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Drug repositioning has garnered attention as an alternative strategy to the

discovery and development of novel anticancer drug candidates. In this

study, we screened 321 FDA-approved drugs against nonirradiated and

irradiated MCF-7 cells, revealing that aripiprazole, a dopamine receptor

D2 (D2R) partial agonist, enhances the radiosensitivity of MCF-7 cells.

Unexpectedly, D2R-selective antagonist treatment significantly enhanced

the radiosensitizing effects of aripiprazole and prevented aripiprazole-in-

duced 5’ adenosine monophosphate-activated protein kinase (AMPK)

phosphorylation. Direct AMPK activation with A769662 treatment blunted

the radiosensitizing effects of aripiprazole. These results indicate that arip-

iprazole has potential as a radiosensitizing drug. Furthermore, prevention

of D2R/AMPK activation might enhance these anticancer effects of arip-

iprazole in breast cancer cells.

Several success stories of drug repositioning have

received global attention in recent years. Drug reposi-

tioning refers to the identification of new indications

for existing FDA-approved and abandoned drugs, due

to issues other than drug safety for treating diseases

other than the disease for which the drug was intended

[1]. The traditional approach to drug discovery, devel-

opment, and registration is a time-consuming and

costly process, and 70–90% of drugs fail clinical trials.

This expensive and time-consuming process of discov-

ering and developing new drugs calls for alternative

approaches such as drug repositioning [1,2]. Since drug

repositioning involves an evaluation of potential new

uses for existing drugs that have already been used in

humans, it affords a reduced length and cost of the

research and trial phase by utilizing existing data, such

as the drug’s dose regimen with favorable pharmacoki-

netic and pharmacodynamic properties as well as toler-

able side effects. One of the well-known examples of

drug repositioning is the use of sildenafil (Viagra) for

erectile dysfunction. Sildenafil was originally developed

for the treatment of coronary artery disease by Pfizer

in the 1980s [3]. Drug repositioning also has attracted

attention as a powerful alternative strategy to the dis-

covery and development of novel anticancer drug can-

didates with the successful clinical introduction of a

number of noncancer drugs for cancer treatment [4].

Breast cancer is one of the leading causes of cancer-

related death among women worldwide [5]. Radiother-

apy is one of the mainstay treatments of local control

of breast cancer and is utilized in the majority of

patients [6]. Although randomized trials have
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demonstrated the efficacy of radiation therapy in the

treatment of breast cancer, the rates of recurrence and

metastasis in breast cancer are substantial [7–10]. The

recent wealth of research has suggested that biological

factors play a role in determining the efficacy of radia-

tion therapy. The biological factors of tumors that

affect outcome after radiotherapy include the intrinsic

radioresistance of tumor cells [11,12]. The PI3K-AKT,

nuclear factor-jB, and mitogen-activated protein

kinase pathways can mediate the intrinsic radioresis-

tance of tumor cells and are often aberrantly activated

in tumors. Multimodal treatment strategies combining

pharmacological interventions targeting these path-

ways with ionizing radiation (IR) are therefore promis-

ing for increasing the radiosensitivity of cancer cells,

which might lead to the improvements in local cancer

control and patient survival. Therefore, in this study,

we screened a library of FDA-approved drugs to iden-

tify compounds that radiosensitize breast cancer cells.

Of the 321 compounds in the library, aripiprazole was

found to show a selective cytotoxic effect on irradiated

breast cancer cells. Aripiprazole was subjected to fur-

ther analysis to evaluate the mechanism underlying its

radiosensitizing effects.

Materials and methods

Cell culture

The human breast cancer cell lines MCF-7 and BT-474

were cultured in Dulbecco’s modified Eagle’s medium and

RPMI 1640 supplemented with 10% heat-inactivated FBS

(Lonza, Rockland, ME, USA), respectively. Both cell lines

were grown at 37 °C in a humidified atmosphere with 5%

CO2 and were in the logarithmic growth phase at the initia-

tion of experiments.

