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Abstract
Multiple myeloma (MM) is the second most common hematologic malignancy. In spite of the development of new therapeutic 
agents, MM remains incurable due to multidrug resistance (MDR) and the 5-year survival rate is approximately 50%. Thus, 
further study is needed to investigate the mechanism of MDR and improve MM prognosis. Heat shock protein 90 (HSP90) 
is a molecular chaperone that is responsible for the stability of a number of client proteins, most of which are involved in 
tumor progression. Therefore, HSP90 inhibitors represent potential new therapeutic agents for cancer. Furthermore, inhibi-
tion of HSP90 leads to degradation of client proteins, overcoming acquired anti-cancer drug resistance. In this study, we 
assessed the role of HSP90 in MDR using established melphalan-resistant MM cells. We found that expression of HSP90 
was higher in melphalan-resistant MM cells than in parent cells and that HSP90 inhibitors KW-2478 and NUV-AUY922 
restored drug sensitivity to the level observed in parent cells. Activation of the unfolded protein response is a hallmark of 
MM, and expression of endoplasmic reticulum stress signaling molecules is reduced in melphalan-resistant cells; however, 
KW-2478 did not affect endoplasmic reticulum stress signaling. We demonstrated that treatment with KW-2478 decreased 
expression of Src, a client of HSP90, and suppressed the activity of ERK, Akt, and NF-κB. Our findings indicate that inhi-
bition of HSP90 results in suppression of Src and its downstream effectors, including ERK, Akt, and NF-κB, and therefore 
that HSP90 inhibitors could be useful for treatment of MDR MM.

Keywords  HSP90 · Melphalan resistance · Src · Multiple myeloma

Introduction

Multiple myeloma (MM) is characterized by uncontrolled 
proliferation of monoclonal plasma cells in the bone mar-
row and accounts for approximately 10% of all hematologic 
malignancies [1, 2]. Prognosis can be improved by autolo-
gous stem cell transplant, high-dose chemotherapy, or new 
therapeutic agents, such as proteasome inhibitors and immu-
nomodulators; however, MM remains an incurable disease 
owing to relapse [3–5].

Melphalan is an alkylating agent currently used in first-
line treatment for transplant-ineligible MM patients; it is 
administered as a combination therapy in melphalan–predni-
solone (MP), melphalan–prednisolone–thalidomide (MPT), 
or melphalan–prednisolone–bortezomib (VMP). MPT and 
VMP were reported to improve progression-free survival 
and overall survival compared to MP [5–10]. However, after 
continual treatment with a chemotherapeutic agent, MM 
cells acquire multidrug resistance (MDR), leading to tumor 
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relapse [4, 11, 12]. While some mechanism of MDR have 
been determined, such as overexpression of drug transport-
ers and reduction of apoptosis-related proteins, a therapeutic 
strategy remains to be established [13, 14]. Thus, further 
study is required to define the mechanisms of MDR in MM.

Heat shock protein 90 (HSP90) is a molecular chaperone 
that is responsible for the stabilization of a number of client 
proteins under normal cell condition. Most of these client 
proteins play a crucial role in proliferation or survival of 
tumor cells via regulation of the cell cycle, apoptosis, and 
signal transduction; therefore, inhibition of HSP90 leads 
to degradation of these proteins and tumor cell death [15, 
16]. HSP90 inhibitors were reported to be effective against 
tumors, including those which have tolerance to specific 
anti-cancer drugs, in phase 2 studies. In addition, HSP90 
inhibitors can overcome acquired anti-cancer drug resist-
ance in gastric cancer, mantle cell lymphoma, and breast 
cancer [17–21]. Inhibition of HSP90 leads to anti-myeloma 
activity [22, 23] and enhances the anti-myeloma effect of 
bortezomib, both in vitro and in vivo [24]. These findings 
suggest that HSP90 inhibitors could be effective in overcom-
ing MDR in MM; however, to date no studies have investi-
gated this.

