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Sorcin, a 22 kDa Ca?* binding protein, was first identified in a vincristine-resistant Chinese hamster lung
cell line, and was later demonstrated to be involved in the development of multidrug-resistance (MDR)
phenotypes in a variety of human cancer cell lines. However, the exact role of sorcin in MDR cells is yet to
be fully elucidated. Here we explored the role of sorcin in the development of MDR in leukemia cells, and
revealed that the expression level of sorcin was directly correlated to the expression of MDR1/
Multidrug-resistance P-glycoprotein (P-gp). In addition, it was shown that sorcin induced the expression of MDR1/P-gp
MDR1/P-glycoprotein through a cAMP response element (CRE) between —716 and —709 bp of the mdr1/p-gp gene. Furthermore,
CREB overexpression of sorcin increased the phosphorylation of CREB1 and the binding of CREB1 to the CRE
sequence of mdr1/p-gp promoter, and induced the expression of MDR1/P-gp. These findings suggested
that sorcin induces MDR1/P-gp expression markedly through activation of the CREB pathway and is asso-
ciated with the MDR phenotype. The new findings may be helpful for understanding the mechanisms of
MDR in human cancer cells, prompting its further investigation as a molecular target to overcome MDR.
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1. Introduction

Multidrug-resistance (MDR) phenotypes are a major obstacle
to the successful treatment of cancer [1]. Although the mecha-
nism of MDR in cancer cells is polygenetic and yet to be com-
pletely understood, it is often associated with increased
expression of ATP-binding cassette transporters including ABCB1,
also known as MDR1/P-glycoprotein (P-gp), which extrude the
internalized drugs from the cells [2-4]. Therefore, various
approaches have been reported to overcome MDR, including
pharmacological inhibition of MDR1/P-gp and modulation of
endogenous regulators of the mdri/p-gp gene [5]. To date, several
transcriptional factors have been proposed to be involved in
mdr1/p-gp gene expression, including NF-IL6 and NF-xB [6,7].
However, the regulation of mdri/p-gp gene expression is not fully
understood. In addition, inhibition of these ATP-binding cassette
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transporters does not always result in the reversal of chemoresis-
tance in patients [8], and the absence of MDR1/P-gp overexpres-
sion in some cancer cases also indicates that there might be
other mechanisms responsible for MDR in cancer cells [9,10].

Sorcin is a 22 kDa Ca®* binding protein belonging to the penta-
EF-hand protein family, and functions a Ca?" sensor which regu-
lates the activity of ryanodine receptor RyRs, Na*/Ca®* exchanger
NCX, and voltage-dependent L-type Ca?* channel [11-13]. Previous
evidence suggests the involvement of sorcin in the drug resistance
of human cancer. Indeed, sorcin was first identified in a vincristine-
resistant Chinese hamster lung cell line [14], and was later demon-
strated to be overexpressed in several MDR cell lines [15-17]. A
direct correlation between the expression of sorcin and the MDR
phenotype has also been reported in human leukemia and gastric
carcinoma cells [18-21]. However, the exact mechanisms of MDR
mediated by sorcin in cancer cells remain elusive.

Here, we showed that sorcin induces MDR1/P-gp expression
markedly through the cAMP response element in mdr1/p-gp pro-
moter. The new findings may be helpful for understanding the
mechanisms of MDR and prompting its further investigation as a
molecular target to overcome MDR.
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2. Materials and methods
2.1. Cell culture and transfection

African green monkey kidney COS-7 cells, human leukemia
K562 cells and their MDR-phenotype cell lines, K562/ADR cells
and K562/VIN cells, respectively, were provided by RIKEN BRC
through the National Bio-resource Project of MEXT, Japan.

To obtain sorcin-overexpressing cells, K562 cells (1 x 10° cells)
were transfected with 15 pg pcDNA-SRI and 60 pl DMRIE-C
reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions. At 48 h after transfection, the cells
were seeded in 96-well plates (50-500 cells/well) and maintained
in complete medium containing 400 pg/ml geneticin (Nacalai
Tesque, Kyoto, Japan) for 3 weeks to select geneticin-resistant cells.
The surviving cell clones were isolated and grown in complete
medium containing 200 pg/ml geneticin.

For knockdown of sorcin expression, 10 pmol sorcin siRNA
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or RISC-free con-
trol siRNA (Dharmacon, Chicago, IL, USA) was transfected into
K562/ADR cells or K562/VIN cells using Lipofectamine 2000 (Invit-
rogen) in accordance with the manufacturer’s instructions.