Materials and irradiation

Aripiprazole, quinpirole, and haloperidol were purchased

from Tocris (Ellisville, MO, USA). A769662 was obtained

from LC Laboratories (Woburn, MA, USA). Thioridazine

was obtained from Cayman Chemical (Ann Arbor, MI,

USA). Irradiation was performed at room temperature by

using a 137Cs gamma-ray source Gammacell 3000 manufac-

tured by Nordion (Ottawa, ON, Canada).

Compound library

A library of FDA-approved compounds (catalog number

BML-2843) was purchased from Enzo Life Sciences (Ply-

mouth Meeting, PA, USA) to screen compounds that

increase the radiosensitivity of MCF-7 breast cancer cells.

Screening with nonirradiated and irradiated

MCF-7 cells

MCF-7 cells were seeded in 96-well plates at a density of

1 9 103 cells per well. Twenty-four hours later, the cells

were pretreated with compounds at a concentration of

5 µm for 1 h and subsequently treated with or without

5 Gy of IR. Ninety-six hours later, cell viability was deter-

mined using an EZ-Cytox Cell Viability Assay Kit (water-

soluble tetrazolium salt method), according to the manufac-

turer’s protocol (DOGEN, Seoul, Korea). Percent viability

was calculated relative to that of the cells in DMSO-treated

control wells.

Western blotting

Total cell lysates were prepared using RIPA buffer, and west-

ern blot analyses were performed as previously described

[13]. Anti-poly (ADP-ribose) polymerase 1 (PARP) (catalog

number 9542), phospho-5’ adenosine monophosphate-acti-

vated protein kinase (AMPK)a (catalog number 2535),

AMPK (catalog number 2532), phospho-acetyl-coenzyme A

carboxylase (ACC) (catalog number 3661), and ACC (cata-

log number 3676) antibodies were purchased from Cell

Signaling Technology (Danvers, MA, USA).

Small interfering RNA and cell transfection

Small interfering RNA (siRNA) oligonucleotides were

designed using the siRNA design tool provided by Dharma-

con Research (Lafayette, CO, USA). The oligonucleotide

sequences were as follows: 50-CAACUAUGCUGCACCAG

AAGTAA-dTdT-30 (PRKAA1 siRNA) and 50-AAAU

GAACGUGAAUUGCUCAA-dTdT-30 (luciferase siRNA).

Transfection was performed using the RNAiMAX protocol

provided by Invitrogen (Carlsbad, CA, USA). After 24 h,

the transfected cells were used for experiments.

DNA fragmentation assay

Internucleosomal DNA fragmentation was quantitatively

determined by using the Cell Death Detection ELISAPLUS

Kit (Roche, Mannheim, Germany), according to the manu-

facturer’s instructions, as previously described [14]. Briefly,

cells were seeded in 96-well plates at a density of 5 9 103

cells per well and then treated with IR. Forty hours after

IR treatment, the cells were resuspended in 200 µL of the

lysis buffer that was supplied by the manufacturer. After

incubating for 30 min at room temperature, 20 µL of the

extract was used in the enzyme-linked immunosorbent

assay, according to the manufacturer’s protocol. Finally,

upon incubating with a peroxidase substrate for 15 min,

the absorbance at 405 nm with a reference wavelength of

492 nm was determined with a microplate reader (Bio-Tec

Instruments, Winooski, VT, USA).
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Statistical analysis

The results were expressed as the mean � standard devia-

tion (SD) values of three to four experiments that were per-

formed independently. The normality distribution of the

variables was assessed using the Kolmogorov–Smirnov test.

The paired Student’s t-test was performed where indicated,

and P-values of less than 0.05 were considered statistically

significant.