The aim of this study was to investigate a potential asso-
ciation between HSP90 with the mechanism of melphalan 
resistance, using an established melphalan-resistant MM cell 
line.

Materials and methods

Materials

Melphalan was obtained from Wako (Tokyo, Japan). 
KW-2478 and NVP-AUY922 were purchased from Selleck-
Chem (Houston, TX, USA). These reagents were dissolved 
in dimethyl sulfoxide and diluted in phosphate-buffed saline 
(PBS; 0.05 M, pH 7.4).

Cell culture

The multiple myeloma cell line RPMI8226 was obtained 
from Japanese Cancer Research Resources Bank (Osaka, 
Japan). ARH-77 cells were obtained from DS Pharma 
Biomedical (Osaka, Japan). Melphalan-resistant variant 
(RPMI8226/L-PAM or ARH-77/L-PAM) was established 
in our laboratory, and this variant was resistance for adria-
mycin, vincristine, and dexamethasone [13]. These cells 
were maintained in RPMI1640 medium (Sigma) supple-
mented with 10% fetal bovine 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 atmos-
phere containing 5% CO2.

Trypan blue dye exclusion assay

The effect of various drugs on cell survival was determined 
using the trypan blue dye exclusion assay as previously 
described methods [13, 14].

Western blotting

Cells were cultured and collected by centrifugation and lysed 
in lysis buffer containing protease inhibitor and phosphatase 
inhibitor. The extracts (40 μg of protein) were fractionated 
on sodium dodecyl sulfate (SDS) polyacrylamide gels and 
transferred to polyvinyl difluoride (PVDF) membranes (GE 
Healthcare, Buckinghamshire, UK). The membranes were 
blocked with 5% skim milk and incubated overnight at 4 °C 
with each of the following antibodies: anti-phospho-IRE1 
(Ser724) (Merck Millipore, Nottingham, UK), anti-phospho-
p44/42 mitogen-activated protein kinase (MAPK, ERK1/2) 
(Thr202/Tyr204) (#9101), anti-phospho-Akt (Ser473) 
(#9271), anti-phospho-eukaryotic translation initiation fac-
tor 2α (eIF2α) (Ser51) (#9721), anti-phospho-Src (Tyr527) 
(#2105), anti-NF-κB p65 (#3034), anti-ERK1/2 (#9102), 
anti-Akt (#9272), anti-eIF2α (#9722), anti-Src (#2109), 
anti-IRE1α (#3294), anti-CHOP (#2895) (Cell Signaling 

Fig. 1   Expression of HSP90 is overexpressed in RPMI8226/L-PAM 
and ARH-77/L-PAM cells. a The cell lysate was extracted and then 
subjected to SDS-PAGE/immunoblotting with antibody against 
HSP90. Anti-β-actin antibody was used as internal standards. b 
Quantification of the amount of HSP90, normalized to the amounts of 
β-actin. The results are representative of 5 independent experiments. 
*p < 0.01, compared to controls (one-way ANOVA with Dunnett’s 
test)
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Fig. 2   KW-2478 overcomes 
melphalan resistance in 
RPMI8226/L-PAM and 
ARH-77/L-PAM cells. a, e 
RPMI8226, b, f RPMI8226/L-
PAM, c, g ARH-77, and d, h 
ARH-77/L-PAM cells were 
exposed to melphalan or/and 
KW-2478 or NVP-AUY922 at 
the indicated concentrations. 
After incubation for 72 h, the 
number of cells was counted by 
trypan blue dye exclusion assay. 
*p < 0.01 versus untreated cells 
(one-way ANOVA with Dun-
nett’s test)
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Technology, Beverly, MA), anti-phospho-Protein kinase-
like endoplasmic reticulum kinase (PERK) (Thr981) (sc-
32577), anti-PERK (sc-13073), anti-Hsp90α/β (sc-7947), 
anti-lamin A/C (sc-20681) (Santa Cruz Biotechnologies, 
CA, USA), and anti-β-actin antibody (Sigma). Subsequently, 

the membranes were incubated with horseradish peroxidase-
coupled anti-rabbit IgG sheep antibodies (GE Healthcare) 
at room temperature. The reactive proteins were visualized 
using Luminata Forte (Merck Millipore, Nottingham, UK) 
according to the manufacturer’s instructions.
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Statistical analysis

All results are expressed as means and standard deviations of 
several independent experiments. Multiple comparisons of 
the data were done by ANOVA with Dennett’s test. P values 
less than 5% were considered as significant.

