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a b s t r a c t

Estrogen-related receptor alpha (ERR�) is primarily thought to regulate energy homeostasis through
interacting with peroxisome proliferator-activated receptor � coactivator-1� and -1� (PGC-1� and -1�).
They coordinately control the transcription of genes in the oxidative phosphorylation pathway. In addition
to its role in energy metabolism, ERR� has also been implicated as a prognostic marker for breast, ovar-
ian, colon and prostate cancers. In this study, we found that an ERR� inverse agonist XCT-790 induced
cell death in HepG2 hepatocarcinoma and its multi-drug resistance (MDR) sub-line R-HepG2. Using a
dye Mitotracker Green which stains mitochondrion independent of mitochondrial membrane potential
(��m), we found that XCT-790 dose-dependently decreased mitochondrial mass. Intriguingly, XCT-790
eactive oxygen species (ROS) increased ��m upon short term treatment but decreased ��m upon longer term treatment. The changes
of ��m in turn promoted the production of reactive oxygen species (ROS) and led to ROS-mediated cas-
pases 3/7, 8, 9 activation and cell death. Importantly, we established that an anti-oxidative compound
Mn(III) Tetra(4-benzoic acid) porphyrin chloride (MnTBAP) blocked the caspases activities and cell death
increased by XCT-790 treatment. Finally, we found that XCT-790 synergized with paclitaxel to induce cell
death in multi-drug resistance sub-line R-HepG2. Our results provide a conceptual framework for further
developing chemotherapeutics based on suppressing ERR� activity.
. Introduction

Estrogen-related receptors alpha, beta and gamma (ERR�, ERR�,
nd ERR�) are orphan nuclear hormone receptors that display con-
titutively active transcriptional activities [1]. ERR� is primarily
hought to regulate energy homeostasis through interacting with
eroxisome proliferator-activated receptor � coactivator-1� and -
� (PGC-1� and -1�). They coordinately control the transcription
f genes in the oxidative phosphorylation pathway [2]. In addition
o its role in energy metabolism, ERR� has also been implicated
s a prognostic marker for breast, ovarian, colon and prostate can-
ers [3–7]. Importantly, over-expression of ERR� is linked to poor
linical outcome for breast cancer [3,7], suggesting that ERR� may

epresent a novel target for cancer treatment [8]. Indeed, sup-
ressing the expression of ERR� by RNA interference inhibited the
rowth of estrogen receptor negative breast cancer cells [9]. In addi-
ion, a synthetic chemical XCT-790 designed and demonstrated to

∗ Corresponding author. Tel.: +86 20 3229 0256; fax: +86 20 3229 0606.
E-mail address: wong chiwai@gibh.ac.cn (C. Wong).

1 These authors contribute equally to this study.

009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.05.008
© 2009 Elsevier Ireland Ltd. All rights reserved.

function as a specific inverse agonist of ERR� synergized with estro-
gen receptor antagonist to inhibit the growth of estrogen receptor
positive breast cancer cells [10,11].

Chemotherapeutics like doxorubicin and paclitaxel (Taxol) have
been widely used in the cancer treatments. Unfortunately, many
cancer cells develop multi-drug resistance (MDR) during prolonged
systemic treatments [12]. Particularly, aberrant expressions or
activities of ATP-binding cassette (ABC) transporter families includ-
ing subfamily B member 1 (ABCB1), also known as P-glycoprotein
1 (P-GP) or multi-drug resistance 1 (MDR1), and sub-family G
member 5 (ABCG5) are associated with MDR [13,14]. These ATP-
dependent plasma membrane transporters exclude a variety of
structurally and functionally unrelated anti-cancer drugs to the
extra-cellular environment, effectively lowering the intra-cellular
drug concentration.

Previously, we and others had established a MDR1 over-
expressing cell line R-HepG2 to be used as an in vitro model system

to screen for novel chemotherapeutics that would potentially over-
come MDR [15]. In this study, we found that ERR� inverse agonist
XCT-790 would induce cell death in HepG2 and its MDR sub-line
R-HepG2, suggesting that XCT-790 may be further developed as a
novel chemotherapeutic agent.

