ONCOLOGY LETTERS 19: 83-92, 2020

Curcumin increases the sensitivity of K562/DOX cells
to doxorubicin by targeting S100 calcium-binding
protein A8 and P-glycoprotein
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Abstract. The development of multidrug resistance (MDR)
has seriously impeded the efficacy of drug treatment of chronic
myeloid leukemia (CML). Recent studies have indicated that
S100 calcium-binding protein A8 (S100AS) is associated
with the occurrence and development of MDR. Traditional
Chinese medicine may provide drugs with the potential to be
used as multidrug resistance reversal agents with low toxicity
and multi-target characteristics. The present study selected
K562/DOX cells, a CML drug-resistant cell line, as a research
model, and aimed to examine whether curcumin was able to
reverse the resistance to doxorubicin (DOX), and elucidate
the underlying molecular mechanisms. An MTT cytotoxicity
assay indicated that curcumin at 0.5-2 uM reversed DOX resis-
tance with a reversal index of 1.3-9.3. Western blot analysis
revealed that curcumin treatment caused a downregulation
of the expression of P-glycoprotein (P-gp) and S1I00A8 in a
dose- and time-dependent manner. To study the internal asso-
ciation between SI00AS8 and P-gp, and the S1I00AS role in drug
resistance reversal, an RNA knockdown assay was conducted;
however, SI00A8 did not regulate the expression of P-gp or
vice versa. After inhibiting the expression of SIO0A8 with
specific small interfering RNA (si-SI00AS), the sensitivity of
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K562/DOX cells to DOX was enhanced. In addition, si-S1I00A8
did not increase the intracellular accumulation of DOX, but
increased the intracellular free calcium ion content, and the
expression and activity of apoptosis-associated proteins,
thereby inducing apoptosis. In conclusion, the present study
suggested that inhibition of SI00A8 expression increased
DOX-induced apoptosis, and curcumin acted independently
on S100A8 and P-gp to exert its drug resistance reversal effects

Introduction

Leukemia is a type of hematological disease characterized by
the malignant proliferation of leukocytes. It is mainly divided
into chronic lymphocytic leukemia, chronic myeloid leukemia
(CML), acute lymphoblastic leukemia and acute myeloid
leukemia (1). The treatment of leukemia has always been
based on chemotherapy; however, multidrug resistance (MDR)
that occurs during chemotherapy has seriously impeded the
efficacy of leukemia treatment (2,3). Based on extensive
research, the mechanisms of the MDR of leukemia are mainly
divided into the following categories: i) Overexpression of
transporters; ii) evasion of apoptosis-associated signaling
pathways; and iii) changes in the intracellular microenviron-
ment, all of which lead to an increase in the tolerance of cells
to chemotherapeutic drugs (2,4). The MDR phenomenon
of leukemia cells is widespread, and its mechanisms are
diverse (5). Therefore, seeking reversal strategies or reversal
agents to overcome MDR has become a research hotspot (6).
Chemical reversal agents usually have serious toxicity and
side effects; for instance, verapamil (VRP) and cyclosporin A,
which target p-glycoprotein (P-gp), although producing good
reversal effects in vitro, cannot be applied in a clinical setting
due to their serious toxic side effects. Furthermore, they only
have a single mechanism of action and poor selectivity (7).
Traditional Chinese medicine has a long history and
abundant resources, and it provides a large number of drugs
targeting multiple factors and pathways (8). An increasing
amount of research has been conducted regarding potential
MDR reversal agents for leukemia (9). Curcumin (Fig. 1A)
is a polyphenolic compound extracted from the rhizome of
Zingiberaceae and Araceae, and has numerous biological
effects with pharmaceutical applications, including analgesic,
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antioxidant, anti-inflammatory, antiseptic, antirheumatic
and antiatherosclerotic actions. Due to its multiple actions
and multi-targeting characteristics, curcumin has attracted
widespread attention (10). Previous studies have indicated
curcumin's antitumor activity (11,12). An early study indicated
that curcumin modulates the function and expression of P-gp
in vitro, potentially sensitizing P-gp-overexpressing cell lines
to chemotherapeutics (13). A large number of subsequent
studies have also supported this hypothesis (14,15); however,
the majority of studies on curcumin have primarily focused on
its effects on the function and expression of P-gp (16). Due to
its multiple targets, curcumin may possess further molecular
mechanisms that are worth examining within the context of
MDR.