Results

HSP90 expression was higher in melphalan‑resistant 
MM cells than in melphalan‑sensitive MM cells

We first investigated HSP90 expression levels in RPMI8226, 
RPMI8226/L-PAM, ATH-77, and ARH-77/L-PAM 
cells by immunoblotting. HSP90 expression was higher 
in RPMI8226/L-PAM or ARH-77/L-PAM cells than in 
RPMI8226 or ARH-77 cells (Fig. 1).

HSP90 inhibitors restored melphalan sensitivity 
in RPMI8226/L‑PAM cells

To define whether HSP90 overexpression could be involved 
in melphalan resistance, we assessed cell viability after incu-
bation with melphalan and/or HSP90 inhibitors. Melpha-
lan (10 μM) induced cell death in RPMI8226 and ARH-77 

cells, but not in RPMI8226/L-PAM and ARH-77/L-PAM 
cells. Combination of 0.1–0.5 µM KW-2478 with melpha-
lan restored melphalan sensitivity in RPMI8226/L-PAM and 
ARH-77/L-PAM cells (Fig. 2a–d), while 0.5 μM KW-2478 
plus melphalan reduced cell viability to approximately 
20%. NVP-AUY922 overcame melphalan resistance in a 
similar manner (Fig. 2e–h). Treatment with KW-2478 or 
NVP-AUY922 alone did not affect cell viability in either 
RPMI8226 or RPMI8226/L-PAM cells. These results sug-
gest that overexpressed HSP90 is critical to melphalan resist-
ance, and that its inhibitor is effective for overcoming resist-
ance in RPMI8226/L-PAM cells.

Endoplasmic reticulum stress signaling 
in RPMI8226/L‑PAM cells

Accumulation of misfolded or unfolded proteins causes 
endoplasmic reticulum (ER) stress, and excessive ER stress 
induces cell death [25]. Since HSP90 is essential for protein 
folding, inhibition of this molecule results in cell death via 
ER stress [26]. To evaluate the involvement of ER stress 
in melphalan resistance, we compared expression levels of 
ER stress-related proteins in RPMI8226/L-PAM cells and 
RPMI8226 cells. IRE1 and CHOP expression was lower in 
RPMI8226/L-PAM cells, while PERK and eIF2α expression 
levels were similar in both cell types (Fig. 3a, b). Next, we 
assessed whether KW-2478 and NVP-AUY922 affects ER 
stress signaling in RPMI8226/L-PAM cells. However, there 
were no substantial changes in the activity and expression of 
these proteins (Fig. 3c–f). These findings indicated that ER 
stress is suppressed in RPMI8226/L-PAM cells; however, 
KE-2478 and NVP-AUY922 may overcome drug resistance 
in a mechanism independent of ER stress.

KW‑2478 suppressed activity of ERK, Akt, and NF‑κB 
via reduction of Src

We previously showed that high levels of ERK, Akt, and 
NF-κB activation result in MDR via overexpression of sur-
vivin and reduction of Bim expression [13, 14]. We assessed 
the activity of these effectors in RPMI8226/L-PAM cells 
treated with KW-2478 and NVP-AUY922. KW-2478 and 
NVP-AUY922 reduced expression of phosphorylated ERK, 
Akt, and nuclear localization of NF-κB in a dose-dependent 
manner (Fig. 4a–d).

