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Side population (SP) cells are previously identified from bone marrow based on their capacity to efflux of the
fluorescent dye Hoechst 33342. Recent studies demonstrate that SP cells isolated from various cancer cell lines
and primary tumors possess stem-cell-like properties. Thus, targeting tumor SP cells may provide new strategies
for treatment in clinic. We previously showed that 1,3,8-trihydroxy-6-methylanthraquinone (emodin), a reactive
oxygen species (ROS) generator, enhanced sensitivity of gallbladder cancer SGC-996 cells to cisplatin (CDDP) via
generation of ROS and downregulation of multidrug-resistance-associated protein 1 (MRP1). To determine
whether emodin also acts effectively on cancer stem cells of gallbladder carcinoma, we use SP cells as a model of
cancer stem-cell-like cells. Here, we found that emodin, via ROS-related mechanism and suppressing the
function of ATP-binding cassette super-family G member (ABCG2), which is known to be associated with
Hoechst dye efflux activity of SP cells, not only reduced the ratio, inhibited clone formation, and eliminated
sphere formation of SP cells effectively, but also promoted obviously the intracellular accumulation of doxo-
rubicin, the main substrate of the efflux pump ABCG2. In addition, emodin could sensitize CDDP, via inhibition
of expression of ABCG2, to overcome chemoresistance of SP cells. Importantly, similar to the experiment in vitro,
emodin/CDDP co-treatment in vivo suppressed the tumor growth derived from SP cells through down-
regulating ABCG2 expression. Our results suggest that emodin is an effective agent targeting cancer stem-like SP
cells of gallbladder carcinoma, either alone or acts as a chemotherapy enhancer.

Introduction

New concepts of ‘‘cancer stem cell (CSC) or tumor-
initiating cell’’ have proposed that tumors contain a

small subpopulation of cells with self-renew, multiplex dif-
ferentiation, unlimited proliferation, and high resistance to
chemotherapy and radiation, which play important roles in
the occurrence, development, and infiltration of tumors [1–4].
In the process of clinical treatments for many malignant tu-
mors, this subset of CSCs can effectively avoid the effects of
chemotherapeutic drugs, becoming the roots of tumor recur-
rence and metastasis. Especially for gallbladder carcinoma,
which is the most malignancy of biliary tract tumors with
poor prognosis and dismal survival period, chemotherapy is
still an important treatment for patients with advanced ma-
lignant tumors [5,6]. It is desired to overcome drug resistance
of gallbladder cancer cells, particularly of CSCs. Therefore,
searching effective chemotherapeutic agents or alternative
chemotherapies for gallbladder CSCs may provide new
strategies and ideas for treatment in clinic.

Dye exclusion is a valuable technique used in isolating
and identifying CSCs, based on the activity of ABC trans-
port, such as ABCG2, yielding a side population (SP) that
retains less of the fluorescent DNA-binding dye Hoechst
33342 [7,8]. Originally identified as murine hematopoietic
stem cells from bone marrow [9], SP cells have been observed
in several mammalian malignant tumor tissues and well-
established cancer cell lines [10–16]. Moreover, many studies
reveal that SP cells have stem-cell-like characteristics, sug-
gesting that SP sorting can enrich CSCs [11–16].

1,3,8-Trihydroxy-6-methylanthraquinone (emodin) is a
kind of natural anthraquinone contained in the traditional
Chinese herbal medicines. Our group has previously found
that emodin promoted arsenic-trioxide-induced apoptosis in
various cancer cell types in a reactive oxygen species (ROS)–
dependent manner in vitro and in vivo [17–19]. We have also
demonstrated that emodin is recognized as an effective ad-
junctive to improve efficacy of cisplatin (CDDP) in prostate
cancer cells with over-activated hypoxia inducible factor-1
(HIF-1) and potent multiple drug resistance (MDR) [20]. Of
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more interest is that emodin is found to enhance sensitivity
of gallbladder cancer cell line SGC-996 to CDDP via gener-
ation of ROS and multidrug-resistance-associated protein 1
(MRP1) downregulation [21]. Based on chemoresistance of
cancer stem-like SP cells, we reason that the chemosensitiz-
ing effect of emodin may be mediated through targeting
gallbladder cancer stem-like SP cells. Thus, we further ex-
plore whether emodin, improving intracellular ROS levels,
influences stem cell characteristics, including survival ability
of gallbladder cancer stem-like SP cells. In addition, we at-
tempt to investigate whether emodin can sensitize CDDP in
SP cells of gallbladder carcinoma. In the current study, we
found that emodin could effectively affect stem cell charac-
teristics and weaken survival ability of gallbladder cancer
stem-like SP cells via a mechanism of enhancement of in-
tracellular ROS levels and inactivation of the pump ABCG2.
Further, our results suggested that emodin could sensitize
CDDP, via inhibition of expression of ABCG2, to overcome
chemoresistance of gallbladder cancer stem-like SP cells.

Materials and Methods

Cell culture

SGC-996 cells were cultured in RPMI-1640 (GibcoBRL)
supplemented with 10% newborn calf serum (Biochrom AG).
GBC-SD cells were cultured in Dulbecco’s modified Eagle’s
medium (GibcoBRL), containing 10% newborn calf serum.
All media were supplemented with 100 U/mL penicillin and
100 mg/L streptomycin. Cells were maintained at 37�C in a
humidified atmosphere with 5% CO2.