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:wong_chiwai@gibh.ac.cn
dx.doi.org/10.1016/j.cbi.2009.05.008
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. Materials and methods

.1. Cell culture and reagents

MES-SA, MES-SA/DX5, and HepG2 cells were obtained from
merican Type Culture Collection. R-HepG2 cells were obtained

rom the Chinese University of Hong Kong. MES-SA and MES-
A/DX5 cells were cultured in MEM (Gibco) medium with 10% FBS
Hyclone) and 100 U/ml penicillin–streptomycin (Gibco). HepG2
nd R-HepG2 cells were cultured in RPMI 1640 (Gibco) medium
ith 10% FBS and 100 U/ml penicillin–streptomycin. R-HepG2 cells
ere maintained in culture medium with 1.2 �M doxorubicin to

eep their MDR properties. All cells were cultured in a humidified
tmosphere containing 5% CO2 at 37 ◦C. XCT-790 was synthe-
ized and purified as described [10]. Mn(III) Tetra(4-benzoic acid)
orphyrin chloride (MnTBAP) was purchased from Calbiochem.
aspase inhibitor Z-VAD-FMK was purchased from Promega. All
ther chemicals were purchased from Sigma.

.2. Cell viability assay

Cells were seeded in 96-well plates at a density of 2000 cells
er well and treated with different concentrations of XCT-790 for

ndicated time with dimethyl sulfoxide (DMSO) as vehicle control.
ell viability was determined by using CellTiter-Glo Luminescent
ell Viability Assay kit (Promega) and recorded by a VeritasTM

icroplate luminometer (Turner Biosystems) following technical
anuals. Each treatment was performed in triplicate wells per

xperiment.

.3. Western blot analysis

Cells were lysed using RIPA reagent (Shanghai Shenneng)
ccording to the manufacturer’s protocol and protein extracts were
nalyzed by 10% SDS-PAGE and blotted onto PVDF membrane.
embranes were incubated with rabbit anti-human PGC-1� anti-

ody (Cell Signaling Technology), rabbit anti-human ERR� antibody
enerated in house, or mouse anti-human �-actin antibody (Boster)
ollowed by horseradish peroxidase-conjugated secondary anti-
ody (Amersham) and developed with ECL reagent (Amersham).

.4. Mitochondrial mass determination

Mitotracker green FM (Invitrogen) was used to determine the
itochondrial mass in cells. Briefly, cells were incubated in serum

ree medium (pre-warmed to 37 ◦C) with 150 nM Mitotracker Green
M for 20 min in the dark. After staining, cells were washed twice
ith cold phosphate-buffered saline (PBS) and suspended in 200 �l

BS. Subsequently, cells were analyzed on a flow cytometer (FAC-
Calibur, BD Biosciences) with excitation at 490 nm and emission at
16 nm. Data were processed by using the CellQuest program (BD
iosciences).

.5. Mitochondrial DNA copy determination

Total DNA was isolated and the amount of mitochondrial DNA
mitochondrial cytochrome c oxidase subunit II) relative to nuclear
enomic DNA (�-actin) was determined by Real-time PCR with
YBR green kit (Takara) in MJ Real-time PCR system.

.6. Mitochondrial membrane potential determination
Mitochondrial membrane potential (��m) was analyzed by a
uorescent dye JC-1 (Beyotime Jiangsu China). JC-1 is capable of
electively entering mitochondria where it forms monomers and
mits green fluorescence when ��m is relatively low. At high
ractions 181 (2009) 236–242 237

��m, JC-1 aggregates and gives a red fluorescence. Assays were ini-
tiated by incubating HepG2 and R-HepG2 cells with JC-1 for 20 min
at 37 ◦C in the dark and the fluorescence of separated cells was
detected with a flow cytometer (FAC-SCalibur, BD Biosciences). Data
were processed by using the CellQuest program (BD Biosciences).

