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Rationale: Cancer stem cell (CSC) theory has drawnmuch attention,
with evidence supporting the contribution of stem cells to tumor
initiation, relapse, and therapy resistance.

Objectives: To screen drugs that target CSCs to improve the current
treatment outcome and overcome drug resistance in patients with
lung cancer.
Methods: We used publicly available embryonic stem cell and CSC-
associated gene signatures to query the Connectivity Map for poten-
tial drugs that can, at least in part, reverse the gene expression profile
of CSCs. High scores were noted for several phenothiazine-like

(Received in original form July 9, 2012; accepted in final form September 5, 2012)

* These authors contributed equally to this work.

yCurrent address: CAS Key Laboratory of Pathogenic Microbiology and Immu-

nology, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101,

China.

z These authors contributed equally to this work.

Supported by grants from the National Science Council (NSC101-2325-B-010-

011 and NSC100-2627-B-010-005 to C.-Y.F.H., NSC101-2325-B-038-005 and

NSC100-2313-B-038-001-MY3 to C.-T.Y., NSC99-2628-B-038-010-MY3 to A.T.H.W.,

NSC101-2314-B-002-176 to K.-Y.C., and NSC101-2314-B-075-042 to P.M.-H.C.),

and the Ministry of Education, Aim for the Top University Plan (National Yang Ming

University), National Taiwan Normal University (100NTNU-D-06), and the Ministry

of Economic Affairs (100-EC-17-A-17-S1-152) to C.-Y.F.H. This study was also sup-

ported by grants from the Center of Excellence for Cancer Research at Taipei Veterans

General Hospital (DOH101-TD-C-111-007) to C.-Y.F.H. and at Taipei Medical Univer-

sity (DOH101-TD-C-111-008) to C.-T.Y.; and grants from Taipei Medical University

(TMU 100-AE3-Y02 to A.T.H.W. and TMU100-AE3-Y04 and 101TMU-SHH-04 and to

C.-T.Y.), Taipei Veterans General Hospital (V99B1-017), and the Taiwan Clinical On-

cology Research Foundation to P.M.-H.C.

Author Contributions: C.-T.Y., conception and design, collection and assembly of

data, data analysis and interpretation, manuscript writing; A.T.H.W., conception

and design, collection and assembly of animal data, data analysis and interpre-

tation, manuscript writing; P.M.-H.C., K.-Y.C., conception and design, data analysis

and interpretation, manuscript writing; C.-N.Y., SAR analysis and interpretation,

manuscript writing; S.-C.Y., C.-C.H., C.-C.C., generate cell lines; Y.-L.K., connectiv-

ity map analysis; P.-Y.L., Y.-W.L., P.-J.L., J.-M.L., L.-S.W., C.-H.W., J.-F.C., collection

and assembly of data; C.-C.Y., conception and connectivity map analysis; M.H.,

animal study; P.-C.Y., data analysis and interpretation, manuscript writing, final

approval of manuscript; C.-Y.F.H., conception and design, data analysis and inter-

pretation, manuscript writing, final approval of manuscript.

Correspondence and requests for reprints should be addressed to Chi-Ying F.

Huang, Ph.D., Institute of Biopharmaceutical Sciences, National Yang-Ming Uni-

versity, Taipei, Taiwan. E-mail: cyhuang5@ym.edu.tw

This article has an online supplement, which is accessible from this issue’s table of

contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 186, Iss. 11, pp 1180–1188, Dec 1, 2012

Copyright ª 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201207-1180OC on September 28, 2012

Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Lung cancer is the leading cause of cancer death worldwide.
Seventy percent of all patients with non–small cell lung
cancer have inoperable disease and need systemic therapy.
Resistance to chemotherapy or targeted therapy, such as
epidermal growth factor receptor–tyrosine kinase inhibitor,
is a major problem for systemic lung cancer treatment.
Such resistance may be explained by cancer stem-like cell
(CSC) theory. CSCs have been shown to possess stem cell
characteristics, such as self-renewal, stress and drug resis-
tance, and enhanced migration, all of which have been
implicated in disease recurrence and distant metastasis.
However, the optimal method of establishing a platform
for screening drugs for CSCs remains to be explored.

