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Introduction

Multiple myeloma, a cancer of long-lived plasma cells,1 is the second most fre-
quent hematologic malignancy in the United States, after non-Hodgkin
lymphoma.2 Despite progress in the development of treatment, myeloma remains
incurable, with the median survival of affected patients being 5–6 years.3 In most
patients, myeloma develops resistance to a wide spectrum of anticancer agents,
leading to failure of chemotherapy. In order to achieve a cure for multiple myeloma,
we must determine the mechanism underlying the development of multidrug
resistance in this disease. 

One well-known mechanism of drug resistance is the overexpression of ATP-
binding cassette (ABC) transporters.4 The 49 human ABC transporters are classified
into seven subfamilies, from ABCA to ABCG, based on their sequence similarities.5

ABCG2, also known as breast cancer resistance protein, is a 655-amino-acid
polypeptide transporter with a wide range of substrates.5,6 Its expression is upregu-
lated in a variety of malignancies, in which it may produce resistance to chemother-
apeutic agents.6-8 ABCC5, also known as multidrug resistance protein 5, belongs to

Despite advances in therapy, multiple myeloma remains incurable,
with a high frequency of relapse. This suggests the need to iden-
tify additional factors that contribute to drug resistance. Our pre-

vious studies revealed that bone marrow adipocytes promote resistance
to chemotherapy in myeloma through adipocyte-secreted adipokines,
but the mechanism underlying this effect and the specific adipokines
involved are not well understood. We proposed to determine the role of
resistin, an adipokine that is secreted by adipocytes, in chemotherapy
resistance in myeloma. We found that resistin abrogated chemotherapy-
induced apoptosis in established myeloma cell lines and primary myelo-
ma samples. Resistin inhibited chemotherapy-induced caspase cleavage
through the NF-κB and PI3K/Akt pathways. Resistin also increased the
expression and drug efflux function of ATP-binding cassette (ABC) trans-
porters in myeloma cells through decreasing the expression of both DNA
methyltransferases DNMT1 and DNMT3a and the methylation levels of
ABC gene promoters. In vivo studies further demonstrated the protective
effect of resistin in chemotherapy-induced apoptosis. Our study thus
reveals a new biological function of resistin in the pathogenesis of myelo-
ma, with the implication that targeting resistin could be a potential strat-
egy to prevent or overcome multidrug resistance in myeloma.  
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the largest sub-family, the ABCC family. ABCC5 has been
shown to transport nucleosides and antifolates.9 Increased
ABCC5 expression has been associated with breast cancer,
hepatocellular carcinoma, and pancreatic ductal adenocar-
cinoma.10-12

In addition, myeloma cells grow and expand almost
exclusively within the bone marrow, which plays a pivotal
role in the pathogenesis of multiple myeloma. A number
of studies have demonstrated that the interactions of
myeloma cells with bone marrow stromal cells and with
the extracellular matrix enhance the growth and survival
of myeloma cells and induce drug resistance.3,13-17 Bone
marrow stromal cells produce a large amount of soluble
cytokines and chemokines, which can bind to their recep-
tors on myeloma cells, activate the nuclear factor kappa B
(NF-κB), phosphoinositide 3 kinase (PI3K)/Akt, mitogen
activated protein kinase (MAPK) signaling pathways, and
thereby inhibit chemotherapy-induced caspase cleavage
and apoptosis in myeloma cells. In previous studies we
found that the adipocytes derived from bone marrow con-
fer chemotherapy resistance in myeloma through their
secreted soluble adipokines.18 One such adipokine,
resistin, is a 12.5-kDa hormone that is secreted not only by
adipocytes but also by monocytes, macrophages, and
spleen and bone marrow cells.19 It was first discovered as
providing a link between obesity and insulin resistance,20

but its physiological role is much more complex than orig-
inally thought. Resistin has been shown to participate in
inflammatory processes and cancer development through
induction of inflammatory cytokines, such as interleukin
(IL)-1β, IL-6, IL-8, IL-12 and tumor necrosis factor alpha,
some of which can activate the Janus kinase/signal trans-
ducers and activators of transcription pathway.21,22 It also
has protective effects against acute myocardial infarction
and 6-hydroxydopamine–induced neuronal cell death.23,24