Results

Identification of FDA-approved drugs that

regulated the radiosensitivity of breast cancer

cells

To identify compounds that radiosensitize breast can-

cer cells, we screened 321 FDA-approved drugs against

nonirradiated and irradiated MCF-7 cells at a concen-

tration of 10 µM (Fig. 1A). We defined the primary

hits as drugs that reduce cell viability to less than 50%

of the control cells. We selected irradiated cell-selective

cytotoxic drugs as radiosensitizing drugs, and nonse-

lective cytotoxic drugs that equally targeted nonirradi-

ated cells were excluded from further evaluation,

although these drugs were known or potential anti-

cancer candidates (Fig. 1B). Of the 321 compounds

screened, two drugs were found to show a selective

effect on irradiated MCF-7 cells compared to that on

nonirradiated MCF-7 cells. These two irradiated

MCF-7 cell-selective drugs were aripiprazole and bex-

arotene. Bexarotene is already known to radiosensitize

cells and was excluded from further evaluation [15,16].

To validate the radiosensitizing effects of aripiprazole,

we retested its cytotoxicity toward nonirradiated and

irradiated MCF-7 cells in a dose–response series. As

shown in Fig. 1C, aripiprazole enhanced the radiosen-

sitivity of MCF-7 cells in a dose-dependent manner.

Interestingly, 20 µm aripiprazole treatment reduced

the viability of MCF-7 cells, whereas 5 or 10 µm arip-

iprazole caused no alterations in cell viability.

A

B C

Fig. 1. Screening for FDA-approved drugs that radiosensitize breast cancer cells identifies aripiprazole. (A) Schematic representation of

differential screening with nonirradiated and irradiated MCF-7 cells. (B) XY scatter plot of percent viability of the cells treated with the 321

compounds selected for screening. Regions circled with dash lines indicate compounds that reduced cell viability to less than 50%. (C)

MCF-7 cells were pretreated with indicated concentrations of aripiprazole and subsequently treated with or without 5 Gy of IR. Ninety-six

hours later, cell viability was determined using an EZ-Cytox Cell Viability Assay Kit. Data represent means � SD of three independent

experiments (Student’s t-test; *P < 0.05).
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Activation of dopamine receptor D2 was not

necessary for aripiprazole-induced apoptosis in

breast cancer cells

The anticancer activity of aripiprazole in MCF-7 cells

was also observed in BT-474 cells, which express exon

8-mutant p53, indicating the anticancer activity of arip-

iprazole is not specific to MCF-7 cells (Fig. 2A). The

breast cancer cells became round and detached upon

treatment with aripiprazole (data not shown). Cancer

cells undergoing apoptosis usually become round;

therefore, we measured poly (ADP-ribose) polymerase

(PARP, substrate of caspase-3 and caspase-7) cleavage

to determine whether aripiprazole induced apoptosis in

the cells. As shown in Fig. 2B, 20 µm aripiprazole

treatment induced PARP cleavage in breast cancer

cells. In addition, we observed apoptotic DNA frag-

mentation in the cells treated with aripiprazole

(Fig. 2C). We then compared the responses to treat-

ment with quinpirole, a dopamine receptor D2 (D2R)-

specific agonist, with those to treatment with aripipra-

zole in MCF-7 cells to determine whether the underly-

ing mechanism of aripiprazole-induced apoptosis in

breast cancer cells involved D2R signaling. As shown

in Fig. 2D, 20 µm aripiprazole treatment induced

significant PARP cleavage. On the other hand, quin-

pirole treatment up to 100 µm showed no detectable

expression of cleaved PARP, suggesting that the arip-

iprazole-induced apoptosis in the breast cancer cells

was unlikely to be mediated via activation of D2R sig-

naling. Surprisingly, pretreatment with thioridazine, a

representative D2R-selective antagonist, significantly

enhanced aripiprazole-induced PARP cleavage

(Fig. 2E). Similar to thioridazine, haloperidol, another

D2R-selective antagonist, also resulted in enhancement

of aripiprazole-induced PARP cleavage (Fig. 2F), sug-

gesting that D2R activation did not contribute to arip-

iprazole-induced apoptosis in human breast cancer

cells. However, aripiprazole-induced D2R signaling

nullified the aripiprazole-induced apoptosis.