Src, a client of HSP90, regulates downstream effectors 
including ERK, Akt, and NF-κB [27–29]. Our previous 
study indicated that levels of phosphorylated Src were higher 
in RPMI8226/L-PAM cells than in RPMI8226 cells. Incuba-
tion with KW-2478 and NVP-AUY922 led to a reduction in 
Src and phosphorylated Src in RPMI8226/L-PAM cells, in 
a dose-dependent manner (Fig. 4e–h). These results indicate 

Fig. 3   Activation and expression level of ER stress signaling in 
RPMI8226 and RPMI8226/L-PAM cells. a The cell lysates were 
extracted and then subjected to SDS-PAGE/immunoblotting with 
antibodies against phospho-PERK, PERK, phospho-eIF2α, eIF2α, 
phospho-IRE1, IRE1, and CHOP. Anti-β-actin antibody was used 
as internal standards. b Quantification of the amount of phospho-
PERK, phospho-eIF2α, phospho-IRE1, and CHOP, normalized to 
the amounts of corresponding protein. The results are representative 
of 5 independent experiments. *p < 0.01, compared to controls (one-
way ANOVA with Dunnett’s test). c RPMI8226/L-PAM cells were 
exposed to KW-2478 at the indicated concentrations. After incuba-
tion with KW-2478 for 72 h, the cell lysates were extracted and then 
subjected to SDS-PAGE/immunoblotting with antibodies against 
phospho-PERK, PERK, phospho-eIF2α, eIF2α, phospho-IRE1, 
IRE1, and CHOP. Anti-β-actin antibody was used as internal stand-
ards. d Quantification of the amount of phospho-PERK, phospho-
eIF2α, phospho-IRE1, and CHOP, normalized to the amounts of 
corresponding protein. The results are representative of 5 independ-
ent experiments. *p < 0.01, compared to controls (one-way ANOVA 
with Dunnett’s test). e RPMI8226/L-PAM cells were exposed to 
NVP-AUY922 at the indicated concentrations. After incubation with 
NVP-AUY922 for 72 h, the cell lysates were extracted and then sub-
jected to SDS-PAGE/immunoblotting with antibodies against phos-
pho-PERK, PERK, phospho-eIF2α, eIF2α, phospho-IRE1, IRE1, and 
CHOP. Anti-β-actin antibody was used as internal standards. f Quan-
tification of the amount of phospho-PERK, phospho-eIF2α, phos-
pho-IRE1, and CHOP, normalized to the amounts of corresponding 
protein. The results are representative of 5 independent experiments. 
*p < 0.01, compared to controls (one-way ANOVA with Dunnett’s 
test)
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that overexpression of HSP90 mediates melphalan resistance 
via activation of Src and its downstream signaling effec-
tors, including ERK, Akt, and NFκB. Furthermore, HSP90 
inhibitors have restored melphalan sensitivity by suppressing 
the activity of these effectors. Our findings show that HSP90 
inhibitors could be useful for the treatment of melphalan-
resistant MM.

We also investigated whether KW-2478 and NVP-
AUY922 suppresses the MM cell migration. KW-2478 and 
NVP-AUY922 inhibited the SDF-1-induced cell migration 
in RPMI8226 and RPMI8226/L-PAM cells (Suppl. Fig. 1). 
This finding indicated that HSP90 inhibitors suppress the 
MM cell migration.

Discussion

HSP90 maintains the stability of numerous client proteins, 
many of which are associated with tumor pathogenesis, 
and thus HSP90 represents an important therapeutic tar-
get for cancer [15, 16]. HSP90 overexpression has been 

observed in B cell lymphoma patients [30] and plays a 
role in Burkett’s lymphoma progression via activation 
of B cell receptor signaling [31]. In addition, high-level 
expression of HSP90 is correlated with malignancy, poor 
prognosis, and chemoresistance in a number of contexts 
[32–37]. Increased nuclear localization of HSP90 is also 
associated with metastasis in non-small cell lung can-
cer [38]. In the present study, expression of HSP90 was 
higher in RPMI8226/L-PAM or ARH-77/L-PAM cells 
than RPMI8226 or ARH-77 cells, indicating that enhanced 
HSP90 expression plays an important role in survival of 
melphalan-resistant MM cells.