The S100 proteins are a family of low molecular weight
(9-13 kDa) calcium-binding proteins featuring an EF-hand
structure with 21 members, and are widely distributed in
various types of tissue, such as brain, heart, kidneys and
skin, and is highly expressed in the brain and heart (17,18).
Upon binding to calcium ions, the conformation of the protein
changes, exposing its binding site to the target protein, and
thereby exerting its biological effects via the corresponding
target protein (19). Therefore, S100 protein is considered to
be a calcium sensor protein, which has an important role in
cell proliferation, differentiation, muscle contraction, gene
expression, secretion and apoptosis through the calcium
signal transduction pathway. S100 calcium-binding protein A8
(S100A8), also known as myeloid-related protein 8 or calgran-
ulin A, is a member of the S100 multigene subfamilies. Studies
have indicated that SIO0AS is associated with the progression
of multiple tumor types and mediates apoptosis through the
B-cell lymphoma 2 (Bcl-2) family of proteins (20,21). Recent
studies have also shown that SI00AS is associated with drug
resistance (22,23). The present study examined two possible
targets, P-gp and S100AS, to elucidate the mechanisms via
which curcumin reverses the drug resistance of doxorubicin
(DOX)-resistant K562 (K562/DOX) cells. The study aimed
to provide a sufficient basis for the clinical application
of curcumin to improve the efficacy of chemotherapy for
drug-resistant leukemia.

Materials and methods

Cell culture. The human CML cell lines K562 and K562/DOX
were obtained from Nanjing KeyGen Biotech Co., Ltd.
Cells were cultured in RPMI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 100 U/ml peni-
cillin/streptomycin and 10% fetal calf serum (Gibco; Thermo
Fisher Scientific, Inc.) at 37°C with 5% CO,. and passaged
every 2-3 days to maintain logarithmic growth. In order to
maintain DOX resistance, K562/DOX cells were cultured in
medium with 2 mg/ml DOX (Sigma-Aldrich; Merck KGaA).
K562/DOX cells were grown in DOX-free culture medium for
>2 weeks prior to the assays.

MTT assay. K562 or K562/DOX cells were seeded in 96-well
plates at a density of 5,000 cells/well. After 24 h, cells were
incubated with various drugs. The concentration of DOX was
0,0.8, 1.6, 3.13, 6.25, 12.5, 25, 50 uM and the concentration
of curcumin used was 0, 0.5, 1, 2, 4, 8, 16, 32 uM. The MTT

assay was then performed according to the manufacturer's
protocol (BioVision, Inc.). The absorbance was measured at
a wavelength of 570 nm using a microplate reader (Bio-Rad
Laboratories, Inc.). The IC,, value was calculated with SPSS
23.0 (IBM Corp.). Resistance Index was calculated by dividing
the IC;, values of K562/DOX cells in the presence or absence
of curcumin by the IC;, values of K562 cells without curcumin.
Reversal Index was calculated by dividing the values of
Resistance Index without curcumin by the Resistance Index in
the presence or absence of curcumin.