However, its role in the pathogenesis of myeloma is
unknown. In this study, we hypothesized that the
adipokine resistin has the capacity to induce multidrug
resistance in myeloma. We added recombinant resistin to
cultures of human myeloma cell lines and primary myelo-
ma cells isolated from patients’ bone marrow aspirates,
and we observed that resistin protects these tumor cells
against chemotherapy by reducing tumor apoptosis
through the NF-κB and PI3K/Akt signaling pathways and
by enhancing the expression of ABC transporters in
myeloma cells through demethylation of ABC gene pro-
moters. We also observed a protective effect of resistin on
myeloma cells against melphalan treatment in vivo. These
findings indicate that resistin is a new factor contributing
to myeloma cell growth and survival.

Methods

Cell lines, primary myeloma cells, and reagents
This study was approved by the institutional review board of

The University of Texas MD Anderson Cancer Center (Houston,
TX, USA). ARP-1 and ARK cells were kindly provided by Arkansas
Cancer Research Center (AR, Usa). Others were purchased from
the American Type Culture Collection (ATCC). Primary myeloma
cells were isolated from bone marrow aspirates of myeloma
patients using anti-CD138 antibody-coated magnetic beads
(Miltenyi Biotec, Inc. San Diego, CA, USA). Recombinant human
resistin was purchased from PeproTech (Rocky Hill, NJ, USA).
Except where specified, all chemicals were purchased from Sigma-

Aldrich (St. Louis, MO, USA), all antibodies for flow cytometry
analysis were purchased from BD Biosciences (San Jose, CA,
USA), and all antibodies for western blot analysis were purchased
from Cell Signaling Technology (Danvers, MA, USA). The short
interfering RNA (siRNA) against human ABCC5 and ABCG2
genes as well as the non-target control siRNA were purchased
from Santa Cruz Technologies (Dallas,TX, USA).

Flow cytometry analysis of cell apoptosis
Apoptosis of treated cells was detected by annexin V–fluores-

cein isothiocyanate/propidium iodide staining. For details see the
Online Supplementary Methods.

Western blot analysis
Cells were lysed and, in some instances, the nuclear and cellular

fractions of cells were isolated using NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher, Waltham, MA,
USA). Cell lysates were subjected to sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis, transferred to a nitrocellulose
membrane, and immunoblotted with specific antibodies. 

Quantitative real-time polymerase chain reaction 
Assessment of mRNA of treated cells was performed as

described in the Online Supplementary Methods. Primer sequences
are shown in Table 1. 

eFluxx-ID gold uptake assay for ABC transporter activity
The fluorescent probe eFluxx-ID gold was used to monitor the

activity of ABC transporters (ENZO Life Sciences, Inc.,
Farmingdale, NY, USA). For details see the Online Supplementary
Methods.

DNA methylation analysis
Genomic DNA was obtained from treated cells using the

QIAamp Tissue kit (Qiagen, Germantown, MD, USA) according
to the manufacturer’s protocol. DNA was processed by bisulfite
modification using the Zymo EZ DNA methylation kit (Zymo
Research, Irvine, CA, USA). Specific primers for methylation-spe-
cific polymerase chain reaction (MS-PCR, Table 2) were designed
using MethylPrimer software (http://www.urogene.org/meth-
primer/index1.html). PCR products were subjected to elec-
trophoresis on a 2% agarose gel. 

In vivo mouse model
Six- to 8-week-old CB.17 SCID mice were obtained from

Charles River Laboratories and maintained in facilities accredited
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Table 1. Primer sequences for the real-time polymerase chain reaction.
Name Forward Reverse

ABCB1 TCGGACCACCATTGTGATAG CATTTCCTGCTGTCTGCATT
ABCB3 GTAAGGAGGGTGCTGCACTT CACGCTCTCCTGGTAGATCA
ABCC1 TGGACTAACGGCTAACCTGGA TAAGCAACCAACACTGCTTTG
ABCC3 CTGCTTCAGGGAGAAACCTC CCATCTTTGTGAACCACCAG
ABCC4 CATCCGAAGAATCCAGACCT GGTCTCTGATGCCTTATCCC
ABCC5 ACTGTGGCAAGAAGAGCTGA AAATTTGGTCCACTGAAGCC
ABCG2 CAGCAGGTCAGAGTGTGGTT TGCAAAGCCGTAAATCCATA
DNMT1 CCCCTGAGCCCTACCGAAT CTCGCTGGAGTGGACTTGTG
DNMT3a TTCTACCGCCTCCTGCATGAT GCGAGATGTCCCTCTTGTCACTA
DNMT3b GAATTACTCACGCCCCAAGGA ACCGTGAGATGTCCCTCTTGTC
GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG



by the American Association of Laboratory Animal Care. The
studies were approved by the Institutional Animal Care and Use
Committee of MD Anderson Cancer Center. ARP-1 myeloma
cells (5×105 cells/mouse) were injected into mouse femora. After 3
weeks, treatment with melphalan (50 μg/mouse) or resistin (50
µg/mouse), singly or in combination, was begun; each mouse
received intraperitoneal treatment every 3 days for 3 weeks.
Control mice received equal amounts of phosphate-buffered
saline solution (PBS). After treatment, mouse sera were collected
and serum M-protein levels were measured using the Human
Kappa ELISA kit (Bethyl Laboratories, Montgomery, TX/US).
Bone marrow cells were flushed from mouse femora and the
human CD138+ subset was isolated by using anti-human CD138-
coated magnetic beads. Cells were then labeled with antibodies
and analyzed with an LSRFortessa flow cytometer (BD
Biosciences, San Jose, CA, USA).

In situ TUNEL assay
In situ tumor cell apoptosis was determined by a terminal

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay kit (Roche Life Sciences, Indianapolis, IN, USA). For details
see the Online Supplementary Methods.

Statistical analysis 
All data are shown as means ± standard deviation for at least

three independent experiments performed in triplicate. The
Student t-test was used to compare experimental groups. A P value
<0.05 was considered statistically significant.

Results

Resistin inhibits chemotherapy-induced apoptosis 
of myeloma cells

To assess the effects of resistin on myeloma’s response
to chemotherapy, the human ARP-1, MM.1S, and U266
myeloma cell lines were cultured in medium containing
melphalan (25 μM), with or without resistin (10–200
ng/mL), for 24 h. After culture, an annexin V binding assay
was performed to quantify cell apoptosis. As shown in
Figure 1A, melphalan treatment increased apoptosis in all
three cell lines, a result that is consistent with previous
reports.18 The addition of resistin reduced melphalan-
induced apoptosis of myeloma cells in a dose-dependent
manner (Figure 1B). Similarly, resistin significantly reduced
apoptosis induced in ARP-1, MM.1S, and RPMI8226 cells
by bortezomib (Figure 1C) or by carfilzomib (Figure 1D).
The experiment was repeated in CD138+ malignant plas-
ma cells isolated from the bone marrow aspirates of five
patients with newly diagnosed multiple myeloma.
Resistin also reduced melphalan-induced apoptosis in the
patients’ myeloma cells (Figure 1E).

Resistin activates anti-apoptotic signaling pathways
Caspase cascades are the functional regulators and exe-

cutioners of apoptosis.25 To explore the effect of resistin on
caspase cascades in myeloma cells, we cultured ARP-1 or
MM.1S cells with melphalan in the presence or absence of
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Figure 1. Resistin protects myeloma cells from chemotherapy-induced apoptosis. (A) Human myeloma cell lines ARP-1, MM.1S, and U266 were cultured in medium
containing melphalan (25 μM) plus resistin (0, 10, 25, 50, 100, or 200 ng/mL) for 24 h; cells without melphalan treatment served as a control. Apoptosis in the
cultured cells was determined by using an annexin V binding assay. The percentages of apoptotic cells in each of the three cell lines are shown. (B, C, D) ARP-1,
MM.1S, and RPMI8226 cells were cultured in medium containing melphalan (Mel; 25 μM), bortezomib (BTZ; 5 nM), or carfilzomib (CFZ; 20 nM) with or without
resistin (50 ng/mL) for 24 h. Cells cultured without the chemotherapy agents or resistin served as controls. Percentages of apoptotic cells are shown. (E) CD138+

plasma cells were isolated from bone marrow aspirates of five patients with multiple myeloma and cultured with melphalan (25 μM) without or with resistin (50
ng/mL) for 24 h. Percentages of apoptotic myeloma cells are shown. Results shown represent three to five independent experiments. *P<0.05; **P<0.01. 
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resistin. Western blot analysis showed that ARP-1 and
MM.1S cells treated with melphalan alone had significant-
ly higher levels of cleaved caspase-9, caspase-3, and poly
(ADP-ribose) polymerase (PARP) than untreated cells,
while addition of resistin significantly decreased the levels
of these proteins in the presence of melphalan (Figure 2A).
We also tested the effects of melphalan and resistin on Bcl-
2 family members known to suppress apoptosis, such as
Bcl-2 and Bcl-xL, or to promote apoptosis, such as Bax.26,27