D2R-mediated AMPK activation suppressed

aripiprazole-induced apoptosis

Given that no significant changes were observed in

aripiprazole-induced apoptosis in MCF-7 cells pre-

treated with dibutyryl-cAMP, an analog of cAMP that

stimulates protein kinase A (data not shown), we next

examined whether this antiapoptotic function of D2R

activation during aripiprazole-induced apoptosis

A B C

D E F

actin

actin actin actin

Fig. 2. Treatment with a D2R-selective antagonist augments aripiprazole-induced apoptosis in human breast cancer cells. (A) Cells were

treated with indicated concentrations of aripiprazole for 48 h. Cell viability was then determined using an EZ-Cytox Cell Viability Assay Kit.

Data represent means � SD of three independent experiments (Student’s t-test; *P < 0.05). (B) Cleavage of PARP was examined by

western blotting at the indicated time points after treatment with 20 µm aripiprazole. (C) Cells were treated with 20 µm aripiprazole for

40 h. Internucleosomal DNA fragmentation was then measured using the Cell Death Detection ELISAPLUS Kit (Roche). Data represent

means � SD of three independent experiments (Student’s t-test; *P < 0.05). (D) MCF-7 cells were treated with 20 µm aripiprazole or

indicated concentrations of quinpirole for 24 h. Cleavage of PARP was then examined by western blotting. (E) MCF-7 cells were pretreated

for 1 h with or without 2 µm thioridazine and subsequently treated with or without 20 µm aripiprazole for 16 h. Cleavage of PARP was then

determined by western blotting. (F) MCF-7 cells were pretreated with or without 10 µm haloperidol for 1 h and subsequently treated with

or without 20 µm aripiprazole. Cleavage of PARP was then determined by western blotting.
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involved the AMPK pathway in breast cancer cells. As

shown in Fig. 3A, aripiprazole treatment activated

AMPK pathway, as indicated by increased AMPK and

ACC phosphorylation in response to aripiprazole treat-

ment. Quinpirole also induced phosphorylation of

AMPK and ACC, suggesting that the ability of arip-

iprazole to activate D2R contributed to the activation

of the AMPK pathway in response to aripiprazole

treatment in MCF-7 cells. We next silenced AMPK

with siRNA to examine the possible involvement of the

AMPK pathway in aripiprazole-induced apoptosis in

MCF-7 cells. AMPK knockdown in MCF-7 cells led to

increased PARP cleavage compared to that in MCF-7

cells pretreated with control siRNA (Fig. 3B). On the

contrary, treatment with A769662, a direct AMPK acti-

vator, completely prevented the aripiprazole-induced

apoptosis (Fig. 3C). The increased apoptotic resistance

mediated by D2R-mediated AMPK activation during

the aripiprazole-induced apoptosis suggests that pre-

vention of D2R/AMPK activation in response to

aripiprazole treatment might be a strategy to enhance

the anticancer effects of aripiprazole in breast cancer

cells. To confirm this hypothesis, we used thioridazine.

Thioridazine treatment prevented aripiprazole-induced

AMPK phosphorylation and enhanced aripiprazole-in-

duced PARP cleavage (Fig. 3D). Haloperidol also had

the same effects (Fig. 3E). Direct AMPK activation

with A769662 treatment blunted the enhancing effects

of D2R antagonists on aripiprazole-induced apoptosis

(Fig. 3D,E). Overall, these findings suggest a nullifying

contribution of D2R-mediated AMPK activation on

the anticancer effects of aripiprazole.