Western blot analysis. A total of 1x10°® K562 or K562/DOX
cells were collected, washed thrice with ice-cold PBS and
lysed with ice-cold RIPA lysis buffer (Beyotime Institute of
Biotechnology). The protein content was detected using the
BCA protein concentration determination kit (cat. no. PC0020;
Beijing Solarbio Science & Technology Co., Ltd.). A total of
30 pg protein was loaded per lane and subjected to SDS-PAGE
(upper gel 5%, separation gel 10-15%). The nitrocellulose
membranes were blocked by 5% BSA blocking buffer for 1 h
at room temperature and incubated with primary antibodies
overnight at 4°C after washing three times with 0.1% Tween-20
in Tris-buffered saline; membranes were then incubated with
alkaline phosphatase-conjugated anti-rabbit (cat. no. 7054;
1:5,000 dilution) or mouse (cat. no. 7056; 1:5,000 dilution)
antibodies (Cell Signaling Technology, Inc.) for 1 h at room
temperature, and then developed with enhanced chemilumi-
nescence reagent (Beyotime Institute of Biotechnology). Band
density was quantified using ImageJ software 1.46r (National
Institutes of Health). Antibodies against P-gp (cat. no. 13342;
1:1,500 dilution) and CCA AT/enhancer-binding protein homol-
ogous protein (CHOP; cat. no. 2895; 1:2,000 dilution) were
obtained from Cell Signaling Technology, Inc.; anti-S100A8
antibody (cat. no. 15792-1-AP; 1:1,500 dilution) was obtained
from ProteinTech Group, Inc., whereas antibodies specific for
Bcl extra-large (Bcl-xL; cat. no. bs-5234R; 1:1,000 dilution),
Bcl-2-associated X protein (Bax; cat. no. bs-0127R; 1:1,000
dilution) and (-actin (cat. no. bs-0061R; 1:1,000 dilution) were
purchased from Bioss Antibodies.

Determination of intracellular rhodamine (RHO)-123 reten-
tion. Intracellular retention of RHO-123 (Beyotime Institute of
Biotechnology) was detected in order to determine P-gp efflux
function (24). K562 or K562/DOX Cells were seeded in 6-well
plates at 5x10° cells/well. The cells were pre-treated with the
indicated drugs (VRP 10 yM; curcumin 0.5,1 and 2uM) for
48 h at 37°C with 5% CO,_and subsequently VRP(10 uM) was
used as a positive control. After pre-treatment, the cells were
incubated with 10 xg/ml RHO-123 in RPMI-1640 medium at
37°C for 45 min. The cells were then collected, washed with
ice-cold PBS twice and suspended in 0.5 ml RPMI-1640
medium. The mean fluorescence intensity of the samples was
determined via flow cytometric analysis (FACSCalibur™; BD
Biosciences) using a 530-nm long band-pass filter. The data of
flow cytometric was analyzed by FlowJo X 10.0.7r2 (FlowJo,
LLC).

Intracellular accumulation of DOX. The intracellular accumu-
lation of DOX was examined by measuring the fluorescence
intensity of DOX. The K562 or K562/DOX cells were seeded
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Figure 1. Curcumin enhances the cytotoxicity of in K562/DOX cells. (A) Chemical structure of curcumin. K562 and K562/DOX cells were treated with
(B) DOX (0-50 yuM) and (C) with curcumin (0-32 xM) for 48 h. (D) K562/DOX and (E) K562 cells were pre-treated with curcumin (0.5, 1 and 2 M) for
24 h, followed by incubation with various concentrations of DOX for an additional 48 h. ““P<0.001 vs. the control group (not treated with curcumin). DOX,
doxorubicin; K562/DOX, DOX-resistant K562 cell line; SI00A8, S100 calcium-binding protein AS.

in 6-well plates at 5x10° cells/well. After 24 h, the cells were
pre-treated for 48 h at 37°C with 5% CO, and then 2 ml DOX
(4 uM) was added to each well, followed by incubation at 37°C
for 60 min in the dark. Following incubation, the cells were
immediately washed with ice-cold PBS three times and lysed
with RIPA lysis buffer, and the fluorescent signal of the cells
was detected with a multimode microplate reader (TriStar2;
Berthold Bio) using a 595-nm long band-pass filter.