Here, we observed that KW-2478 and NVP-AUY922 
restored melphalan sensitivity in RPMI8226/L-PAM and 
ARH-77/L-PAM cells. Inhibition of HSP90 has been 
shown to demonstrate anti-lymphoma activity by inhibi-
tion of PI3 K/Akt/mTOR signaling pathway [39]. Other 
studies have shown that KW-2478 can suppress MM 
proliferation and enhance the anti-tumor activity of bort-
ezomib in MM cell lines, samples derived from patients, 
and xenograft models [22–24]. The efficiency of KW-2478 
in relapsed or refractory MM was established using com-
bination regimens in clinical trials [40, 41]. In addition, 
NVP-AUY922 enhanced the cytotoxic effect of melphalan, 
doxorubicin, suberoyl anilid hydroxamate, NVP-LBH589 
in MM cells and primary myeloma cells from patients 
[42]. These results indicate that HSP90 inhibitors are use-
ful to overcome melphalan resistance in MM.

We further investigated details of melphalan resistance 
mechanism. ER stress is continually activated in MM 
cells, due to excessive protein production. Therefore, the 
unfolded protein response (UPR), which is the mechanism 
that prevents ER stress, is crucial for MM cell survival 
[12, 43, 44]. Proteasome inhibitors have been shown to 
target UPR and suppress myeloma progression, via accu-
mulation of unfolded proteins beyond UPR capacity [45, 
46]. A reduction in ER stress signaling molecules is 
correlated with bortezomib resistance in MM cell lines 
and in patients [47, 48]. Thus, we assessed ER stress-
related proteins and found that IRE1 and CHOP expres-
sion was reduced in RPMI8226/L-PAM cells compared 
to RPMI8226 cells, while PERK and eIF2α expression 
levels were equal in both cell types. Since HSP90 is essen-
tial for proper protein folding, inhibition of this molecule 
results in ER stress-dependent apoptosis [26, 49]. We 
therefore assessed the activity of ER stress signaling in 
RPMI8226/L-PAM cells treated with KW-2478 and NVP-
AUY922; however, KW-2478 and NVP-AUY922 did not 
affect these proteins. These results indicate that ER stress 
is lower in RPMI8226/L-PAM cells, but that inhibition of 
HSP90 does not overcome melphalan resistance via this 
mechanism.