2.7. Reactive oxidant species (ROS) determination

The determination of reactive oxidant species (ROS) level was
based on the oxidation of 2,7-dichlorodihydrofluorescin (DCFH)
(Beyotime Jiangsu China) by peroxide, as previously described [16].
In brief, HepG2 and R-HepG2 cells were washed and incubated with
DCFH for 20 min at 37 ◦C in the dark. Cells were then washed twice
and harvested in PBS. The fluorescence of 2, 7-dichlorofluorescein
(DCF) was detected with a flow cytometer (FAC-SCalibur, BD Bio-
sciences) with excitation at 488 nm and emission at 530 nm. Data
were processed by using the CellQuest program (BD Biosciences).

2.8. Caspase activity determination

The activities of caspases were measured with Caspase-Glo
Assay kit (Promega). Briefly, cells were seeded in 96-well plates
at a density of 2000 cells/well. After treatment, cells were mixed
to shake with 100 �l Caspase-Glo reagent for 2 min and incubated
at room temperature for 30 min. Subsequently, luminescence of
each sample was recorded by using a VeritasTM Microplate lumi-
nometer (Turner Biosystems) following the technical manual. Each
treatment was performed in triplicate wells per experiment.

2.9. Assessment of apoptosis

Annexin V-PE apoptosis detection kit I (BD Biosciences) was
used to quantitatively determine the percentage of cells within
a population that are actively undergoing apoptosis. Briefly, cells
were washed twice with cold PBS and resuspended in 1× Bind-
ing Buffer at a concentration of 1 × 106 cells/ml, then 100 �l of the
solution (1 × 105 cells) were transferred to a 5 ml culture tube, and
5 �l of Annexin V-PE and 5 �l of 7-amino-actinomycin D (7-AAD)
were added. Subsequently, cells were gently mixed and incubated
for 15 min at room temperature (25 ◦C) in the dark. Finally cells
were suspended in 400 �l PBS for analysis using a flow cytometer
(FAC-SCalibur, BD Biosciences) and data were processed by using
the CellQuest program (BD Biosciences).

2.10. RNA isolation and quantitative real-time PCR

Total RNA was extracted by Trizol reagent (Invitrogen). The
first-strand cDNA was generated with random primer by reverse
transcription kits (Invitrogen). Real-time PCR reactions were per-
formed with SYBR green kit (Takara) in MJ Real-time PCR system.
Relative gene expression was normalized to 18S rRNA level.
Sequences of primers and reaction conditions are available upon
request.

2.11. Statistical analysis

Data are presented as mean ± SD and analyzed with unpaired
Student’s t-test. Asterisks indicate significant differences (*P < 0.05,
**P < 0.01, ***P < 0.001).

3. Results
3.1. Sensitivities of cancer cells to doxorubicin and XCT-790

The sensitivities of human hepatocarcinoma cell line HepG2 and
its MDR subline R-HepG2 to doxorubicin and ERR� inverse ago-
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Fig. 1. Sensitivities of cancer cells to doxorubicin and XCT-790. (a) HepG2 and R-HepG2 cells were treated with DMSO or 5 �M doxorubicin (Dox) for 48 h. Cell viabilities
were measured as in materials and methods with the DMSO treatment set at 100%; (b) HepG2 and R-HepG2 cells were treated with DMSO or different doses of XCT-790 for
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8 h; (c) MES-SA and MES-SA/DX5 cells were treated with DMSO or 5 �M doxorubic
oses of XCT-790 for 72 h; (b–d) Cells were measured as in (a). Data were expressed

*P < 0.05, **P < 0.01, ***P < 0.001).

ist XCT-790 were measured after drug treatments for 48 h by cell
iability assays. As previously shown, R-HepG2 was resistant to
�M of doxorubicin compared to its parental line HepG2 (Fig. 1a).
n the other hand, the viabilities of both HepG2 and R-HepG2
ere reduced by XCT-790 in dose-dependent manners (Fig. 1b).

n addition, we compared the sensitivities of another MDR cell line

ES-SA/DX5 [17] and its parental line MES-SA to doxorubicin and

CT-790. We found that MES-SA/DX5 was moderately resistant to
oxorubicin compared to MES-SA (Fig. 1c) while XCT-790 reduced
he viabilities of both cell lines (Fig. 1d). These results suggested
hat XCT-790 may have a potential to overcome MDR in vitro.