D2R-mediated AMPK activation suppressed the

radiosensitizing effects of aripiprazole in human

breast cancer cells

We sought to determine whether aripiprazole could

also regulate apoptosis in IR-exposed breast cancer

cells. As shown in Fig. 4A, aripiprazole treatment led

A

D E

B C

Fig. 3. Treatment with A769662, a direct AMPK activator, blunts the enhancing effects of D2R-selective antagonists on aripiprazole-induced

apoptosis. (A) Phosphorylation of AMPK and ACC was examined by western blotting at the indicated time points after treatment with

20 µm aripiprazole or 20 µm quinpirole in MCF-7 cells. (B) Twenty-four hours after transfection with luciferase siRNA (control) or AMPKa

siRNA (siAMPK), MCF-7 cells were treated with or without 20 µm aripiprazole for 16 h. Cleavage of PARP and phosphorylation of AMPK

were then determined by western blotting. (C) MCF-7 cells were pretreated for 1 h with or without 100 µm A769662 and subsequently

treated with 20 µm aripiprazole for 16 h. Cleavage of PARP and phosphorylation of AMPK were then determined by western blotting. (D)

MCF-7 cells were pretreated for 1 h with or without 100 µm A769662 and subsequently treated with or without 2 µm thioridazine for

another 1 h. Cleavage of PARP and phosphorylation of AMPK were then determined by western blotting at 16 h after 20 µm aripiprazole

treatment in the MCF-7 cells. (E) MCF-7 cells were pretreated for 1 h with or without 100 µm A769662 and subsequently treated with or

without 10 µm haloperidol for another 1 h. Cleavage of PARP and phosphorylation of AMPK were then determined by western blotting at

16 h after 20 µm aripiprazole treatment in the MCF-7 cells.
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to increased PARP cleavage in IR-exposed MCF-7

cells compared to that in the mock-irradiated MCF-7

cells. In addition, DNA fragmentation markedly

increased in irradiated cells in response to aripiprazole

treatment compared to that in the mock-irradiated

cells (Fig. 4B). Interestingly, thioridazine treatment sig-

nificantly enhanced the radiosensitizing effects of arip-

iprazole in MCF-7 cells, as indicated by increased

PARP cleavage and the significant difference in the

level of DNA fragmentation between breast cancer

cells with and without thioridazine treatment in

response to aripiprazole treatment and following irra-

diation (Fig. 4C,D). As shown in Fig. 4E,F, the

radiosensitizing effects of thioridazine toward the

breast cancer cells treated with aripiprazole were repli-

cated by another D2R antagonist haloperidol, which

clearly indicated that the D2R pathway did not con-

tribute to the radiosensitizing effects of aripiprazole

against breast cancer cells, but rather suppressed them.

As shown in Fig. 4C,E, the prevention of aripipra-

zole-induced AMPK activation observed in the cells

treated with D2R antagonists raised the possibility

that the D2R/AMPK pathway antagonizes the

radiosensitizing effects of aripiprazole against breast

cancer cells. To evaluate this possibility, we examined

whether direct AMPK activation with A769662 could

ameliorate aripiprazole-induced radiosensitization in

MCF-7 cells. As shown in Fig. 4G, A769662 treatment

led to an increase in aripiprazole-induced AMPK

phosphorylation, which was accompanied by the

suppression of aripiprazole-induced PARP cleavage in

IR-exposed MCF-7 cells. Furthermore, AMPK knock-

down in MCF-7 cells resulted in significantly increased

PARP cleavage in IR-exposed MCF-7 cells in response

to aripiprazole treatment (Fig. 4H). Collectively, these

results suggest that the D2R/AMPK pathway nullified

the radiosensitizing effects of aripiprazole toward

breast cancer cells (Fig. 4I).

Discussion

Dopamine as a neurotransmitter regulates a wide

variety of physiological functions in the central ner-

vous system. Apart from its action as a neurotrans-

mitter, dopamine also exerts a variety of

cardiovascular, renal, and immunological effects [17].