Treatment with melphalan resulted in significant decreas-
es of Bcl-2 and Bcl-xL expression in myeloma cells, while
addition of resistin increased their expression. In contrast,
melphalan treatment enhanced Bax expression in ARP-1
and MM.1S cells, while addition of resistin reduced its
expression (Figure 2B). 

To further elucidate the means by which resistin regu-
lates myeloma cell apoptosis, we focused on the NF-κB,
PI3K/Akt, and MAPK/ERK1/2 signaling pathways, which
are essential to myeloma growth and survival. As shown
in Figure 2C, adding resistin increased the levels of phos-
phorylated IκBα, Akt, and ERK1/2 in ARP-1 and MM.1S
cells in a dose-dependent manner, but not the non-phos-
phorylated levels. We further analyzed the nuclear and
cytosolic components of the NF-κB pathways by western
blotting. Online Supplementary Figure S1 shows that addi-
tion of resistin to the myeloma cells ARP-1 and MM.1S
resulted in an increase in the levels of nuclear p65 and p50,
while the levels of p52 and relB in the nucleus and those

in the cytoplasm remained unchanged. The levels of phos-
phorylated p65 in nuclei were also increased in resistin-
treated myeloma cells (Online Supplementary Figure S1). To
define the importance of these signaling pathways in
resistin-induced protection from apoptosis, specific
inhibitors against NF-κB (Ro106), PI3K (LY294002), or
MEK1/2 (U0126), the upstream kinase of ERK1/2, were
added to cultures of ARP-1 and MM.1S cells. Treatment
with either the NF-κB inhibitor or the PI3K inhibitor could
abrogate resistin-induced protection of ARP-1 and MM.1S
cells from melphalan-induced apoptosis (Figure 2D,E),
whereas the MEK1/2 inhibitor had no effect (Figure 2F).
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Figure 2. Resistin activates anti-apoptotic signaling pathways in myeloma cells. (A, B) ARP-1 and MM.1S myeloma cells were treated with melphalan (Mel; 25 μM)
and/or resistin (50 ng/mL) for 24 h. Western blot analysis shows (A) the levels of cleaved (c) caspase (Cas)-9, Cas-3, and PARP, and (B) the expression of the mito-
chondria-related anti-apoptotic proteins Bcl-2 and Bcl-xL and the pro-apoptotic protein Bax in the cells. Cells cultured without treatment served as controls. (C) ARP-
1 and MM.1S cells were cultured in medium with or without resistin (0, 50 ng/mL, or 100 ng/mL) for 12 h. Western blot analysis shows the levels of non-phospho-
rylated and phosphorylated (p) IκBα, Akt, and ERK1/2 in the cells treated with resistin. GAPDH served as a protein loading control. (D-F) ARP-1 or MM.1S cells were
pretreated with (D) 1 μM NF-κB inhibitor Ro106, (E) 0.5 μM PI3K inhibitor LY294002, or (F) 1 μM MEK1/2 inhibitor U0126 for 1 h, followed by treatment with mel-
phalan (25 μM) and/or resistin (50 ng/mL) for 24 h. The annexin V binding assay shows the percentages of apoptotic cells for each treatment condition. Cells cul-
tured with none of the inhibitors served as controls. Results shown represent three independent experiments. *P<0.05. 

Table 2. Primer sequences for the methylation-specific polymerase
chain reaction.
Name Sequence Size (bp)

ABCG2 M F TGAGGTAGGAGAATGGTATGAATTC 103
ABCG2 M R TTTAAAATAAAATCTCGCTTTATCG
ABCG2 U F GAGGTAGGAGAATGGTATGAATTTG 101
ABCG2 U R TTAAAATAAAATCTCACTTTATCACC
ABCC5 M F GGAAGATATTACGTTAAAGGGATACG 170
ABCC5 M R AACAAATAAACACAAAAACGACGA
ABCC5 U F AAGATATTATGTTAAAGGGATATGT 168
ABCC5 U R AACAAATAAACACAAAAACAACAAA
M: methylation-specific primer; F: forward; R, reverse; U: unmethylation-specific
primer.
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These results indicate that resistin inhibits myeloma cell
apoptosis through the NF-κB and PI3K/Akt signaling path-
ways.