What This Study Adds to the Field

Using a Connectivity Map dataset, this study identified
a phenothiazine-like antipsychotic drug, trifluoperazine,
whichmay reverse CSC-associated gene expression. Further
in vitro and in vivo experiments validated its anti-CSC effects.
Trifluoperazine in combination with either cisplatin or gefiti-
nib had a synergistic cytotoxic effect on resistant lung cancer
cells. This study demonstrated a novel platform for screening
potential anti-CSC drugs, which may overcome drug resis-
tance. By repurposing old drugs, which have a well-known
safety profile, it may be possible to shorten the duration
of drug development so that clinical trials can be conducted
earlier.
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antipsychotic drugs, including trifluoperazine. We then treated
lung CSCs with different EGFR mutation status with trifluopera-
zine to examine its anti-CSC properties. Lung CSCs resistant to epi-
dermal growth factor receptor–tyrosine kinase inhibitor or cisplatin
were treated with trifluoperazine plus gefitinib or trifluoperazine
plus cisplatin. Animal models were used for in vivo validation of
the anti-CSC effect and synergistic effect of trifluoperazine with
gefitinib.
Measurements and Main Results: We demonstrated that trifluopera-
zine inhibited CSC tumor spheroid formation and down-regulated
the expression of CSC markers (CD44/CD133). Trifluoperazine
inhibited Wnt/b-catenin signaling in gefitinib-resistant lung cancer
spheroids. The combination of trifluoperazine with either gefitinib
or cisplatin overcame drug resistance in lung CSCs. Trifluoperazine
inhibited the tumor growth and enhanced the inhibitory activity of
gefitinib in lung cancermetastatic andorthotopic CSC animalmodels.
Conclusions:Using in silicodrugscreeningbyConnectivityMapfollowed
by empirical validations, we repurposed an existing phenothiazine-like
antipsychotic drug, trifluoperazine, as a potential anti-CSC agent that
could overcome epidermal growth factor receptor–tyrosine kinase
inhibitor and chemotherapy resistance.

Keywords: trifluoperazine; lung cancer; cancer stem cell; gefitinib; con-

nectivity map

Lung cancer is the leading cause of cancer deaths worldwide (1).
Most patients with advanced-stage lung cancer receiving front-line
chemotherapy experience disease progression (2). Resistance
to chemotherapy and epidermal growth factor receptor–tyrosine
kinase inhibitor (EGFR-TKI) is a major clinical problem. Thus,
agents capable of overcoming drug resistance are urgently
needed.

Recently, the cancer stem-like cell (CSC) hypothesis has drawn
much attention. CSCs possess stem cell characteristics, including
self-renewal, stress and drug resistance, and enhanced migration,
which may contribute to tumor recurrence, metastasis, and che-
moresistance (3–6). Putative lung CSCs were first identified as
CD1331/Oct41/Nanog1 cells (7), and isolated in established
non–small cell lung cancer (NSCLC) cell lines (8, 9). Lung CSCs
may share functional features with lung progenitor cells, includ-
ing the ability to actively exclude the dye Hoechst 33342, which
defines them as side population cells in flow cytometric assays
(10), and displays high aldehyde dehydrogenase (ALDH) activity
(11). CSCs express high levels of ABCG2, a multidrug trans-
porter, and demonstrate resistance to TKI treatment by mod-
ulating intracellular TKI concentrations (12).

Targeting CSCs among cancer cells by identifying distinct
gene signatures may be critical in overcoming drug resistance.
The consensus stemness signature in CSC-enriched samples was
used to identify compounds that specifically target CSC-associated
phenotypes (13). Wong and coworkers (14) used a higher-order
and systems-level analysis to identify a differential gene signature
between embryonic stem cells (ESCs) and adult tissue stem
cells. They found that the ESC-like genes are also frequently
up-regulated in aggressive human epithelial cancers. This ESC-
like signature was strongly correlated with c-Myc activation (14).
Kim and coworkers (15) further demonstrated three indepen-
dent modules embedded in the ESC transcription programs,
and the Myc module was found to be the most highly correlated
with cancer cells. Using Gene Set Enrichment Analysis, the ESC-
module used by Wong and coworkers was similar to the Myc
module (15), raising the possibility that targeting these specific
cancer-associated ESC-like gene signatures could result in the
inhibition of CSCs.

Recently, efforts have beenmade to reevaluate old drugs with
a view to determining their potential to inhibit CSCs as an alter-
native and relatively rapid strategy for overcoming drug resistance.