SP cell sorting from gallbladder carcinoma cell lines

For SP analysis, cells were trypsinized and resuspended in
ice-cold Hank’s balanced salt solution (Invitrogen) supple-
mented with 2% FBS at a concentration of 1 · 106 cells/mL.
Hoechst 33342 (Sigma) was added at a final concentration of
5 mg/mL in the presence or absence of 50 mg/mL verapamil
(Sigma-Aldrich), and the samples were incubated at 37�C for
90 min. During the incubation time, cells were gently tapped
every 15 min. Afterward, the cells were washed and re-
suspended at a final concentration of 1 · 106 cells/mL. Before
testing during flow cytometry (FCM; Becton Dickson), pro-
pidium iodide (Sigma) was added at a concentration of 1 mg/
mL. Hoechst 33342 was excited with an ultraviolet laser at
350 nm, and fluorescence emission was measured with
DF424/44 (Hoechst blue) and DF630/22 (Hoechst red) op-
tical filters.

Emodin treatment and SP analysis

For checking the direct effect of emodin on Hoechst dye
exclusion assay, cells were given different concentrations (at
20, 40, and 60mM) of emodin together incubating for 24 h and
the effect on SP was analyzed by FCM. To test the sensitivity
of SP and non-SP cells to emodin, SP and non-SP cells were
seeded at 8 · 103/mL cells per well in 96-microculture-well
plates. After exposing to the agents (at 20, 40, and 60mM) as
indicated for 24 h, cell viability was assayed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT; Sigma) assay as previously described [20,21]. The
control group was without treatment by the agents.

Clone formation analysis

To examine clonogenic ability, SP and non-SP cells were
plated at 250 cells per well in 6-well culture dishes. Triplicate
wells were performed for each group. After exposing to
emodin (40 mM) (Sigma) as indicated for 2 weeks, cells were
fixed in methanol for 15 min and then stained with crystal
violet (Sigma) for 30 min. Clones with > 50 cells were scored,
and the clone formation efficiency was calculated according
to the formula: (the clone number/the plated cell num-
ber) · 100%. Cells without emodin treatment were set as
control group.

Spheroid formation assay

After sorting by FCM, SP and non-SP cells were seeded at
500 cells per well in 12-well plates in DMEM or RPMI-1640
medium supplemented with 20 ng/mL epidermal growth
factor (R&D Systems), 10 ng/mL basic fibroblast growth
factor (R&D Systems), and 10 ng/mL leukemia inhibiting
factor (R&D Systems) in a humidified atmosphere with 5%
CO2 at 37�C. After exposing to emodin (40mM) as indicated
for 10 days, spherical clusters of cells were scored, and the
neoplastic sphere formation efficiency was calculated ac-
cording to the formula: (the clone number/the plated cell
number) · 100%. The control group was without treatment
by emodin.

ROS detection

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA;
Sigma) was used as ROS capture in the cells. It was cleaved
intracellularly by nonspecific esterases to form 2,7-
dichlorodihydrofluorescein (DCFH), which was further oxi-
dized by ROS and becomes a highly fluorescent compound
2,7-dichlorofluorescein (DCF). Sorted SP and non-SP cells
were exposed to 5 mM of DCFH-DA, respectively, at 37�C for
15 min. After washing once with ice-cold PBS, cells were
harvested and kept on ice for an immediate detection by flow
cytometer FACS Calibur (Becton Dickson). The average in-
tensity of DCF stands for intracellular ROS levels.

Cell viability assay

To test the sensitivity of SP and non-SP cells to emodin
alone, cisplatin alone, and emodin plus cisplatin, SP and non-
SP cells were seeded at 8 · 103/mL cells per well in 96-
microculture-well plates. After exposing to the agents as in-
dicated for 24 h, cell viability was assayed using MTT assay.
The control group was without treatment by the agents.

In vivo tumorigenicity and treatment

All animal experiments were done in accordance with
institutional guidelines for animal welfare. SP and non-SP
cells were harvested, washed, and resuspended in serum-
free optimum medium and then injected subcutaneously
into 6-week-old BALB/c-nu/nu mice (n = 6 mice per group,
purchased from Shanghai Experimental Animal Center).
Tumor size was measured every 2 days with a caliper, and
tumor volumes were calculated using the formula [22]: p/
6 · a · b2, where a and b were the long and short diameters,
respectively. When tumor size of respective cell
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transplantation model was *100 mm3, mice were sorted
into 4 equal groups. The tumor-bearing mice were intra-
peritoneally administered with physiological saline water
as a control, emodin (50 mg/kg), CDDP (2 mg/kg), and
emodin/CDDP every 2 days. Tumor size was measured
every 2 days with a caliper, and tumor volumes were cal-
culated. After 8 days, experimental measurement was re-
corded, the mice were sacrificed, and tumor weight was
measured.

Doxorubicin fluorescence recording

The fluorescent agent doxorubicin (excitation at 488 nm,
emission at 595 nm) was used at a concentration of 1mg/mL.
After being pretreated by emodin for 24 h, SP and non-SP
cells were exposed to doxorubicin at 37�C for 30 min. After
washing once with ice-cold PBS, cells were harvested and
kept on ice. Doxorubicin retention in cells was evaluated by
recording of doxorubicin fluorescence in fluorescence mi-
croscope by FCM. To investigate the impact of verapamil on
the retention of doxorubicin, SGC-996 and GBC-SD cells
were exposed to doxorubicin for 30 min after being pre-
treated by verapamil (50mg/mL) at 37�C for 20 min.