2.2. Plasmid construction

To construct the expression plasmid for sorcin (pcDNA-SRI),
sorcin cDNA was amplified from the total RNA of K562/ADR cells
by reverse transcriptase-polymerase chain reaction. Then, the
PCR products were subcloned in the mammalian expression vector
pcDNA3.1(+) (Invitrogen).

Plasmids pGL4-MDR(-906), pGL4.29[luc2P/CRE], and pGL4.11
[luc2P] were purchased from Promega (Madison, WI, USA). A series
of 5’ deletions of the human mdri/p-gp promoter sequence was
generated by self-ligation of the DNA sequence made by PCR using
pGL4-MDR(-906) as the template DNA. The substitution construct
of pGL4-MDR(-906mtCRE) was made using a QuickChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA) according
to the manufacturer’s instructions.

2.3. Proteomic analysis

Proteomic analysis was performed as described previously [22].
Briefly, each protein extract (700 pg protein) was loaded onto dry
immobilized pH gradient strips (17 cm, pH3-10 nonlinear;
Bio-Rad Laboratories, Hercules, CA, USA) under conditions of pas-
sive rehydration. To check for reproducibility, the experiment
was repeated at least five times using independently purified sam-
ples. Differentially expressed spots were excised and digested with
trypsin, and the resultant peptides were extracted and analyzed
using a Voyager-DE MALDI-TOF mass spectrometer (Applied
Biosystems, Foster City, CA, USA). Proteins were identified with
peptide mass fingerprinting using an MS-Fit search engine.

2.4. Western blotting

Aliquots (20 pg protein) of cell extracts were subjected to
SDS-polyacrylamide gel electrophoresis, then transferred onto
nitrocellulose membranes by electrotransfer. Immunodetection
was performed with a chemiluminescent detection method
(Clarity Western ECL Substrate; Bio-Rad Laboratories).

2.5. Measurement of cell death rate

Cells (5 x 10° cells/35 mm dish) were treated with adriamycin
for 24h or with vincristine for 48 h in RPMI1640 medium

supplemented with 10% fetal bovine serum. Then, the cells were
harvested, centrifuged at 400xg for 5 min, and re-suspended with
phosphate-buffered saline (PBS) containing 0.2% trypan blue. After
1 min, the cells were transferred to a hemocytometer, and viable
(phase bright) and nonviable (blue) cells were counted,
respectively.

2.6. Drug accumulation assay

At 48 h after transfection with sorcin siRNA to K562/ADR cells
or K562/VIN cells, the cells were collected and exposed to 1 pM
Rhodamine123 (Rho123) in the medium at 37 °C for 2 h. After
washing twice with ice-cold PBS, the cells were resuspended with
ice-cold PBS, and the cellular accumulation of Rho123 was deter-
mined using a flow cytometer or a fluorescence microscope.

2.7. Reporter gene activity assay

CO0S-7 cells in 24-well plates (7 x 10* cells/well) were transfec-
ted with 1.5 pg reporter plasmid and 0.75 pg pcDNA-SRI or
pcDNA3.1(+) vector by lipofection using DMRIE-C reagent accord-
ing to the manufacturer’s instructions (Invitrogen). At 48 h after
transfection, the cells were lysed with the cell culture lysis reagent
(Promega) and aliquots of the cell extracts underwent measure-
ment of luciferase activity as described previously [23].

2.8. Binding CREBI1 to the promoter region of mdrl/p-gp gene

CO0S-7 cells in 6-well plates (7 x 10° cells/well) were transfec-
ted with 2 pg pFN21-CREB1 (obtained from Promega) and 2 pg
pcDNA-SRI by lipofection. CREB1-binding assay to the promoter
region of mdr1/p-gp gene was performed by using HaloCHIP system
(Promega) in accordance with the manufacturer’s instructions.
Recovered DNA were analyzed by PCR (35 cycles, 94°C 155,
60°C 155, 72°C 30s) using a set of specific primers for the
mdr1/p-gp gene between —841 and —577 (forward 5’-GTTGGCAGT
AAATATGGAAG-3’, reverse 5-CTGAGTTACATCTGTTCATC-3’) and
intron 3 of the mdri1/p-gp gene (forward 5’-TTCAGTCCACTGAAAG
GGAC-3’, reverse 5’-CAGTGTGCTTTCGACTACTC-3").