Apoptosis detection assay. Caspase-3 activity was detected
with a caspase-3 activity assay kit (cat. no. BC3830; Beijing
Solarbio Science & Technology Co., Ltd.) (25). In brief, 5x10°
pre-treated K562 or K562/DOX cells were collected and
lysed. After centrifugation at 4°C at 12,000 x g for 10 min,
the supernatant was collected and according to the manufac-
turer's protocol, the corresponding reagent was added. The
absorbance was measured at a wavelength of 405 nm using a
microplate reader (Bio-Rad Laboratories, Inc.). The caspase-3
activity was quantified as the absorbance of the drug-treated
cells relative to that of the vehicle-treated control cells.

The stage of apoptosis was analyzed by staining with DAPI
(cat. no. C1002; Beyotime Institute of Biotechnology) as
described previously (26). DAPI can be used for the detec-
tion of apoptosis, because it is a blue fluorescent dye that
can penetrate cell membranes. Binding to double-stranded
DNA produces a >20-fold increase in fluorescence compared
with DAPI itself (27). According to the recommended DAPI
concentration of 0.5-10 xg/ml, a final concentration of 5 pg/ml

was selected (28). The cells were seeded in 6-well plates at
5x10° cells/well and subjected to the designated treatments for
48 h, and subsequently, 0.5 ml DAPI at a final concentration
of 5 ug/ml was added to each well, followed by incubation at
37°C for 30 min in the dark. The cells were then immediately
washed with ice-cold PBS and observed under an inverted
fluorescence microscope (magnification, x100; OIS IX81;
Olympus Corporation) using a 454-nm long band-pass filter.

Determination of the intracellular concentration of Ca**. For
calcium determination, 5x10° K562 or K562/DOX cells that
had been subjected to the aforementioned treatments were
collected and lysed with lysis buffer. A Calcium Colorimetric
Assay kit (cat. no. MAKO022; Sigma-Aldrich; Merck KGaA)
was used to analyze the intracellular calcium ion concentra-
tion, according to the manufacturer's protocol. The absorbance
was measured at a wavelength of 575 nm using a microplate
reader (Bio-Rad Laboratories, Inc.).

RNA knockdown. Small interfering (si)RNA oligos for P-gp
and S100A8, and no-targeting si-RNA controls (ctrl) for
S100A8 and P-gp were synthesized by General Biosystems,
Inc. For knockdown experiments, siRNA oligos were diluted
to a concentration of 50 nM and transfected into the cells with
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. The sequences
for P-gp siRNA and sictrl P-gp were as follows: P-gp
siRNA, forward, 5-CGGAAGGCCUAAUGCCGAA-3' and
reverse, 5S'-UUCGGCAUUAGGCCUUCCG-3'; sictrl P-gp,
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Table I. ICy, values and reversal effect of curcumin on DOX in
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K562 and K562/DOX cells.

IC;tstandard deviation® (z M)

Drugs K562 K562/DOX Reversal index Resistance index
DOX 1.38+0.22 13.83+4.43¢ 10 1
Curcumin® 2.3+0.17 (IC,) 2.540.24 (IC,) / /

DOX + curcumin (0.5 M) 1.4+0.28 10.91+2.84¢ 79 1.3

DOX + curcumin (1 pM) 1.373+0.18 5.72+0.83¢ 4.1 243

DOX + curcumin (2 M) 1.052+0.24 1.48+0.13¢ 1.07 93

NCs, or IC,yvalues represent the mean + standard deviation of three independent experiments performed in triplicate. "Curcumin IC,, values
were calculated to choose the non-toxic concentration. ‘P<0.01 vs. DOX. DOX, doxorubicin; K562/DOX, DOX-resistant K562 cell line.
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Figure 2. Curcumin downregulates P-gp and S1I00A8 protein expression in K562/DOX cells. (A) K562/DOX cells were treated with curcumin (0.5, 1 or 2 yuM)
for 48 h, and western blot analysis was performed to detect the protein expression levels of (B) P-gp and (C) SI00AS. (D) K562/DOX cells were treated with
curcumin (2 uM) for 24, 48 or 72 h, followed by western blot analysis of (E) P-gp and (F) S100A8 protein expression. “P<0.01, ““P<0.001. DOX, doxorubicin;
K562/DOX, DOX-resistant K562 cell line; SI00AS8, S100 calcium-binding protein A8; P-gp, P-glycoprotein.