Reverse transcriptase–polymerase chain reaction

Expression of the ABCG2, MRP1, MRP2, and MDR1 was
monitored by reverse transcriptase–polymerase chain reac-
tion (RT-PCR). Sorted SP and non-SP cells were lysed with
1 mL of trizol reagent (Invitrogen), and then the samples
were processed according to the manufacturer’s protocol to
obtain total cellular RNA. One microgram of the isolated
total RNA was reverse transcribed using random primers
and AMV reverse transcriptase (Promega) for 5 min at 70�C,
5 min on ice, and 60 min at 37�C. The single-stranded cDNA
was amplified by PCR using GoTaq DNA polymerase
(Promega). PCR of MRP1 and MRP2 genes was performed
under the following conditions: 30 s, 94�C; 30 s, 58�C; 30 s,
72�C; 34 cycles. PCR of MDR1 gene was performed under
the following conditions: 30 s, 94�C; 30 s, 55�C; 60 s, 72�C; 35
cycles. PCR of ABCG2 gene was performed under the fol-
lowing conditions: 30 s, 94�C; 30 s, 55�C; 60 s, 72�C; 28 cycles.
After PCR of ABCG2, MRP1, MRP2, and MDR1 genes was
performed, equal amounts of RT-PCR products were loaded
on 1.0% agarose gels, respectively. Sorted SP and non-SP
cells were seeded in 12-well plates. After cells were treated
by drugs, the RT-PCR product of ABCG2 was detected.
GAPDH was used as an internal control. The primers for
ABCG2 were 5¢- TGGCTGTCATGGCTTCAGTA-3¢ and 5¢-
GCCACGTGATTCTTCCACAA-3¢. The primers for MRP1
were 5¢-TGGTGGGCCTCTCAGTGTCTTA-3¢ and 5¢-TCGGT
AGCGCAGGCAGTAGTTC-3¢. The primers for MRP2 were
5¢-ATGCTTCCTGGGGATAAT-3¢ and 5¢-TCAAAGGCACG
GATAACT-3¢. The primers for MDR1 were 5¢-CCCATCATT
GCAATAGCAGG-3¢ and 5¢-GTTCAAACTTCTGCTCCTGA-
3¢. The primers for GAPDH were 5¢-TGGGGAAGGTGAAG
GTCGG-3¢ and 5¢-CTGGAAGATGGTGATGGGA-3¢.

ABCG2 siRNA transfection and SP cell resorting

To determine ABCG2 responsible for SP phenotype,
ABCG2 siRNA oligonucleotides were transiently transfected,
using the Lipofectamine 2000 reagent (Invitrogen) according

to the manufacturer’s instructions. A nonspecific siRNA was
transfected as mock. Forty-eight hours later, cells were lysed
for RT-PCR to verify the efficiency of silencing. After that, SP
cells were resorted by FACS. The sequences of siRNA for
ABCG2 were 5¢-UAAUGAUGUCCAAGAAGAAGUCUGC-
3¢ and 3¢-GCAGACUUCUUCUUGGACAUCAUUA-5¢.

In situ hybridization for ABCG2 in xenograft
tumor sections

In situ hybridization was used to localize ABCG2 mRNAs
in transplanted tumor sections using digoxigenin-labeled
sense (Roche Diagnostics GmbH) and antisense ABCG2
probes. The probes, generated by RT-PCR analysis, were
used to hybridize the samples embedded in paraffin. Slides
of the tumor tissue were de-paraffined and rehydrated be-
fore incubation with Protease K at 37�C for 15 min. Sections
were then washed 3 times in 0.1 M Tris-buffered saline
(TBS)/diethyl pyrocarbonate for 15 min, incubated with 5 ·
standard sodium citrate (SSC) solution at room temperature
for 15 min, and incubated with RNA probe sequentially.
After 48 h of hybridization at 37�C, the sections were
washed with graded-diluted SSC solutions at 37�C for
15 min. Then, the sections were incubated with antibody
against digoxigenin at room temperature for 3 h, and then
washed with 0.5 M TBS and 0.01 M TBS (pH 9.5). Hy-
bridization signal was visualized by 5-Bromo-4-Chloro-3¢-
Indolyphosphate p-Toluidine Salt/Nitro-Blue Tetrazolium
Chloride (BCIP/NBT; Sigma). The reaction was stopped by
washing in water for 5 min. Slides were then counterstained
by nuclear fast red, mounted using an aqueous solution,
and photographed.

Statistical analysis

Data were shown as mean value – SD. SPSS17.0 software
was used for statistical analysis. Analysis of variance was
applied for comparison of the means of 2 or multiple groups.
A value of P < 0.05 was considered significant.

Results

A small population of SP cells exists in SGC-996
and GBC-SD cells and emodin reduces the ratio
of SP cells

The proportions of SP cells from SGC-996 and GBC-SD
cells were examined by staining cells with Hoechst 33342 dye
to generate a Hoechst Blue–Red profile. As a control, the
ABC transporter inhibitor verapamil was added to inhibit
the efflux of Hoechst 33342. The proportions of SP cells were
1.0% (Fig. 1B-a) and 0.8% (Fig. 1C-a) from SGC-996 and
GBC-SD cells, respectively. In the presence of verapamil (Fig.
1B-b, C-b), no more SP cells were detected with the same
threshold. As shown in Fig. 1D, under our experimental
conditions with treatment of emodin, a gradual decrease of
SP fraction was seen in a dose-dependent fashion. As ex-
pected, at the concentrations of 20, 40, and 60mM of emodin
treatment, the proportions of SP detected from SGC-996 were
0.84% (Fig. 1B-c), 0.63% (Fig. 1B-d), and 0.46% (Fig. 1B-e),
respectively, while the proportions of SP from GBC-SD were
0.67% (Fig. 1C-c), 0.43% (Fig. 1C-d), and 0.27% (Fig. 1C-e),
respectively.
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Emodin effectively kills SP cells

To verify this effect on SP and non-SP cells by emodin (at
20, 40, and 60 mM), we measure the cell number by seeding
sorted cells in 96-microculture-well plates. After treatment
for 24 h, cell viability was assayed using MTT. Our data
showed that emodin could effectively kill SP cells in a dose-
dependent manner, while there virtually was no obvious
effect on non-SP cells (Fig. 2A), suggesting that emodin se-
lectively killed CSCs.