3. Results

3.1. Expression of sorcin is directly related to the MDR phenotype in
K562 cells

In the present study, we used two different levels of MDR leu-
kemia cell lines derived from drug-sensitive K562 cells, K562/
ADR cells and K562/VIN cells. In agreement with previous studies
[24-26], K562/ADR cells and K562/VIN cells exhibited about
10- and >100-fold resistance to adriamycin and vincristine, respec-
tively, compared to their parental K562 cells (Fig. S1). To identify
proteins that exhibited the expression related to the MDR pheno-
type, total proteins extracted from parental K562 cells, K562/ADR
cells and K562/VIN cells were separated by 2-DE (Fig. S2). About
500 spots in each image were matched and quantified using
PDQuest analyzing software, and at least six protein spots had an
expression that related to the MDR phenotype in K562 cells. The
proteins were analyzed by peptide mass fingerprinting after in-
gel digestion with trypsin, and were identified as vimentin, sorcin,
glutathione-S-transferase P1, peroxiredoxin 2, Hsp27, and DJ-1
(Table S1). Among these proteins, we focused on sorcin because
the role of sorcin in MDR cells remains elusive, although this pro-
tein has been suggested to be involved in the development of the
MDR phenotype in a variety of human cancer cell lines [18-20].
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To examine the functional role of sorcin upregulation in cells
with the MDR phenotype, sorcin expression in K562/ADR cells
was down-regulated using sorcin-specific siRNA. As shown in
Fig. 1A, the transfection of sorcin siRNA, but not by control siRNA,
significantly reduced endogenous sorcin expression by approxi-
mately 75% in K562/ADR cells, and the cells down-regulating sor-
cin expression were more sensitive to adriamycin and vincristine.
Similar results were also obtained by another non-overlapping
sorcin siRNA (Fig. S3).

To further dissect the contribution of sorcin to the MDR pheno-
type, we next established stable K562 cell clones that overexpres-
sed sorcin. Here, we used two sorcin-overexpressing K562 cell
lines, cl.14 and cl.23. Sorcin-overexpressing cells showed more
resistance to adriamycin and vincristine than control cells transfec-
ted with empty pcDNA3.1(+) vector (Fig. 1B). Furthermore, similar

results were also obtained in COS-7 cells that transiently overex-
pressed sorcin (data not shown). These data confirmed that sorcin
is an important protein associated with the development of MDR in
leukemia cells, as described previously [18,19].

3.2. Sorcin modulates the expression of MDR1/P-gp at the
transcriptional level

MDR1/P-gp is a multidrug efflux pump which reduces intracel-
lular drug accumulation, and its overexpression represents one of
the major mechanisms that contribute to the MDR phenotype. As
it was shown that overexpression of sorcin is closely associated
with amplification of the mdri1/p-gp gene [27], we next examined
the association of MDR1/P-gp with the sorcin-mediated MDR phe-
notype. Transfection of sorcin siRNA, but not by control siRNA,
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Fig. 1. Sorcin is directly related to the MDR phenotype in K562 cells. (A) Effect of downregulation of sorcin expression on the sensitivity to adriamycin and vincristine.
Expression of sorcin in K562/ADR cells after treatment with sorcin siRNA or RISC-free control siRNA was determined by Western blotting. At 48 h after transfection, the cells
were incubated for another 24 h with various doses of adriamycin or for another 48 h with various doses of vincristine, and then cell viability was determined by the trypan
blue excretion assay. (B) Effect of overexpression of sorcin expression on the sensitivity to adriamycin and vincristine. Sorcin-overexpressing cell clones (cl.14 and cl.23) were
incubated for 24 h with various doses of adriamycin or for 48 h with various doses of vincristine, and then cell viability was determined by the trypan blue excretion assay.
Each value is the mean + S.D. of four independent experiments. Asterisk indicates significance at p < 0.01.
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significantly reduced endogenous MDR1/P-gp expression in K562/
VIN cells (Fig. 2A). The intercellular accumulation of Rho123 was
also increased by the knock-down of sorcin (Fig. 2B and C). Fur-
thermore, the effect of sorcin on mdr1/p-gp promoter activity was
analyzed using cells containing a construct of the human mdri/
p-gp promoter fused to a luciferase reporter gene, and we found
that overexpression of sorcin markedly enhanced mdri/p-gp pro-
moter activity (Fig. 3A). These results suggest that sorcin enhanced
MDR1/P-gp expression at the transcriptional level.