forward, 5'-UGUAGAUGGACUUGAACUC-3', and reverse,
5'-GAGUUCAAGUCCAUCUACA3' (29). The following
sequences were used for SI00AS8 siRNA and sictrl SI00AS:
S100A8siRNA, forward,5'-AGACCGAGUGUCCUCAGUA-3'
and reverse, 5'-UACUGAGGACACUCGGUCU-3'; sictrl
S100A8, forward, 5'-GCGACGAUCUGCCUAAGAU-3'
and reverse, 5'-AUCUUAGGCAGAUCGUCGC-3' (30). The
K562/DOX cells were treated with different concentrations of
drugs. After 48 h the non-transfection group cells were treated
with 4 yM DOX, 2 uM curcumin alone, or in combination for
48 h, and the transfection group cells were treated with 4 yM
DOX for 48 h.

Statistical analysis. Values are expressed as the
mean =+ standard deviation. Statistical significance between
groups was evaluated with a two-tailed Student's t-test using

GraphPad Prism 7 (GraphPad Software, Inc.) and SPSS
23.0 (IBM Corp.). Multiple comparison between the groups
was performed using one-way analysis of variance with
Student-Newman-Keuls method post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Curcumin sensitizes K562/DOX cells to DOX. To investigate
the sensitization effect of curcumin, an MTT cytotoxicity
assay was performed. First the results indicated that the
resistant K562/DOX cell line exhibited significant drug resis-
tance to DOX compared with the native K562 cell line, with
a resistance index up to 10 (Fig. 1B; Table I). Furthermore,
curcumin at 0.5-2 yuM was non-toxic to K562 and K562/DOX
cells (Fig. 1C; Table I). To determine whether the decrease in
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verapamil.

the survival rate of K562/DOX and K562 cells was due to the
toxicity of curcumin, a non-toxic concentration of curcumin
(0.5, 1 and 2 uM) was used in combination with DOX. Of
note, curcumin significantly enhanced the sensitivity of
K562/DOX and cells to DOX. Curcumin reduced the survival
rate of K562/DOX at different concentrations of DOX in a
dosage-depended manner; the reversal indices of 0.5, 1 and
2 uM curcumin were 1.3, 2.43 and 9.3, respectively (Fig. 1D;
Table I). However, for the K562 cells, curcumin did not signifi-
cantly affect the decrease in the cell survival rate caused by
DOX (Fig. 1E; Table I). Therefore, it may be concluded that
curcumin at non-toxic concentrations reverses the drug resis-
tance of K562/DOX cells.

S100A8 and P-gp are involved in the reversal effects of
curcumin on the drug resistance of K562/DOX cells. To
investigate the expression of SI00A8 and P-gp in K562 and
K562/DOX cells, a western blot assay was performed. The
results indicated that the expression of SI00A8 and P-gp in
K562/DOX cells was significantly increased compared with in
K562 cells (Fig. 2A and D). The effects of different concentra-
tions of curcumin on the expression of SI00A8 and P-gp were
then assessed. The results suggested that when curcumin was
administered at 0.5, 1 and 2 M for 48 h, the expression levels
of SI00A8 and P-gp were significantly reduced (Fig. 2A-C).
Next, the time-dependence of the effect of curcumin on the
downregulation of SI00A8 and P-gp in K562/DOX cells was

assessed. The results indicated that the expression of P-gp
decreased with prolonged incubation with curcumin. The
expression of S1I00A8 following 24 and 48 h of curcumin
treatment was similar, however it was still downregulated
compared with that in the control group, and at 72 h, the down-
regulation effect was most notable (Fig. 2D-F). These results
indicated that the dose- and time-dependent downregulation of
S100A8 and P-gp expression by curcumin may be associated
with its reversal effect on drug resistance. The downregulated
expression of P-gp and S100A8 was evident up to the 48-h
time point; therefore, the shortest time that induced changes
in protein expression, 48-h, was selected for the duration of
pre-treatment for subsequent experiments.