Fig. 4   KW-2478 affect activity of Src and its downstream effectors. 
a RPMI8226/L-PAM cells were exposed to KW-2478 at the indi-
cated concentrations. After incubation with KW-2478 for 72  h, the 
cytoplasmic and nuclear fractions were extracted and then subjected 
to SDS-PAGE/immunoblotting with antibodies against phospho-
ERK1/2, ERK1/2, phospho-Akt, Akt, and NF-κB p65. Anti-β-actin 
and anti-lamin antibody was used as internal standard. b Quantifica-
tion of the amount of phospho-ERK1/2, phospho-Akt, and NF-κB, 
normalized to the amounts of corresponding protein. The results are 
representative of 5 independent experiments. *p < 0.01, compared 
to controls (one-way ANOVA with Dunnett’s test). c RPMI8226/L-
PAM cells were exposed to NVP-AUY922 at the indicated concentra-
tions. After incubation with NVP-AUY922 for 72 h, the cytoplasmic 
and nuclear fractions were extracted and then subjected to SDS-
PAGE/immunoblotting with antibodies against phospho-ERK1/2, 
ERK1/2, phospho-Akt, Akt, and NF-κB p65. Anti-β-actin and anti-
lamin antibody was used as internal standard. d Quantification of the 
amount of phospho-ERK1/2, phospho-Akt, and NF-κB, normalized 
to the amounts of corresponding protein. The results are representa-
tive of 5 independent experiments. *p < 0.01, compared to controls 
(one-way ANOVA with Dunnett’s test). e RPMI8226/L-PAM cells 
were exposed to KW-2478 at the indicated concentrations. After 
incubation with KW-2478 for 72  h, the cytoplasmic fractions were 
extracted and then subjected to SDS-PAGE/immunoblotting with 
antibodies against phospho-Src and Src. Anti-β-actin antibody was 
used as internal standard. f Quantification of the amount of phospho-
Src and Src, normalized to the amounts of β-actin. The results are 
representative of 5 independent experiments. *p < 0.01, compared 
to controls (one-way ANOVA with Dunnett’s test). g RPMI8226/L-
PAM cells were exposed to NVP-AUY922 at the indicated concen-
trations. After incubation with NVP-AUY922 for 72  h, the cyto-
plasmic fractions were extracted and then subjected to SDS-PAGE/
immunoblotting with antibodies against phospho-Src and Src. Anti-
β-actin antibody was used as internal standard. h Quantification of 
the amount of phospho-Src and Src, normalized to the amounts of 
β-actin. The results are representative of 5 independent experiments. 
*p < 0.01, compared to controls (one-way ANOVA with Dunnett’s 
test)
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Several intracellular signaling pathways are reported 
to participate in pathogenesis and drug resistance in MM 
[50–52]. Co-treatment with MEK and Akt inhibitors over-
comes cell adhesion-mediated drug resistance, and an 
Akt inhibitor alone enhances the anti-myeloma activity of 
dexamethasone, doxorubicin, melphalan, and bortezomib 
[53]. Our previous study indicated that ERK, Akt, and 
NF-κB activity is higher in established melphalan-resistant 
MM cells than in parent cells, and that inhibitors of each 
can successfully restore drug sensitivity [13]. In the pre-
sent study, KW-2478 and NVP-AUY922 reduced levels of 
phosphorylated ERK and Akt and nuclear localization of 
NF-κB in a dose-dependent manner.

HSP90 inhibitor NVP-AUY922 was shown to effec-
tively overcome anti-cancer drug resistance via degra-
dation of client proteins [18–21]. Src is a HSP90 client 
protein and plays a role in cell survival by regulating 
downstream effectors, including ERK, Akt, and NF-κB 
[27–29]. Constitutive activation of Src has been observed 
in MM cells from initial/recurrent MM patients; further-
more, inhibition of Src with dasatinib showed synergis-
tic cytotoxic activity when combined with anti-myeloma 
agents such as melphalan, prednisolone, thalidomide, 
and bortezomib [54]. In addition, activation of Src by 
stimulation of vascular endothelial growth factor (VEGF) 
induces the cell migration, and dasatinib suppressed the 
VEGF-induced cell migration in MM cells [54]. Moreo-
ver, Dasatinib overcame MDR via reduction of MDR 
protein 1 and survivin, and via enhancement of Bim in 
drug-resistant MM cells [55]. In the present study, higher 
Src activity was observed in RPMI8226/L-PAM cells than 
in RPMI8226 cells. In addition, we found that KW-2478 
and NVP-AUY922 reduced Src expression at concentra-
tions that also restored melphalan sensitivity. Furthermore, 
KW-2478 and NVP-AUY922 suppressed the SDF-1-in-
duced cell migration in RPMI8226 and RPMI8226/L-PAM 
cells.

In conclusion, our results suggest that high-level 
expression of HSP90 plays an important role in melphalan 
resistance by activating Src and its downstream effectors, 
including ERK, Akt, and NF-κB. Furthermore, an HSP90 
inhibitor overcomes melphalan resistance via reduction of 
Src expression. These findings indicate that HSP90 inhibi-
tors could be useful for the treatment of MM patients with 
tolerance to melphalan.
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