3.3. Sorcin modulates the expression of MDR1/P-gp through the cAMP
response element between —716 and —709 bp of mdr1/p-gp gene

To elucidate the mechanism by which sorcin induces the
expression of MDR1/P-gp, a series of mdri/p-gp 5’-promoter dele-
tion-luciferase constructs was generated and transiently co-trans-
fected into COS-7 cells with the sorcin expression plasmid. As
shown in Fig. 4A, although sorcin enhanced the mdri/p-gp pro-
moter deleted up to —728 bp, further deletion of the hsp70 pro-
moter up to —568 bp abolished the responsiveness to sorcin. In
addition, we found a putative cAMP response element (CRE)
between —716 and —709 bp of the mdri/p-gp gene through tran-
scription factor database searches. When the pGLMDR(-906mCRE)
construct, in which four mutated nucleotides within the CRE
sequence were transiently transfected into COS-7 cells with the
sorcin expression plasmid, activation of the mdril/p-gp promoter
by sorcin was not observed (Fig. 3A). In addition, overexpression
of sorcin enhanced the luciferase activity of pGL4.29[luc2P/CRE],
which contains a CRE that drives the transcription of the luciferase
reporter gene (Fig. 3B).

To further examine whether CREB1 bound to the mdr1/p-gp pro-
moter in vivo, the CREB1-binding assay was performed using the
HaloCHIP system (Fig. 3C). Binding of CREB1 to the region between
—841 and —577 bp of the mdri/p-gp promoter was observed in the
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cells that overexpressed sorcin. On the other hand, CREB1 did not
bind to intron 3 of the mdr1/p-gp gene regardless of sorcin overex-
pression, suggesting that sorcin seemed to enhance CREB1 binding
to CRE between —716 and —709 bp of the mdri/p-gp gene, result-
ing in the induction of MDR1/P-gp expression.

3.4. Overexpression of sorcin stimulates the phosphorylation of CREB1
at Ser133

To elucidate whether activation of CREB1 was associated with
the MDR phenotype, we next examined the phosphorylation of
CREB1 at Ser133 in MDR cells compared to their parental K562
cells (Fig. 4A). Phosphorylated CREB1 was expressed at a higher
level in MDR cells than in their parental K562 cells. In addition,
we examined whether sorcin stimulated the phosphorylation of
CREB1 at Ser133, and found that the phosphorylation of CREB1
was markedly increased by the overexpression of sorcin in COS-7
cells (Fig. 4B). Thus, sorcin seemed to enhance the expression of
MDR1/P-gp through activation of the CREB pathway and was asso-
ciated with the MDR phenotype.

4. Discussion

Sorcin, a 22 kDa Ca?* binding protein that is widely distributed
in mammalian tissue [11], is associated with the MDR phenotype
in a variety of human cancer cell lines [15-21]. However, the exact
mechanisms of MDR mediated by sorcin in cancer cells have been
poorly studied. Here, we showed that overexpression of sorcin
markedly induced MDR1/P-gp expression, while knockdown of
sorcin induced the up-regulation of MDR-1/P-gp expression. These
results are in good agreement with those reported by He et al. [21],
in which overexpression of sorcin in gastric cancer cells resulted in
increased drug resistance with up-regulation of MDR-1/P-gp
expression, while inhibition of sorcin expression led to reversal
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Fig. 2. Sorcin modulates the expression of MDR1/P-gp. (A) K562/VIN cells were transfected with sorcin siRNA or RISC-free control siRNA. At 48 h after transfection, the cells
were harvested and analyzed for the expression of sorcin and MDR1/P-gp with a-tubulin as a loading control by Western blotting using their respective antibodies. (B, C)
K562/ADR and K562/VIN cells were transfected with sorcin siRNA or RISC-free control siRNA. At 48 h after transfection, the cells were collected and exposed to 1 M Rho123
in RPMI1640 medium at 37 °C for 2 h. The cellular accumulation of Rho123 was determined using a flow cytometer (B) or directly observed by a fluorescence microscope (C).
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Fig. 3. Sorcin modulates the expression of MDR1/P-gp through the cAMP response element between —716 and —709 bp of mdr1/p-gp gene. (A, B) The expression plasmid for
sorcin was co-transfected to COS-7 cells with the mdri/p-gp promoter reporter constructs as described above. At 48 h after transfection, the cells were harvested, and
luciferase activities were measured. Relative activity is expressed as a ratio to that of cells co-transfected with pcDNA3.1(+) vector. Values are the means + SD of four
independent experiments, and asterisks represent significant differences at p < 0.01. (C) COS-7 cells were co-transfected with pFN21-CREB1 and pcDNA-SRI. At 48 h after
transfection, the cells were harvested, and the expression of sorcin and Halo-tagged CREB1 was confirmed (left). CREB1-binding assay to the promoter region of the mdri/p-gp
gene was performed using the HaloCHIP system (right). The input represents 5% of the material used in the binding assay.

of drug resistance. Furthermore, we found that sorcin enhanced the
phosphorylation of CREB1 at Ser133 and the promoter activity of
the mdri/p-gp gene through CREB1.