Emodin inhibits clone formation and effectively
eliminates sphere formation of SP cells

Huang et al. previously reported that SP cells had stronger
clonogenicity as one of the characteristics of CSCs [23]. To
confirm that emodin treatment can inhibit gallbladder car-
cinoma SP properties, clone formation ability of SP cells was
studied in the presence or absence of emodin. As shown in
Fig. 2B-a, after culturing the cells for 14 days, an average of
126 clones per well were found following 250 SP cells from
SGC-996 cells were initially plated in the untreated group.
However, only 76 clones were observed under the culture
condition in the treated group (Fig. 2B-a). Similarly, the clone
formation ability of SP cells from GBC-SD was also sharply
suppressed by emodin (Fig. 2B-b).

The ability to form spheres in nonadherent culture is one of
the characteristics of CSCs [24,25]. To test the effects of emodin
on sphere formation of SP cells, both cell lines were cultured in

our suspension culture system and shaken every day. The
sphere-forming efficiency of SP cells from SGC-996 cells was
7%, while there was only 0.2% in the agent treatment group
(Fig. 2C-a). Similarly, GBC-SD spheres could be serially sub-
cultured, and the sphere-forming efficiency stayed relatively
5.9%. In sharp contrast, SP cells from GBC-SD cells could not
form spheres under the agent treatment (Fig. 2C-b). In Fig. 2B
we also found that although non-SP cells had the ability to form
clones, its ability was much lower than SP cells and treatment
of 40mM emodin had no effect on non-SP cells. But non-SP cells
could not form tumor spheroids (Fig. 2C).

SP cells show lower levels of cellular ROS
than non-SP cells and emodin effectively enhances
cellular ROS levels

It had recently been shown that similar to normal tissue
stem cells, subsets of CSCs in some tumors contain lower
ROS levels and stronger ROS defenses compared with their
nontumorigenic progeny, which might contribute to tumor
radio-resistance [26]. Cellular ROS levels of SP cells were
lower than that of non-SP cells from SGC-996 and GBC-SD
(Fig. 3A), suggesting that lower ROS levels might be helpful
for cancer stem-like SP cells to maintain stem cell properties
and protect them from endogenous and exogenous damages.

Emodin is able to generate ROS in a variety of tumor cells
[17,19–21]. We found that exposure of SP and non-SP cells to
emodin resulted in the elevation of cellular ROS levels in a

FIG. 1. Side population (SP) analysis and emodin treatment. (A) Chemical structure of emodin. (B) The proportion of SP
cells in human gallbladder carcinoma cell line SGC-996 was 1.0% (B-a), which reduced to 0% in the presence of verapamil (B-
b). For checking the direct effect of emodin on Hoechst dye exclusion assay, cells were given at the concentrations of 20 mM
(B-c), 40mM (B-d), and 60mM (B-e) emodin together incubating for 24 h and the effect on SP was analyzed by flow cytometry.
(C) Similar to (B), the proportion of SP cells in GBC-SD was 0.8% (C-a) and, as a control, verapamil was added to inhibit the
efflux of Hoechst 33342 (C-b). SP cells were reanalyzed after 20 mM (C-c), 40 mM (C-d), and 60mM (C-e) emodin treatment,
respectively. (D) Under experimental conditions with treatment of emodin, a gradual decrease of SP was seen in the SP
fraction dose dependently. The ratio of SP cells was calculated: SP/Total cells. Each experiment was repeated 3 times.
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dose-dependent manner (Fig. 3B, C). These data indicated
that the effect of emodin on enhancement of ROS levels was
correlated to the lost of stem cell characteristics and weaken
survival ability in SP cells. Elevating ROS levels in CSCs
might be a useful method for improving local and systemic
oncological therapies.

ABCG2 is responsible for SP phenotype

ABCG2 had been implicated in high Hoechst 33342 dye
efflux capacity that marked the SP phenotype [27,28]. We

found that ABCG2 expression in SP was higher than that in
non-SP cells from the 2 cell lines (Fig. 4A). Meanwhile RT-
PCR showed that SP and non-SP cells from SGC-996 cells
expressed both MRP1 and MRP2 at the same levels, but the
MDR1 expression was low to an undetectable level; there
were no differences for MRP1, MRP2, and MDR1 expression
between SP and non-SP cells from GBC-SD cells (Fig. 4A).
Results showed that after silencing the gene ABCG2, any SP
cells from GBC-SD cells could not be got by FACS, mean-
while the proportion of SP cells from SGC-996 cells was only
0.2% left (the original ratio was 1.0%) (Fig. 4B-c). Thus, it can

FIG. 2. Emodin acted effectively on SP cells. (A) Emodin effectively kills SP cells from SGC-996 and GBC-SD. (B) Emodin
inhibited clone formation of SP cells. (C) Emodin effectively eliminated sphere formation of SP cells. (a) Stands for SP group
and non-SP group from SGC-996; (b) stands for SP group and non-SP group from GBC-SD. Columns, mean of 3 experiments;
bars, SD. *P, #P < 0.05, experimental group compared with the control group. Each experiment was repeated 3 times.
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be seen that ABCG2 is the requirement of the phenotype of
the SP cells.