Curcumin inhibits the expression and function of P-gp, and
increases the intracellular accumulation of DOX. The results
in Fig. 2 indicated that curcumin treatment causes a decrease
in the expression levels of P-gp; it was further investigated
whether it inhibits the efflux function of P-gp. To determine
this, a RHO-123 assay was performed. The results suggested
that curcumin increased the intracellular accumulation of
RHO-123 in a dose-dependent manner (Fig. 3A and B). This
indicates that the efflux function of P-gp was inhibited when
curcumin was administered. In addition, the intracellular accu-
mulation of DOX was assayed; it was revealed that curcumin
dose-dependently increased the intracellular accumulation
of DOX (Fig. 3C). DOX is a substrate for P-gp (31); however,
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when P-gp is overexpressed, intracellular DOX is transported
to the outside of the cell via P-gp, and the resulting intracel-
lular drug concentration becomes too low to induce cancer cell
death, thereby producing resistance (32). It is proposed that
as curcumin inhibits the expression and function of P-gp, the
intracellular drug concentration increases and the drug resis-
tance effect is reversed.

S100AS8 and P-gp are involved in the curcumin-induced drug
sensitization of K526/DOX cells independent of each other.
To elucidate the association between SI00AS8 and P-gp, gene
silencing technology was used. The results indicated that when
S100A8 was silenced, the levels of P-gp were not affected, and
in turn, gene silencing of P-gp did not affect the expression
of S100A8 (Fig. 4A). This result indicated that SI00A8 and
P-gp mediated curcumin-induced reversal of K526/DOX cell
resistance to DOX independent of each other.

In order to further investigate the role of SI00AS in the
curcumin-induced reversal of drug resistance, the expression

of S1I00A8 in K562/DOX cells was inhibited by gene silencing,
and the sensitivity of K562/DOX to DOX was assessed via a
cytotoxicity assay. The results indicated that at the same DOX
concentration, the cell survival rate was significantly reduced
after silencing S100A8 (Fig. 4B). In addition, the effects of
S100A8-knockdown on the intracellular accumulation of DOX
were investigated. Of note, after gene silencing of S1I00A8,
the intracellular accumulation of DOX did not significantly
increase (Fig. 4C). These results suggest that the role of
S100AS8 in the curcumin-induced reversal of K562/DOX cell
resistance to DOX is not associated with increased intracel-
lular accumulation of DOX.

Curcumin inhibits the expression of SIO0A8 and increases
apoptosis induced by endoplasmic reticulum stress (ERS).
S100A8 is a calcium ion-binding protein, and calcium ions are
involved in the transduction of various intracellular signaling
pathways, such as Ras/ERK/CREB pathway (33-35). The ER
is a calcium reservoir in the cell that is sensitive to changes
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Figure 5. Addition of curcumin enhances apoptosis induced by DOX in K562/DOX cells. (A) Effects of curcumin (2 M), DOX (4 pM) and si-S100A8 used
alone or in combination on the intracellular free calcium ion concentration in K562/DOX cells. Effects of curcumin (2 uM), DOX (4 M) and si-S100A8 used
alone or in combination on the protein expression of (B) Bcl-xL, Bax and (C) CHOP in K562/DOX cells. (D) Effects of curcumin (2 uM), DOX (4 yuM) and
si-S100A8 used alone or in combination on caspase-3 activity. (E) K562/DOX cells were stained with DAPI after pre-treatment and observed under an inverted
fluorescence microscope (magnification, x40) and the relative fluorescence intensity analysis of DAPI was determined. DNA fragmentation is indicated by
red arrows. “"P<0.001. DOX, doxorubicin; K562/DOX, DOX-resistant K562 cell line; SI00A8, S100 calcium-binding protein A8; Bcl-xL, B-cell lymphoma
extra-large; Bax, Bcl-2-associated X protein; CHOP, CCA AT/enhancer-binding protein homologous protein; si-S100A8, small interfering RNA targeting