ig. 2. Effects of XCT-790 on ERR�/PGC-1� expressions and mitochondrial mass. (a) Rel
lots. HepG2 and R-HepG2 cells were treated with DMSO or 10 �M XCT-790 for the time in
ontrol. The results are representative of three independent experiments. (b) Mitochond
nd R-HepG2 cells were treated with DMSO or XCT-790 at the concentrations indicated
-HepG2 cells were treated with DMSO or 10 �M XCT-790 for the time indicated. The amou
uclear genomic DNA (�-actin) was determined by Real-time PCR. Values are shown as me

*P < 0.05, **P < 0.01, ***P < 0.001).
x) for 72 h; (d) MES-SA and MES-SA/DX5 cells were treated with DMSO or different
n ± SD of three independent experiments. Asterisks indicate significant differences

3.2. Effects of XCT-790 on ERR˛/PGC-1˛ expressions and
mitochondrial mass

Since R-HepG2 showed the highest level of resistance to doxoru-
bicin but yet sensitive to XCT-790 treatment, we chose R-HepG2 and
its parental line HepG2 to further investigate into the mechanism

of growth suppression. In view of the crucial role of mitochondria
in regulating cell growth and that ERR� regulates mitochondrial
biogenesis with coactivator PGC-1� [18,19], we first addressed if
XCT-790 altered the expression levels of these proteins. Consistent
with a previous report [11], XCT-790 reduced the protein levels of

ative protein expression levels of ERR� and PGC-1� were determined by Western
dicated. ERR�, PGC-1� expression levels were normalized to �-actin as an internal
rial mass was determined by flow cytometry with Mitotracker Green FM. HepG2
for 24 h. The relative mass of DMSO-treated cells was set at 100%. (c) HepG2 and
nt of mitochondrial DNA (mitochondrial cytochrome c oxidase subunit II) relative to
an ± SD of three independent experiments. Asterisks indicate significant differences



F. Wu et al. / Chemico-Biological Interactions 181 (2009) 236–242 239

Fig. 3. Effects of XCT-790 on mitochondrial membrane potential. Mitochondrial membrane potential (��m) was determined by flow cytometry with JC-1. HepG2 and R-
H 24 h.
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epG2 cells were treated with DMSO or XCT-790 at the concentrations indicated for
he corners represent the percentage of cells in the corresponding quadrants. Result
atios upon 10 �M XCT-790 treatments for 24, 48, and 72 h were calculated in HepG
sterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001).

RR� in these cell lines after 24 h and maintained these reduced
evels after 48 h (Fig. 2a). Importantly, XCT-790 treatment also led
o reduced levels of PGC-1� in both HepG2 and R-HepG2 after 48 h
Fig. 2a). We then measured the effect of XCT-790 on mitochondrial

ass using a dye Mitotracker Green which stains mitochondrion
ndependent of mitochondrial membrane potential. We found that
CT-790 decreased mitochondrial masses in both cell lines in dose
ependent manners (Fig. 2b). Additionally, we measured and found
hat mitochondrial DNA contents were reduced in time-dependent

anners (Fig. 2c) coinciding with the reduction of ERR� and PGC-
� protein levels.

.3. Effects of XCT-790 on mitochondrial membrane potential
In addition to suppressing mitochondrial mass, we studied
f mitochondrial membrane potential (��m) was affected by
CT-790 treatment. We measured the changes in ��m with a flu-
rescent dye JC-1 that gives a red fluorescence when ��m is high
nd green fluorescence when ��m is low. When cells were treated
Cells with more red fluorescence mean higher membrane potential. The numbers at
epresentative of three independent experiments. (b) The red to green fluorescence
R-HepG2 cells. Values are shown as mean ± SD of three independent experiments.

with XCT-790 for 24 h, we found that the percentage of cells with
red fluorescence increased in both HepG2 and R-HepG2 cells in
dose-dependent manners (Fig. 3a). But when cells were treated
with XCT-790 for 48 or 72 h, time-dependent decreases of red/green
fluorescence ratio were observed in HepG2 and R-HepG2 (Fig. 3b),
suggesting that the mitochondrial function was dysregulated.