Overexpression of MDR1/P-gp, a multidrug efflux pump which
reduces intracellular drug accumulation, represents one of the
major mechanisms that contribute to acquisition of the MDR phe-
notype. To date, a number of transcriptional factors have been pro-
posed to be involved in mdri1/p-gp gene expression, including NF-
IL6 and NF-xB [6,7]. The induction of MDR expression was also
modulated by various protein kinases, including protein kinase A
(PKA) [28,29] and protein kinase C [30]. In the present study, we

showed that a putative CRE sequence between -716 and
—709 bp of the mdri/p-gp gene is necessary for sorcin-induced
expression of the mdril/p-gp gene. In addition, overexpression of
sorcin stimulated the CRE-driven expression of the luciferase
reporter gene. These results suggest that sorcin induces MDR1/P-
gp expression markedly through activation of the CREB pathway.
The CREB and closely related factors are activated by PKA [31].
We also found that the phosphorylation of CREB1 and MDR1/P-
gp expression were markedly increased by the overexpression of
sorcin. Therefore, sorcin seems to induce MDR1/P-gp expression
through the activation of CREB1 by PKA.
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Amplification of the gene that encodes sorcin is thought to be
closely associated with amplification of the mdr/p-gp gene [27].
However, to date, it has been suggested that overexpression of sor-
cin is not always observed in conjunction with mdr/p-gp gene
amplification and/or overexpression. Beyer-Sehlmeyer et al. [15]
demonstrated increased expression of sorcin in MDR tumor cell
lines of hematopoietic origin without a concomitant increase in
the expression of MDR/P-gp. Studies using vincristine-resistant
HOB1 lymphoma cell lines revealed that the sorcin gene was
amplified upon exposure of parental HOB1 cells to a high concen-
tration of vincristine, but this phenomenon was not related to mdr/
p-gp gene amplification in drug-resistant cells [32,33]. More
recently, Hu et al. [34] demonstrated that sorcin overexpression
exhibited a close relationship with chemoresistance, but down-
regulation of sorcin could not alter MDR/P-gp expression and func-
tion in MDR cell lines, K562/A02 and MCF-7/A02 cells. These
results were not consistent with the present data. Although the
reasons for these differences remain to be clarified, the mechanism
of sorcin and its correlation with MDR-1/P-gp might be different in
different cancer cells.

Previously, it was suggested that modulation of Ca?>* homeosta-
sis is a crucial step in the regulation of the cell response to stress
conditions and in favoring drug resistance in tumors [35,36]. In
addition, the intracellular Ca?* level may play a role in the develop-
ment of chemoresistance, as suggested by clinical trials with
verapamil, a Ca%* channel blocker which selectively enhances drug
cytotoxicity in MDR cell lines [37]. As it is well known that sorcin is
a calcium-binding protein and can bind and thereby sequester up
to 10% of cytosolic Ca?*, sorcin may play an important role in the
emergence of MDR by regulating intracellular Ca%*. Indeed, Madda-
lena et al. [38] recently reported that sorcin induces a drug-resis-
tant phenotype in human colorectal cancer by modulating Ca®*
homeostasis. In addition, other reports have suggested a correla-
tion between sorcin and apoptosis-related proteins [18,34].
Furthermore, Hu et al. [39] recently demonstrated that down-
regulation of sorcin inhibits epithelial-to-mesenchymal transition
(EMT), which is thought to be responsible for resistance to chemo-
therapy and cancer cell metastasis. Thus, sorcin might contribute
to several mechanisms responsible for MDR in human cancer, such

as regulating drug efflux, modulating apoptosis and controlling
EMT.

In conclusion, we found here that sorcin induces MDR1/P-gp
expression markedly through the CREB pathway and is associated
with the MDR phenotype in leukemia cells. These data are valuable
for further study of the mechanism of MDR in human cancer, and
also provide some new clues for developing more effective MDR
reversal treatments.
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