Resistin increases expression of ABC transporters 
in myeloma cells 

Overexpression of ABC transporters has been shown to
increase ATP-driven efflux of chemotherapy drugs from
tumor cells and thus decrease intracellular drug accumula-
tion, leading to drug resistance.7 To investigate the impact
of resistin on ABC-driven efflux of chemotherapy drugs in
myeloma cells, ARP-1 or MM.1S cells were cultured with
or without the addition of resistin. The cells were then
labeled with the eFluxx-ID gold fluorescent dye and ana-
lyzed by flow cytometry. Our results showed that the
intracellular accumulation of eFluxx-ID gold fluorescence
was reduced by 46% in ARP-1 cells and by 33% in MM.1S
cells treated with resistin as compared to that in cells not
treated with resistin (Figure 3A). We then examined the
expression of seven cell membrane–bound ABC trans-
porters in resistin-treated myeloma cells using real-time
PCR analysis. As shown in Figure 3B, the mRNA levels of
ABCB3, ABCC1, ABCC3, ABCC5, and ABCG2, but not
ABCB1 and ABCC4, were markedly higher in resistin-
treated ARP-1 and MM.1S cells than in non-treated cells.
In addition, we checked the mRNA levels of ABC trans-
porters in four more myeloma cell lines in the absence or
presence of resistin. Although the patterns of increased
levels of ABC transporter genes varied somewhat in differ-

ent cell lines in response to resistin, the up-regulation of
ABCC5, and ABCG2 persisted throughout (Online
Supplementary Figure S2). Western blot analysis also
showed that resistin increased the protein levels of two
ABC, ABCG2 and ABCC5, in ARP-1 and MM.1S cells
(Figure 3C). We further determined the importance of
these two transporters in resistin-mediated protection.
Using pool siRNA specific for human ABCC5 and ABCG2,
we knocked down the expression of these genes in the
myeloma cells ARP-1 and MM.1S (Figure 3D). We
observed an increased percentage of apoptotic cells in the
presence of resistin and the chemotherapy drugs melpha-
lan (Figure 3E), bortezomib (Online Supplementary Figure
S3A) or carfilzomib (Online Supplementary Figure S3B), indi-
cating that resistin inhibits myeloma cell apoptosis
through ABCC5, and ABCG2.

We then assessed whether resistin increases ABC
expression through regulation of CpG methylation in the
gene promoters. Focusing on the promoters of the ABCG2
and ABCC5 genes, we used methylation-specific PCR
analysis to determine the effect of resistin in cultures of
ARP-1 and MM.1S cells. Resistin significantly decreased
the levels of methylated ABCG2 and ABCC5 gene pro-
moters while concomitantly increasing the levels of un-
methylated ABCG2 and ABCC5 promoters (Figure 4A,B).
Previous studies had shown that DNA methylation is cat-
alyzed by DNA methyltransferases (DNMTs), including
DNMT1, DNMT3a, and DNMT3b.28,29 Real-time PCR
analysis showed that addition of resistin greatly reduced