Dopamine exerts its action by binding to specific

membrane receptors that belong to the G protein-

coupled receptor superfamily. Dopamine receptors

can be divided as either D1-like receptors (D1 and

D5) or D2-like receptors (D2–D4) based on their

effects on the accumulation of cyclic AMP (cAMP).

D1-like receptors generally induce an increase in

intracellular cAMP. In contrast, D2-like receptors

inhibit intracellular cAMP accumulation on stimula-

tion [18]. Recently, the expression of dopamine recep-

tors in different human cancer cell lines and the

possible role of dopamine receptor signaling in the

control of growth and differentiation of cancer cells

have been described. For example, SKF-38393 (an

agonist of D1R) and thioridazine (an antagonist of

D2R) were reported to inhibit the proliferation of

acute myeloid leukemia stem cells [19]. In fact, thiori-

dazine also shows potent anticancer effects against a

wide spectrum of cancer cells including glioblastoma,

renal, cervical, and endometrial cancer cell lines

[19–22], suggesting that D2R signaling contributes to

the proliferation and maintenance of some cancer

cells.

Aripiprazole, developed as a D2R partial agonist, is

a widely used antipsychotic drug with fewer side

effects, including extrapyramidal symptoms and meta-

bolic disorder, than those associated with other

antipsychotic drugs [23,24]. Recently, anticancer activ-

ity of aripiprazole has been reported in a series of

human cancer cells. At concentrations nontoxic to nor-

mal cells, aripiprazole treatment exerted cytotoxic

activity in cancer cells by suppressing Src activation,

and treatment of cancer cells with a combination of

aripiprazole and chemotherapeutic agents, such as flu-

orouracil (5-FU), gemcitabine, and cisplatin, caused

enhanced cell death compared to that associated with

either treatment alone [25,26]. Concerning the prosur-

vival contributions of D2R signaling in cancer cells

[19–22], the anticancer effects of aripiprazole were

totally unexpected.

In this study, screening for FDA-approved drugs by

using breast cancer cells led to the identification of arip-

iprazole as a new radiosensitizing drug, and induction

of apoptosis was observed in response to aripiprazole

treatment in breast cancer cells. The apoptosis-inducing

effect of aripiprazole was not replicated by another

D2R agonist, quinpirole, suggesting that aripiprazole

might not require D2R activation-dependent molecular

mechanisms to exert its unique anticancer activities.

Indeed, pretreatment with D2R-specific antagonists did

not prevent the apoptosis-inducing effect of aripipra-

zole but rather strengthened it, clearly demonstrating

that D2R signaling is not responsible for the aripipra-

zole-induced apoptosis in breast cancer cells. It has pre-

viously been reported that treating mice with

haloperidol reduces tau phosphorylation via D2 block-

ade-mediated inactivation of AMPK [27]. In this study,

breast cancer cells activate the AMPK pathway in
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response to aripiprazole treatment. Furthermore, quin-

pirole treatment also activated the AMPK pathway in

breast cancer cells, suggesting that AMPK activation in

response to aripiprazole treatment in breast cancer is

the consequence of D2R occupancy by aripiprazole. In

addition, treatment with AMPK-targeting siRNA sig-

nificantly increases aripiprazole-induced PARP cleav-

age, whereas direct AMPK activation with A769662

completely prevents aripiprazole-induced PARP cleav-

age. These data support the nullifying contribution of

the D2R/AMPK pathway to the anticancer effects of

aripiprazole. The nullifying contribution of D2R/

AMPK pathway is also involved in the mechanism

underlying aripiprazole-induced radiosensitization in

breast cancer cells. Thus, our findings warrant further

experimental and clinical approval for aripiprazole

alone or in combination with D2R antagonists as a

radiosensitizer for breast cancer treatment.
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(Student’s t-test; *P < 0.05). (G) MCF-7 cells were pretreated for 1 h with or without 100 µm A769662 and subsequently treated with
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