S100A8.

in the intracellular calcium levels (36). To clarify the associa-
tion between S100AS8, calcium ions and the ER, intracellular
free calcium ion levels were first examined. The results indi-
cated that the intracellular calcium levels in K562/DOX and
K562 cells were equivalent. After administration of 4 yM DOX
or 2 uM curcumin alone, the intracellular calcium levels did not
increase; however, when DOX was combined with curcumin
or SI00A8 was silenced, the intracellular calcium levels were
significantly elevated (Fig. 5A). In addition, the expression of
the ERS-associated protein CHOP was increased (Fig. 5C).
To investigate the effects on apoptosis, the expression of the
apoptosis-associated proteins Bcl-xL and Bax, and the activity

of the apoptosis executioner protein caspase-3 were assessed.
The results indicated that DOX combined with curcumin or
S100A8 silencing significantly decreased the expression of
antiapoptotic protein Bcl-xL, whereas the expression of the
proapoptotic protein Bax and the activity of caspase-3 were
significantly upregulated (Fig. 5B and D). In addition, the
results of a DAPI staining assay revealed that when DOX was
combined with curcumin or silencing of SI00AS, an increase
in nuclear fragmentation was observed, indicative of the
occurrence of apoptosis (Fig. SE). A possible explanation for
this observation is that due to the downregulation of SI00AS,
the increase in intracellular calcium levels induced by the
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chemotherapeutic drug cannot be cleared in time, leading to
apoptosis induced by ERS.

Discussion

The emergence of MDR has seriously impeded the efficacy of
chemotherapy for leukemia. Previous studies have indicated
that curcumin and its derivatives are capable of reversing the
MDR of various types of cancer, including non-small cell
lung cancer, liver cancer and colon cancer (37-39). Although
the ability of curcumin to reverse drug resistance in solid
tumors has been reported in a large number of studies, few
studies have examined the reversal of MDR of leukemia by
curcumin, and mechanistic investigations mostly focused on
the inhibition of P-gp expression (40-43). The aforementioned
was confirmed by this study's results. It is well known that
P-gp is involved in the development of drug resistance in most
cell types, partly due the specific physiological functions of
P-gp, and the fact that P-gp has a particularly broad substrate
range (44-46). However, it may not be feasible to reverse MDR
by inhibiting P-gp alone. The present study revealed that the
reversal effects of curcumin are not only associated with P-gp,
but also with the inhibition of SI00A8 expression. To the best
of our knowledge, SI0O0AS has not been reported prior to this
study as a target of curcumin.

To investigate the underlying mechanisms, the present
study examined two proteins, P-gp and S100A8, and aimed
to identify an association between the two. First, the effects of
curcumin on the expression of SIO0A8 and P-gp were inves-
tigated. The results suggested that curcumin decreased the
expression of P-gp and SIO0AS in a time- and dose-dependent
manner.

The ability of curcumin to reverse resistance and downreg-
ulate SI0O0A8 expression after administration was observed.
To demonstrate that SIO0A8 downregulation was associated
with the reverse of drug-resistance, SIO0A8 gene silencing
was performed using siRNAs inhibiting SI00A8 expression.
The results showed that after inhibiting SI00A8 expression,
drug-resistant cells were more sensitive to DOX, the expression
and activity of proapoptotic proteins was increased, and the
ratio of Bcl-xl and Bax was decreased. The results indicated
that the alterations in SI00A8 expression level were important
for the reversal of drug resistance. To identify the potential
association between P-gp and S100A8, the expression of each
was separately inhibited by gene silencing, with the expression
of the other protein then evaluated. The results indicated that
the two proteins did not directly regulate the expression of the
alternate protein; therefore, curcumin may act independently
on them.