3.4. Effects of XCT-790 on ROS level and caspases activities

Mitochondrial dysfunction results in a variety of deleterious
outcomes including generation of reactive oxygen species (ROS)
[20]. Accumulation of ROS can lead to cell death through activa-
tion of caspases [21]. We therefore examined the generation of ROS
using flow cytometry with 2, 7-dichlorodihydrofluorescin diacetate

(DCFH-DA) dye. We found that XCT-790 increased ROS levels in both
HepG2 and R-HepG2 cells in dose- (Fig. 4a) and time-dependent
manners (Fig. 4b). Furthermore, XCT-790 increased caspase 3/7, 8,
and 9 activities (Fig. 4c–e). Notably, we also found that an anti-
oxidative compound MnTBAP, which is a cell-permeable superoxide
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Fig. 4. Effects of XCT-790 on ROS level and caspases activities. (a) ROS levels were determined by measuring the fluorescence of DCF. HepG2 and R-HepG2 cells were treated
with DMSO or XCT-790 at the concentrations indicated for 24 h. The relative levels were presented as the percentage of DMSO control. (b) ROS levels in HepG2 and R-HepG2
cells were treated with DMSO or 10 �M XCT-790 for the time indicated were measured as in (a). (c–e) Caspase 3/7(c), 8(d) and 9(e) activities in the presence of DMSO or
10 �M XCT-790 with or without 200 �M MnTBAP/40 �M Z-VAD-FMK for 48 h were determined in HepG2 and R-HepG2. Relative caspase 3/7, 8 and 9 activities were presented
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ismutase (SOD) mimetic and peroxynitrite scavenger [22], blocked
he caspases activities increased by XCT-790 treatment (Fig. 4c–e).

.5. Effects of XCT-790 on cell death

Next, we confirmed if the XCT-790 induced ROS and caspases
ctivities would lead to cell death in HepG2 and R-HepG2. Cells
reated with XCT-790 were analyzed for the presence of early
poptotic events such as PS externalization and loss of membrane
ntegrity upon Annexin V-PE and 7-AAD staining. We found that
CT-790 induced apoptosis in the two cell lines with HepG2 being
ore sensitive compared to R-HepG2 and that ROS scavenger MnT-

AP prevented cells from XCT-790-induced cell death (Fig. 5a).
n addition, we found that a pan-caspase inhibitor Z-VAD-FMK
locked the XCT-790-induced caspases activities (Fig. 4c–e) and cell
eath (Fig. 5a), strongly suggesting that the ROS-mediated activa-

ion of caspases is responsible for the apoptosis induced by XCT-790.
mportantly, XCT-790 synergized with taxol but not doxorubicin
o promote cell death in R-HepG2 (Fig. 5b and c), suggesting that
CT-790 treatment may be selectively combined with current anti-
ancer agents to maximize therapeutic effect.
ents. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001).

4. Discussion

Doxorubicin, paclitaxel, and cisplatin, representing different
classes of chemotherapeutics, have been widely used for the treat-
ments of various types of cancer. The initial efficacies for these
chemotherapeutics vary with certain patients having more sen-
sitive while others more resistant tumors. The mechanisms of
multi-drug resistance have been at least attributed to the aberrant
expression or activities of ATP-binding cassette transporters [13,14].
Therefore, novel chemotherapeutics that are not affected by these
transporters may have important therapeutic values.