Resistin-induced multidrug resistance in myeloma
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Figure 3. Resistin increases the expression of ABC transporters in myeloma cells. ARP-1 and MM.1S myeloma cells were cultured with resistin (50 ng/mL) for 12 h.
Some of the cultured cells were labeled with eFluxx-ID gold fluorescent dye and further analyzed by flow cytometry. Others were subjected to RNA or protein extraction
for real-time PCR or western blot analysis. (A) Intracellular eFluxx-ID gold fluorescence intensity was quantified. PBS, phosphate-buffered saline solution (controls).
(B) Real-time PCR shows relative mRNA expression of ABC transporter genes. (C) Western blot analysis shows expression of ABCG2 and ABCC5 proteins. Cells cul-
tured without resistin served as controls. GAPDH served as a protein loading control. (D) Real-time PCR analysis shows relative expression levels of ABCC5 and
ABCG2 mRNA in ARP-1 or MM.1S cells bearing non-targeted siRNA (siCtrl) or the pooled siRNA of ABCC5 (siC5) and ABCG2 (siG2). (E) The percentages of apoptotic
cells in siCtrl- or both siC5- and siG2-expressing ARP-1 or MM.1S cells treated with or without resistin or melphalan (Mel) are shown. Results are representative of
three independent experiments. *P<0.05; **P<0.01.
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the mRNA levels of DNMT1 and DNMT3a but did not
alter the levels of DNMT3b in ARP-1 and MM.1S cells
(Figure 4C). Consistent with the real-time PCR results,
western blot analysis showed decreased levels of DNMT1
and DNMT3a proteins in ARP-1 and MM.1S cells cultured
with resistin compared to cells cultured without resistin
(Figure 4D). These results clearly suggest that resistin
downregulates DNMT1 and DNMT3a expression,
reduces methylation in the promoters of ABC genes such
as ABCG2 and ABCC5, and enhances their expression,
leading to resistance to drug treatments for myeloma.

In vivo validation of the protective effects of resistin 
in myeloma

To validate the protective effects of resistin in myeloma
chemotherapy in vivo, we injected ARP-1 cells into the
femora of SCID mice. When myeloma was established,
the mice were treated with melphalan or resistin, alone or
in combination. Myeloma-bearing mice that received nei-
ther treatment served as controls. Our results showed that
melphalan treatment reduced the serum levels of M-pro-
teins (Figure 5A), which are secreted from myeloma cells
and the levels of which reflect tumor burden. The mice
that received both resistin and melphalan had much high-
er levels of serum M-proteins than had the mice that
received melphalan alone (Figure 5A). Flow cytometry
analysis of bone marrow cells from these mice showed
that the percentages of CD138+ cells in the mice treated
with both melphalan and resistin were higher than those
in the mice treated with melphalan alone (Figure 5B).

Annexin V binding assay of these CD138+ cells demon-
strated that the percentage of apoptotic CD138+ cells from
the bone marrow of mice receiving both melphalan and
resistin was lower than that from the bone marrow of
mice receiving melphalan alone (Figure 5C). Similar results
were obtained from the staining (Figure 5D) and quantifi-
cation (Figure 5E) of TUNEL in mouse femora. These
results indicate that resistin protects myeloma cells against
chemotherapy in vivo.

Discussion

Multidrug resistance is a major cause of chemotherapy
failure in myeloma. We found that the adipokine resistin
protected both established myeloma cell lines and primary
myeloma cells from chemotherapy-induced apoptosis.
This effect was verified in the mouse model of myeloma,
in which resistin abrogated apoptosis and enhanced tumor
growth. The mechanism underlying this inhibition
involved activation of anti-apoptotic signaling pathways,
including NF-κB and PI3K/Akt. Resistin also upregulated
the expression of ABC transporters through demethyla-
tion of their gene promoters, indicating that resistin is
responsible for multidrug resistance in myeloma. 

DNA methylation of CpG dinucleotides is the most
common epigenetic modification in mammalian cells.30

Demethylation in ABC transporter promoters has been
shown to induce re-expression and overexpression of
ABC transporters, leading to chemotherapy resistance.8, 30
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Figure 4. Resistin reduces the methylation of ABCG2 and ABCC5 gene promoters. ARP-1 and MM.1S myeloma cells were cultured with resistin (50 ng/mL) for 12
h. (A, B) Genomic DNA was extracted from cultured cells for methylation-specific PCR analysis. (A) Representative images of the methylated (M) and un-methylated
(U) CpG sites and (B) quantitative data of M/U ratios in the promoters of ABCG2 or ABCC5 genes. PBS, phosphate-buffered saline solution (controls). (C, D) Total RNA
and total proteins were extracted from cultured cells for real-time reverse transcriptase-PCR or western blot analysis. (C) Relative DNMT1, DNMT3a, and DNMT3b
mRNA expression and (D) DNMT1 and DNMT3a protein expression. Cells cultured without resistin served as controls. GAPDH served as a protein loading control in
western blot analysis. Results shown are representative of three independent experiments. *P<0.05; **P<0.01.
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DNMTs are responsible for maintenance and de novo
methylation of genes.31 We found that resistin decreased
methylation in the promoters of the ABCG2 and ABCC5
genes, resulting in high protein expression, and greatly
decreased the expression of DNMT1 and DNMT3a, but
not DNMT3b in myeloma cells, indicating that demethy-
lation of ABC transporters is one of the mechanisms in
resistin-induced myeloma drug resistance. Further studies
will be needed to identify additional mechanisms underly-
ing resistin-induced ABC gene overexpression in myeloma
cells. 