Emodin promotes the intracellular accumulation
of doxorubicin, but dose-dependent emodin
has no effect on the mRNA expression of ABCG2

The anticancer drug doxorubicin had a natural red fluo-
rescence; thus, its uptake and retention in the cell can be
monitored indirectly under FCM. The mean fluorescence
intensity of doxorubicin, after being uptaken, is a common

readout. In Fig. 4C-a and C-b, we compared the effect of
emodin treatment on the retention of doxorubicin between
the SP and non-SP cells. We found that dose-dependent
emodin could effectively promote the intracellular accumu-
lation of doxorubicin of SP cells, but had no effect on that of
non-SP cells. As shown in Fig. 4C-c, the retention of doxo-
rubicin was prolonged by treatment with verapamil.

Due to the above findings that emodin could promote the
intracellular accumulation of doxorubicin of SP cells, we then
questioned whether the observed effects of emodin could be
correlated to regulated expression of ABCG2 gene, which is

FIG. 3. Reactive oxygen species (ROS) detection. (A) Cellular ROS levels of SP cells were lower than that of non-SP cells
from SGC-996 and GBC-SD. (B, C) Exposure of SP and non-SP cells to emodin resulted in an immediate elevation of cellular
ROS levels in a dose-dependent manner. (a) Stands for SP group; (b) stands for non-SP group. Columns, mean of 3 experiments;
bars, SD. *P < 0.05, experimental group compared with the control group. Each experiment was repeated 3 times.
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the main factor for doxorubicin retention [29,30]. To ascertain
the action of emodin on ABCG2 expression, RT-PCR for
ABCG2 mRNA was performed. Results from RT-PCR
showed that there were no differences among dose-
dependent emodin treatments in each group (Fig. 4D). These
data suggest that emodin could inactive the pump function
of ABCG2 responsible for doxorubicin retention, but it could
not suppress the expression of ABCG2.

Emodin sensitizes SP cells to the anticancer
agent CDDP

To examine the chemoresistance of cancer stem-like SP
cells and sensitization of emodin on cell viability, SP and
non-SP cells from SGC-996 and GBC-SD cells were treated
with CDDP only, emodin only, and co-treated. As demon-
strated in the cell viability assay, SP cells were highly resis-
tant to CDDP treatment. SP cells remained 93.72% and
96.58% viable, respectively, from SGC-996 and GBC-SD cells
when treated with CDDP at a dosage of 2 mg/mL (Table 1).
However, a sharp decrease (27.54% and 29.51%) in cell via-
bility was observed when non-SP cells were exposed to the
same dosage (Table 1). These data clearly demonstrated the
chemoresistant characteristic of SP cells.

More importantly, despite the differences in CDDP sen-
sitivity, both SP and non-SP cells were extremely sensitive to
emodin/CDDP co-treatment, as evidenced by the 44.74%,
46.61%, 38.53%, and 44.21% inhibition in cell viability for SP
cells from SGC-996, SP cells from GBC-SD, non-SP cells from
SGC-996, and non-SP cells from GBC-SD, respectively, sug-
gesting that the enhancement of the toxicity by emodin co-
treatment was effective in targeting both SP and non-SP cells.
Notably, we observed that emodin effectively sensitized SP
cells while no obvious reduction in viable cell number was
observed in non-SP cells by emodin alone (Table 1). These
findings suggest that emodin may be an effective agent in
targeting resistant SP cells.

Emodin/CDDP combination markedly
downregulates ABCG2 expression of SP cells

It has been reported that overexpression of ABCG2 is not
only a key marker for SP cells and an important factor for
maintaining the microenvironment and stem cell character-
istics of SP cells, but also often renders cancer cells a con-
stitutive characteristic of multidrug resistance [28,31]. The
previous experiments showed that SP cells expressing high
level of ABCG2 from SGC-996 and GBC-SD cells could be

FIG. 4. ABCG2 is responsible
for SP phenotype and the ef-
fects of emodin on ABCG2. (A)
Differential expression of
ABCG2 mRNA in SP cell and
non-SP cells SGC-996 (A-a)
and GBC-SD (A-b). (B-a, B-b)
Cells were transfected with
nonspecific siRNA (NC) or
ABCG2 siRNA. (B-c) After si-
lencing the gene ABCG2, SP
cells were sorted. (C-a, C-b)
Emodin promotes the intra-
cellular accumulation of
doxorubicin of SP cells. (C)
Retention of doxorubicin is
prolonged by treatment with
verapamil in SGC-996 (C-c
and GBC-SD C-d). (D) Dose-
dependent emodin has no ef-
fect on the mRNA expression
of ABCG2. (a) Stands for SP
group and non-SP group from
SGC-996; (b) stands for SP
group and non-SP group from
GBC-SD. Each experiment was
repeated 3 times.
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partially killed by using emodin in combination with che-
motherapeutic drug CDDP in vitro and in vivo. To verify
whether the effect of emodin/CDDP co-treatment could be
correlated to downregulate ABCG2 gene, we measured the
expression of ABCG2 of the control, emodin-only, CDDP-
only, and emodin/CDDP combination samples. Our results
showed that CDDP/emodin co-treatment resulted in a
downregulation of ABCG2 in the SP cells from both the cell
lines, while there was no change in the non-SP cells (Fig. 5).