The molecular mechanisms via which curcumin acted on
P-gp and S100A8 individually were subsequently examined.
K562/DOX cells overexpress of P-gp and SI00A8 compared
with K562 cells. Curcumin did not affect DOX sensitivity
in the K562 model, likely due to low expression of P-gp
and S100A8. For P-gp, in order to investigate the effect of
curcumin on its transport function, curcumin and RHO-123
were applied to K562/DOX cells simultaneously. Following
incubation for 45 min, the intracellular RHO-123 levels were
detected, with the P-gp-specific inhibitor VRP used as a posi-
tive control (47,48). The results suggested that when curcumin

was applied to K562/DOX cells, the intracellular accumulation
of RHO-123 increased significantly, indicating that curcumin
inhibited the function of P-gp.

For the calcium ion-binding protein SI00AS8, the results
indicated that the downregulation of SI00A8 by curcumin
may enhance ERS induced by DOX and thereby increase
cell apoptosis. Calcium ions have an important role in intra-
cellular signal transduction (49). They are able to activate
a variety of different protein kinases involved in various
biological processes, including cell proliferation, differen-
tiation, invasion and apoptosis (50,51). The ER is the major
site for intracellular protein synthesis, secretion, modifica-
tion and transport, and is also the major organelle for the
maintenance of the intracellular calcium balance (52).
Under physiological conditions, the levels of free calcium
ions in the cytoplasm are much lower than those in the
ER (53). The calcium ion pump moves calcium ions from
the cytosol into the ER, whereas the ER releases calcium
ions from the cytosol via ryanodine receptors and inositol
1,4,5-trisphosphate receptors to maintain the homeostasis
of intracellular calcium ions (54-56). An increase in the
levels of intracellular free calcium ions causes an imbal-
ance of intracellular calcium ion homeostasis that leads
to calcium overload in the ER, resulting in ERS and the
induction of apoptosis (54-56). In the present study, changes
in intracellular calcium in K562/DOX cells were examined.
It was revealed that, while 4 xM DOX did not significantly
change intracellular calcium levels, they were significantly
increased when DOX was combined with curcumin or
S100A8 siRNA transfection.

CHOP is a specific transcription factor for ERS. When
ERS induces apoptosis, the expression of CHOP is notably
increased and the protein accumulates in the nucleus, where
it induces apoptosis. In addition, CHOP also affects the
expression of Bcl-2 family proteins; specifically, it inhibits
the expression of the antiapoptotic Bcl protein and increases
the sensitivity of mitochondria to proapoptotic factors (57).
The results of the present study suggested that the combina-
tion of DOX and curcumin or silencing of SIO0AS8 causes an
upregulation of CHOP expression, a downregulation of the
Bcl-xL/Bax ratio and an increase in caspase activity, which is
expected to be associated with marked ERS and cell apoptosis.
In addition, to evaluate cell death, nuclear staining with DAPI
was performed. It was revealed that in the DOX + curcumin
and the DOX + S100A8 siRNA groups, a significant increase
in nuclear fragmentation was present, suggesting that apop-
tosis occurred. It's worth mentioning that when designing the
assays, the drug to treat K562 as a control was not designed by
the present study. There were two reasons for this: The concen-
tration of DOX (4 uM) far exceeds the ICs, (1.38 uM) value
of K562 for DOX, which inevitably causes a large number
of cell deaths, and for K562/DOX cells, the concentration of
4 uM is much lower than its ICy, (13.83 uM) value, due to drug
resistance (Fig. 1B; Table I).

In conclusion, the present study indicated that curcumin
reversed the resistance of K562/DOX cells to DOX, and
S100A8 and P-gp were identified as two independent targets.
Curcumin was demonstrated to inhibit the expression and func-
tion of P-gp, and to increase the intracellular accumulation of
DOX. Furthermore, curcumin downregulated the expression
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of SI00AS, causing an intracellular calcium ion imbalance that
resulted in increased ERS, thereby accelerating cell apoptosis.
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