Previous studies showed that resistin can activate
PI3K/Akt and MAPK signaling pathways and promote
cell proliferation and survival in myocardial infarction
and in some tumors, such as prostate cancer.23,32 Resistin
indirectly upregulates the expression of pro-inflammato-
ry genes via the NF-κB signaling pathways.21 Our results
showed that resistin activated the PI3K/Akt, ERK1/2, and
NF-κB signaling pathways and that inhibitors of PI3K or
NF-κB, but not of ERK1/2, abrogated resistin-mediated
inhibition of apoptosis in myeloma cells. Akt activation
has been reported to suppress the pro-apoptotic function
of Bax33 and NF-κB activation has been reported to pro-
mote expression of anti-apoptotic Bcl-2 family members
(Bcl-2 and Bcl-xL).26,34 Our observations that resistin
decreased the cleavage of caspase-9, caspase-3, and PARP
and the expression of apoptotic proteins such as Bax,
while it increased the expression of anti-apoptotic pro-
teins such as Bcl-2 and Bcl-xL, in myeloma cells are con-

sistent with these previous reports. Together, our find-
ings indicate the importance of the PI3K/Akt and NF-κB
signaling pathways in resistin-induced protection of
myeloma cells against chemotherapy-induced apoptosis.
Further investigations are necessary to identify the recep-
tor of resistin and to determine whether resistin activates
other signaling pathways and whether the activated sig-
naling mediates resistin-induced inhibition of myeloma
cell apoptosis.

The expression of resistin was initially defined in
adipocytes. Our studies have demonstrated that marrow
adipocytes can protect myeloma cells against chemother-
apy drug-induced apoptosis through adipocyte-secreted
adipokines,18 and resistin can inhibit myeloma cell apopto-
sis and promote ABC expression. However, other stromal
cells can also produce resistin, such as macrophages which
are heavily infiltrated into bone marrow of myeloma
patients.35 Further studies are, therefore, needed to deter-
mine the effects of resistin, secreted from different cell
types of bone marrow stromal cells, on myeloma growth
and survival. In addition, we observed that resistin inhibits
apoptosis in human myeloma cell lines which reflect the
advanced stages of myeloma. Using primary CD138+

malignant cells isolated from bone marrow aspirates of
two patients with plasma cell leukemia disease, we
obtained a similar result (data not shown). We still need to
investigate the effects of resistin on more samples from
patients with relapsed and refractory disease who have
already developed drug resistance. 
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Figure 5. Resistin protects myeloma from chemotherapy in vivo. SCID mice were injected with ARP-1 myeloma cells (5×105 cells per mouse) directly into the femur
(n=5 mice per group). Three weeks after ARP-1 cell injection, mice began intraperitoneal treatment with melphalan (Mel; 50 μg/mouse), resistin (20 μg/mouse), or
both every 3 days for 3 weeks. After treatment, the mouse sera were subjected to enzyme-linked immusorbent assay to measure M-protein levels. After the mice had
been euthanized, the cells flushed from each mouse’s femoral bone marrow cavity were labeled with an antibody against human CD138, and the CD138+ cells were
sorted by flow cytometry. CD138+ cells were subjected to an annexin V binding assay to determine cell apoptosis. The mouse femora were analyzed with an in situ
TUNEL assay. Mice that received neither melphalan nor resistin served as controls. (A) Relative levels of M-proteins. (B) Percentages of CD138+ cells. (C) Percentages
of apoptotic CD138+ cells. (D) Representative images of TUNEL+ cells in bone marrow. (E) Quantitative analysis of TUNEL staining. Bar: 20 μm. Original magnification
× 200. The results shown represent averages ± SD (n = 5 mice/group, 3 replicate studies). *P<0.05. 
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In summary, our studies focusing on the adipokine
resistin give new insight into the pathogenesis of multiple
myeloma and suggest a potential approach to prevent
chemotherapy resistance in this disease.
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