Emodin sensitizes SP and non-SP cells to CDDP
cytotoxicity in xenograft tumors without displaying
obvious toxic effects

When the transplanted tumor volume reached 100 mm3,
the mice were synchronously administered with physiolog-
ical saline, emodin only, CDDP only, and emodin/CDDP for
8 days. Our results showed that mice exposed to emodin/
CDDP therapy had significantly smaller tumors than mice in
other groups of both SP and non-SP groups (Tables 2 and 3).
The tumor volumes of the SP groups under emodin treat-
ment distinctly reduced from both SGC-996 and GBC-SD
cells, while those of the non-SP groups had no obvious dif-
ference compared with each control group (Tables 2 and 3).
Following CDDP treatment, the SP groups showed more
resistance than that of the non-SP groups of transplantation
from both SGC-996 and GBC-SD cells (Tables 2 and 3). Also,
emodin/CDDP treatment could sharply inhibit tumor
weight from both SP and non-SP groups (Fig. 6A, B). As
shown in Fig. 6C, no notable differences on the body weight
loss of mice were observed among these groups, demon-
strating that emodin/CDDP co-treatment had no obvious

side effects in vivo. These data support the idea that SP-
derived tumor cells had robust chemoresistance and emodin
administration in combination with the chemotherapeutic
drug CDDP could significantly suppress the tumorigenicity
in vivo.

Emodin/CDDP combination inhibits the mRNA level
of ABCG2 in xenograft tumors of the SP group

In situ hybridization of transplantation tissue for ABCG2
mRNA was used to show the effect of emodin/CDDP
combination on ABCG2 expression in vivo. The results of the
reporter assay showed that the emodin/CDDP treatment on
the SP group from SGC-996 cells was lower than other 3
groups in vivo (Fig. 7A). Consistently, in situ hybridization
of the xenograft tissues of SP cells from GBC-SD cells showed
the same phenomenon (Fig. 7B). But in the transplantation
tissue of non-SP group from both the cell lines, the expres-
sion of ABCG2 was not affected by emodin/CDDP combi-
nation, emodin-only, or CDDP-only sample (Fig. 7).

Discussion

Conventional therapies for gallbladder cancer are be-
lieved to mainly eliminate the majority of differentiated
cancer cells but spare CSCs, which are thought to be as-
sociated with recurrence [3,32]. Thus, it is important to
develop new therapies targeting CSCs. Putative CSCs in
gallbladder cancer were identified with CD44 + CD133 +
and CD133 + , respectively, as sorting markers [33,34]. Yin
et al. [35] obtained gallbladder CSC-like cells using sus-
pension cultures of GBC-SD cells in serum-free culture
medium containing CDDP. In the present study, we used
SP cells as a model of CSC-like cells. On the basis of the
ability to efflux the fluorescent DNA-binding dye Hoechst
33342, Goodell et al. [9] first identified SP cells from mouse
bone marrow as a small cell population that was highly
enriched for hematopoietic stem cells and endowed with
long-term repopulating capacity. Ever since their discovery,
SP cells have been detected in many tumor tissues, such as
esophageal carcinoma [23] and laryngeal [14]. The existence
of SP cells has been proven to play an important role in
tumor growth and relapse in many solid tumors [10–16,23].
Zhou et al. [36] first proved that ABCG2 was a molecular
determinant of the SP phenotype. A number of other
studies in a wide variety of organs have also indicated that
ABCG2 is responsible for Hoechst 33342 dye efflux pattern

FIG. 5. Emodin/cisplatin (CDDP) combination could
markedly downregulate ABCG2 expression of SP cells from
SGC-996 (A) and GBC-SD (B). Each experiment was repeated
3 times.

Table 1. Emodin Sensitizes Side Population Cells to the Anticancer Agent CDDP

Group Con (absorbance) CDDP (absorbance) Emodin (absorbance) CDDP + emodin (absorbance)

SGC-996
SP 1.115 – 0.003 1.045 – 0.064b 0.873 – 0.048a,b 0.616 – 0.034a

Non-SP 1.117 – 0.003 0.809 – 0.016a 1.103 – 0.012 0.687 – 0.059a

GBC-SD
SP 1.181 – 0.06 1.14 – 0.137b 0.936 – 0.11a,b 0.63 – 0.097a

Non-SP 1.177 – 0.051 0.83 – 0.097a 1.145 – 0.05 0.657 – 0.054a

aP < 0.05, experimental group compared with the control group.
bP < 0.05, the SP group compared with the non-SP group.
Emodin sensitizes SP cells to the anticancer agent CDDP. Each experiment was repeated 3 times.
CDDP, cisplatin; SP, side population.
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and confers the SP cell phenotype [11–15,23]. In our pre-
vious work we sorted SP cells from a human gallbladder
carcinoma cell line, SGC-996, and found that SP cells pos-
sess the characteristics of CSCs, such as asymmetrical cell
division, more rapid proliferation, higher clonogenicity,
stronger tumorigenicity, more migratory, invasive abilities,
more resistant to chemotherapy, and express higher levels
of ABCG2 [37]. Zhang et al. [38] recently isolated SP cells
from other common gallbladder carcinoma cell line, GBC-
SD, and also confirmed that SP cells showed characteristics
of CSCs, such as higher clonogenicity and stronger tumor-
igenicity. These reports provide a strong evidence to use SP
cells for CSC study. In this experiment, the proportion of SP
cells from the commonly studied human gallbladder carci-
noma cell lines SGC-996 and GBC-SD was 1.0% and 0.8%,
respectively, both of which reduce to 0% in the presence of
verapamil. Moreover, after silencing the gene ABCG2, any
SP cells from GBC-SD cells could not be got by FACS,
meanwhile the proportion of SP cells from SGC-996 cells
was only 0.2% left (the original ratio was 1.0%). In addition,
we found that SP cells of SGC-996 and GBC-SD cells
showed higher expression of ABCG2 than non-SP cells,
meanwhile there were no differences of other main and
common ABC transporters MDR1, MRP1, and MRP2 be-
tween SP and non-SP cells. Thus, we propose that ABCG2 is
the requirement of the phenotype of the SP cells. Widely
expressed in stem cells, ABCG2 is also recognized as a
universal marker of stem cells [28]. Therefore, SP cells from

gallbladder cancer may correspond to CSCs, and at least
they enrich more CSCs.