ERR� is primarily thought to regulate energy metabolism [2].
Nonetheless, over-expression of ERR� has been associated with
poor clinical outcome in breast cancer patients [3,7]. It is therefore
reasonable to speculate that suppressing ERR� activity pharma-
cologically would be a novel way to suppress tumor growth. In

this study, we presented evidences that an ERR� inverse agonist
XCT-790 would be able to overcome MDR in cancer cells with dif-
ferent levels of drug resistance. Importantly, XCT-790 was effective
in suppressing the growth of R-HepG2 cells which displayed strong
doxorubicin resistance.
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Fig. 5. Effects of XCT-790 on apoptosis. (a) HepG2 and R-HepG2 cells were treated with DMSO or 10 �M XCT-790 with or without 200 �M MnTBAP/40 �M Z-VAD-FMK for
48 h. Cells were then incubated with Annexin V-PE and 7-AAD and subjected to flow cytometric analysis. The percentage of dead cells (including early apoptosis and end stage
apoptosis) are shown. (b) HepG2 and R-HepG2 cells were treated with DMSO or 10 �M XCT-790 with or without 5 �M Dox/100 nM Taxol for 48 h and cell viabilities were
m hout 1
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easured. (c) R-HepG2 cells were treated with DMSO or 10 �M XCT-790 with or wit
nd subjected to flow cytometric analysis. The numbers at the corners represent th
hree independent experiments. Asterisks indicate significant differences (*P < 0.05,

We demonstrated that the mechanism of XCT-790-induced
poptosis involved the generation of ROS due to mitochondrial dys-
unction. At an early stage upon XCT-790 treatment, ��m was
levated in cells in which the activity of ERR� was suppressed. This
levated ��m would be expected to generate more ATP per mito-
hondrion in order to compensate for the lost of ATP production
apacity due to an overall lower amount of mitochondria resulting
rom the reductions of ERR� and PGC-1� expressions. The hyper-
ctivated ��m may then lead to an over-production of ROS as more
lectrons are passed through the electron transport chain. This ini-
ial elevation of ROS may lead to damages to the mitochondria and
ventually resulting in depolarization and a reduction of ��m.
onsistently, XCT-790 dose- and time-dependently increased ROS

evels and activated a caspase-mediated apoptotic pathway.
R-HepG2 cells express MDR1 at high levels and display MDR

o a variety of functionally and structurally unrelated chemother-
peutic agents [15]. Coincidentally, R-HepG2 cells have higher
itochondrial mass, ��m and ROS levels compared to HepG2

data not shown). The mRNA expression levels of anti-oxidative
nzymes glutathione peroxidase (GPx), manganese superoxide
ismutase (MnSOD), copper superoxide dismutase (CuSOD), and
itochondrial uncoupling protein 2 (UCP2) are reduced in R-HepG2

ompared to HepG2 (data not shown). These changes may be the
eason behind the higher levels of ROS and ��m observed in R-
epG2 compared to HepG2. These data suggest that R-HepG2 cells
ave adopted to proliferate under a high basal level of ROS. This

daptation may help R-HepG2 cells survive through the increase
n ROS mediated by certain types of chemotherapeutics like dox-
rubicin. Correspondingly, the increases in caspases activities and
xtent of apoptosis were lower in R-HepG2 than HepG2 (Figs.
c–e and 5a) despite a higher level of ROS induced by XCT-790
00 nM Taxol for 48 h. Then the Cells were incubated with Annexin V-PE and 7-AAD
entage of cells in the corresponding quadrants. Values are shown as mean ± SD of
.01, ***P < 0.001).

(Fig. 4b). Therefore, the reduction of mitochondrial mass may also
be in part responsible for the growth suppression mediated by
XCT-790.

Although further investigation into the specific mechanism of
how XCT-790 overcomes MDR is warranted, our preliminary results
suggest that developing novel chemotherapeutics based on tar-
geting ERR� to suppress cancer growth may be a viable strategy.
Particularly, XCT-790 selectively synergized with taxol but not
doxorubicin to induce apoptosis in R-HepG2 cells (Fig. 5b). Doxoru-
bicin induces ROS through inflicting DNA damages whereas taxol
alters microtubule stability without known ROS inductive effect.
Mechanistically, taxol may complement the ROS mediated caspase
activation induced by XCT-790 better than doxorubicin. These pre-
liminary data also suggest that additional exploration of different
combinations of chemotherapeutics with XCT-790 may pave ways
for future pre-clinical development.
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