical outcome, showed significantly higher
expression of HIF-1α, and that high expression of HIF-1α
and EP300 are correlated with poor prognosis [11, 52]. In
addition, hypoxia conditions enhanced tumor initiation and
induced resistance to bortezomib and carfilzomib in MM
cells [53, 54]. It was also reported that downregulation of
HIF-1α expression enhanced sensitivity to bortezomib and
lenelidomide [55, 56]. Furthermore, we found that our
established melphalan-resistant MM cells showed decreased
sensitivity to bortezomib (data not shown). These finding
suggests that high expression of HIF-1α contributes to
resistance to conventional anticancer drugs, such as mel-
phalan, proteasome inhibitors, and immunomodulatory
drugs, and inhibition of HIF-1α resensitized the sensitivity
to those drugs in MM cells, therefore potentially improving
the overall survival and progression-free survival of MM
patients.

Our results also indicate that melphalan resistant HS-
Sultan cells, a Burkitt’s lymphoma cell line, overexpress
HIF-1α via activation of c-Src, ERK1/2, Akt, and NF-κB,

Fig. 6 U0126, LY294002, and DMF suppress HIF-1α expression in
RPMI8226/L-PAM cells. a–c RPMI8226/L-PAM cells were exposed
to the indicated concentrations of U0126, LY294002, or dimethyl
fumarate (DMF). After incubation with inhibitors for 72 h, the cell
lysates were extracted and then subjected to SDS-PAGE/immuno-
blotting with antibodies against HIF-1α and lamin. Anti-lamin anti-
body was used as an internal standard. d–f Quantification of the
amount of HIF-1α, normalized to the amount of β-actin. The results are
representative of five independent experiments. *P < 0.01 compared to
RPMI8226 cells (ANOVA with Dunnett’s test)

Fig. 7 Overexpression of HIF-1α is correlated with poor prognosis in
MM patients. The relationship between HIF-1α expression and patient
prognosis was examined using the SurvExpress database
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and show enhanced expression of Survivin and decreased
expression of Bim. In Burkitt’s lymphoma patients, the
melphalan-containing regimen of the Haemato Oncology
Foundation for Adults in The Netherlands (HOVON), with
69% of complete response, performed as well as other
regimens, such as the French Lymphome Malins B (LMB)
regimen and the German Berlin-Frankfurt-Munster (BFM)
regimen, but with refractory disease of 21% and relapse rate
of 9% [57]. In addition, patients with low Bim expression
presented lower complete remission rate (24%) and shorter
overall survival, and Burkitt’s lymphoma patients with high
Survivin expression responded poorly to chemotherapy [58,
59]. Taken together, these findings suggest that over-
expression of HIF-1α induces Survivin expression and
decreases Bim expression, mediating chemoresistance and
contributing to poor prognosis in Burkitt’s lymphoma
patients. Inhibition of HIF-1α may overcome chemoresis-
tance in B cell lymphomas such as Burkitt’s lymphoma.

In conclusion, we suggest that overexpression of Survi-
vin and decreased Bim expression play an important role in
MDR in melphalan-resistant cells via overexpression of
HIF-1α and activation of ERK1/2, Akt, and NF-κB. Thus,
regulation of these signaling molecules by inhibitors may be
a viable approach for increasing the susceptibility of
quiescent MM cells to chemotherapy, thereby reducing the
incidence of minimal residual disease following MM cell
therapy. Our findings suggest that inhibitors of HIF-1α,
ERK1/2, Akt, and NF-κB may be useful anti-MDR agents
for the treatment of melphalan-resistant MM.
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