Emodin is one of the main active components enriched in
the root and rhizome of many traditional Chinese medicinal
herbs, especially from the Rhizoma and Radix families.
Emodin has long been studied for anti-inflammatory, anti-
bacterial, diuretic, immunosuppressive, and chemopreven-
tive effects. The anticancer effect of emodin is found to be
mediated via induction of apoptosis, inhibition of cancer cell
growth, antiproliferation, and antiadhesion [22,39,40]. Re-
cently, we have found that emodin can facilitate cytotoxicity
in gallbladder carcinoma in the ROS-dependent manner [21].
Its chemosensitizing effect leads us to hypothesize that em-
odin may work as an agent targeting cancer stem-like SP
cells of gallbladder carcinoma. Here, we showed for the first
time that emodin has anti-CSC effects, as indicated by strong
inhibition on cell growth in vitro and in vivo.

In the present study we showed that emodin inhibited SP
cells of SGC-996 and GBC-SD cells. SP cells are due to the
action of the ABC transporter ABCG2, alias breast cancer
resistance protein (BCRP) [16,28]. ABCG2 functions as a
high-capacity transporter with a wide range of substrates,
including various chemotherapy drugs, and it has been
shown to participate in the multidrug resistance of tumors
and lead to a limitation of chemotherapeutics [8,31,41]. In-
triguingly, CSCs are also supposed to be responsible for the
acquisition of multidrug chemoresistance and lead to the
cancer relapse [4]. SP cells and chemoresistance suggest a

Table 2. In Vivo Tumorigenicity and Treatment (Side Population and Nonside Population Cells of SGC-996)

Group Volume D0 (cm3) Volume D2 (cm3) Volume D4 (cm3) Volume D6 (cm3) Volume D8 (cm3)

SP (SGC-996)
Con 0.106 – 0.012 0.14 – 0.052 0.199 – 0.017 0.315 – 0.048 0.46 – 0.04
CDDP 0.106 – 0.016 0.121 – 0.023 0.178 – 0.028 0.261 – 0.06 0.413 – 0.029
Emodin 0.102 – 0.015 0.103 – 0.014 0.133 – 0.037a 0.202 – 0.032a 0.304 – 0.018a

CDDP + emodin 0.106 – 0.012 0.098 – 0.017 0.09 – 0.012a 0.089 – 0.011a 0.083 – 0.01a

Non-SP (SGC-996)
Con 0.102 – 0.01 0.127 – 0.018 0.19 – 0.037 0.288 – 0.029 0.359 – 0.041
CDDP 0.102 – 0.011 0.099 – 0.011a 0.131 – 0.013a 0.198 – 0.016a 0.279 – 0.028a

Emodin 0.102 – 0.098 0.123 – 0.027 0.182 – 0.019 0.277 – 0.025 0.353 – 0.016
CDDP + emodin 0.105 – 0.012 0.093 – 0.013a 0.085 – 0.012a 0.075 – 0.012a 0.07 – 0.013a

aP < 0.05, experimental group compared with the control group.
Emodin sensitizes SP and non-SP cells of SGC-996 to CDDP cytotoxicity in xenograft tumors. D, day; (n = 6).

Table 3. In Vivo Tumorigenicity and Treatment (Side Population and Nonside Population Cells of GBC-SD)

Group Volume D0 (mm3) Volume D2 (mm3) Volume D4 (mm3) Volume D6 (mm3) Volume D8 (mm3)

SP (GBC-SD)
Con 0.101 – 0.011 0.139 – 0.013 0.199 – 0.022 0.277 – 0.021 0.379 – 0.025
CDDP 0.101 – 0.012 0.123 – 0.012 0.174 – 0.021 0.212 – 0.02 0.301 – 0.049
Emodin 0.102 – 0.074 0.108 – 0.098 0.142 – 0.015a 0.183 – 0.029a 0.258 – 0.036a

CDDP + emodin 0.103 – 0.01 0.092 – 0.011a 0.084 – 0.01a 0.078 – 0.011a 0.074 – 0.009a

Non-SP (GBC-SD)
Con 0.102 – 0.008 0.121 – 0.017 0.17 – 0.025 0.232 – 0.037 0.312 – 0.04
CDDP 0.102 – 0.008 0.103 – 0.008a 0.136 – 0.028a 0.181 – 0.022a 0.25 – 0.028a

Emodin 0.102 – 0.01 0.12 – 0.019 0.169 – 0.014 0.221 – 0.017 0.309 – 0.027
CDDP + emodin 0.1 – 0.007 0.093 – 0.002a 0.084 – 0.005a 0.074 – 0.005a 0.07 – 0.005a

aP < 0.05, experimental group compared with the control group.
Emodin sensitizes SP and non-SP cells of GBC-SD to CDDP cytotoxicity in xenograft tumors. D, day; (n = 6).
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close link between ABCG2 and CSCs. Although the molec-
ular mechanisms regulating the expression of ABCG2 remain
unclear, many agents have been found to regulate the ex-
pression of ABCG2, such as human placental lactogen, hu-
man prolactin, and folate [42–44]. Yin et al. found that
transforming growth factor-beta decreased ABCG2 gene ex-
pression in SP cells from MCF-7 [27]. Katayama et al. [45]
showed that dofequidar fumarate sensitizes SP cells to che-
motherapeutic drugs by inhibiting ABCG2/BCRP-mediated
drug export. Our results showed that emodin in combination

with CDDP downregulated ABCG2 expression and facili-
tated cytotoxicity in SP cells; however, the combination ex-
erted little effect on the expression of ABCG2 in non-SP cells.
In difference from other reporters, there is lower ABCG2
expression in non-SP cells, indicating that ABCG2 does not
occupy the main role as drug efflux pumps, or protect the
organism from a range of xenobiotics as the primary bio-
logical role [41]. The expression of ABCG2 in the physio-
logical function may be regulated by multiple pathways in a
complex network. Combined with the prior research on

FIG. 6. Emodin administration in combination with the chemotherapeutic drug CDDP in vivo. (A, B) Average weight of
transplanted tumors after the mice were exposed to treatments. (a) Stands for SP group; (b) stands for non-SP group. (C) Average
body weight of tumor-bearing mice. (a) Stands for SP group and non-SP group from SGC-996; (b) stands for SP group and non-SP
group from GBC-SD. Columns, mean; bars, SD. *P < 0.05, experimental group compared with the control group (n = 6).
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inhibition of MRP1 by emodin/CDDP co-treatment in gall-
bladder cancer [21], these results may explain the fact that
drug efflux pumps play important roles in drug resistance of
gallbladder cancer and emodin in combination with CDDP
can suppress different ABC family resistance proteins in SP
and non-SP cells. Different from MDR1 and MRP1, ABCG2 is
also a molecular determinant of the SP phenotype [27,28],
which suggests that new therapeutic strategies targeting
ABCG2 may effectively eliminate CSCs and overcome cur-
rent chemotherapeutic limitations.

ROS, produced by the metabolism of oxygen, have been
implicated in processes as diverse as cancer, cardiovascular
disease, and aging. It has recently been shown that central
nervous system stem cells, hematopoietic stem cells, human
and murine breast CSCs, and early progenitors contain
lower levels of ROS than their more mature progenies,
which are critical for maintaining stem cell function [26,46–
48]. Das et al. [49] consider that hypoxic microenvironments
play an important role in the trafficking of normal stem
cells and SP cells, and hypoxia enhances tumor stemness by
increasing the invasive and tumorigenic SP fraction. Taken
together, these findings indicate that stem cells in diverse
systems have conserved this lower ROS attribute, which
may help to protect their genomes from endogenous and

exogenous ROS-mediated damage. In accord with the
above-mentioned studies, we found that cellular ROS levels
of SP cells were lower than that of non-SP cells from SGC-
996 and GBC-SD cells, which suggests that lower ROS
levels might be helpful for cancer stem-like SP cells to
maintain stem cell properties and protect them from en-
dogenous and exogenous damages [26,45,46]. Emodin was
able to generate ROS in a variety of tumor cells [17,19–21].
We found that exposure of SP and non-SP cells to emodin
resulted in elevation of cellular ROS levels in a dose-
dependent manner. These data indicate that the effect of
emodin on enhancement of ROS levels was related to fail-
ure stem cell characteristics and weaken survival ability in
SP cells [26]. Overcoming low ROS levels in CSCs might be
a useful method for improving local and systemic onco-
logical therapies. But for non-SP cells, it is not easy for
emodin to damage the cell defensive system, because the
intracellular ROS of non-SP cells is less sensitive to hypoxia
and hyperoxia regulator than that of SP cells. Besides, we
observed that emodin could promote SP cellular accumu-
lation of doxorubicin that is the main substrate of ABCG2
[29,30,50], but it could not suppress the expression of
ABCG2. This finding indicates that emodin, via alteration of
tumor microenvironment and inactivation of pump func-
tion, could affect the drug efflux ABCG2 and ultimately
influence doxorubicin retention. Some studies have re-
ported that ABCG2 expression is upregulated by hypoxia
and injury via hypoxia inducible transcription factor (HIF)
signaling [51,52]. HIF is accompanied with hypoxia, com-
bating overproduction of ROS [20]. But we found that
emodin-producing ROS could not change the expression of
ABCG2. In summary, emodin, via ROS-related mechanism
and inactivating the efflux pump ABCG2/BCRP function,
affects survival ability of SP cells and doxorubicin retention.
How emodin contributes to inactivation of ABCG2 remains
to be clarified in the future.

As emodin/CDDP co-treatment could inhibit ABCG2 in
vitro, we tried to treat transplantation tumors with emodin
in combination with CDDP in vivo. Our study demonstrates
that this combination is effective in killing of SP cells in vivo
via inhibition of ABCG2. Interestingly and promisingly, both
in vitro and in vivo data show the consistent results, which
implies that emodin is a promising chemotherapy-sensitizing
agent targeting CSCs. In summary, emodin not only effec-
tively impairs the survival of gallbladder cancer stem-like SP
cells via enhancement of intracellular ROS level and inacti-
vation of the pump ABCG2, but also sensitizes CDDP to
overcome chemoresistance of SP cells via suppression of the
expression of ABCG2. Therefore, emodin may work as an
effective therapeutic agent for the treatment of gallbladder
carcinoma.
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FIG. 7. In situ hybridization for ABCG2 mRNA in xeno-
graft tumor sections. Emodin/CDDP combination inhibited
the mRNA expression of ABCG2 in xenograft tumors of the
SP group from the cell line SGC-996 (A-a) and GBC-SD (B-a).
But in the tumor tissues of non-SP group, ABCG2 could not
be downregulated by emodin/CDDP combination, emodin-
only, or CDDP-only sample (A-b, B-b). Obviously, in control
from each cell line, ABCG2-positive signals of SP group were
stronger than that of non-SP group (n = 6). The deep black
represented positive hybridization signal for ABCG2 mRNA
in black and white print. (a) Stands for SP group; (b) stands for
non-SP group.
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