Connectivity Map (CMap; http://www.broad.mit.edu/cmap/) (16)
was developed to store expression profiles of diseases, genes, and
chemicals and to provide a query interface for making inferences
based on the query and the internal profiles. We used established
ESC-like gene signatures (14) combined with CMap analysis (16)
to search for drugs with the potential to convert ESC-like gene
signatures to adult stem cell signatures. One of the top-ranked
candidates, trifluoperazine, was examined for its effects on lung
cancer cells with different EGFR status in vitro and in vivo with
gefitnib-resistant CSCs mouse models.

METHODS

Generation of a Stable Dual Reporter–expressing Lung

Cancer Cell Line

The dual optical reporter system L2G fusion construct (firefly luciferase
2 and eGFP) was a generous gift from Dr. Gambhir, Stanford Univer-
sity. Stable L2G-expressing CL97 cells were generated accordingly.
Briefly, CL97 cells with stable integration of the L2G reporter were gen-
erated by lentiviral-mediated gene transfer. 293FT cells were transfected
with the lentiviral vector L2G, the packaging plasmid pCMVD8.74, and
the envelope plasmid pMD2.G (17). The target CL97 cells were infected
with the viral particles and selected using Zeocin. CL97 cells carrying the
L2G reporter system (CL97-L2G) were obtained and expanded for
further experiments.

Evaluation of Trifluoperazine’s Anti-CSC Effects Using

Noninvasive Bioluminescent Imaging

NOD/SCIDmice were purchased fromNational Taiwan University and
maintained in compliance with the institutional policy. All animal pro-
cedures were approved by the Institutional Animal Care and Use Com-
mittee at Taipei Medical University.

For bulk lung tumor model, CL97-L2G cells were intravenously ad-
ministered into the animals by tail vein at a concentration of 1 3 106

cells/100 ml phosphate-buffered saline. One week post tumor injection,
different treatment regimens were started. Four regimens were per-
formed: trifluoperazine (5 mg/kg/day); gefitinib (150 mg/kd/day, oral
gavage); and a combination of trifluoperazine (5 mg/kg/day intraper-
itoneal injection)1 gefitinib (100 mg/kg/day, oral gavage) for a period of
4 weeks.

To examine the preventive and anti-CSC effects of trifluoperazine,
CL97-L2G spheroids were pretreated with trifluoperazine (5 mM,
,IC50, overnight); resuspended from their spheroid form; and ortho-
topically injected into the lungs of NOD/SCID mice (1 3 104 cells/
50 ml matrigel/inoculation). The animals did not receive further treat-
ment for the span of the experiment. CL97-L2G–bearing mice (bulk
lung tumor and CSC models) were imaged weekly using the IVIS 200
system (Caliper Life Sciences, Waltham,MA). Data are expressed as fold
change in total photon flux/initial total photon flux and were analyzed
using Living Image 1.0 software (Caliper Life Sciences). Mice were hu-
manely killed at the end of experiments and lung tumor biopsies were
obtained for further analysis.

Additional study methods, including MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide) assay, Western blot, cell culture,
chemicals, clonogenic assay, Aldefluor assay, soft agar assay, tumor spher-
oid assay, and reporter assay, are described in the online supplement.

RESULTS

In Silico Drug Screening Revealed that Phenothiazine-like

Antipsychotics Might Reverse ESC or CSC Gene Expression

Using an ESC gene signature (by comparing ESC gene expres-
sion and adult stem cell gene expression) as an input to query
CMap, a total of 77 drugs with the potential to reverse ESC-like
gene expression to adult stem cell gene expression were identified
(Table 1) (with negative enrichment scores; P, 0.05). Seven drugs
were phenothiazine-like antipsychotics (Table 1, see Table E1 in
the online supplement). Further analysis using an additional ESC
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signature and two CSC signatures (Table 1, see Tables E2–E4)
indicated that these antipsychotic drugs might act as anti-CSC
agents.

Next, we isolated CSC-like cells from the CL141 cell line using
side population technique to examine the potential anti-CSC ef-
fects of these antipsychotics. Table 1 summarizes the results from
theMTT(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbro-
mide), side population, and clonogenic assays. Four of the anti-
psychotics (trifluoperazine, thioridazine, chlorpromazine, and
perphenazine) reduced the percentages (.50%) of side population
cells among the CL141 cells (Table 1). To further analyze other
antipsychotic drugs, we examined an additional 16 phenothiazine-
like drugs and the results showed that triflupromazine and proma-
zine could reduce the percentages (.50%) of side population cells
among the CL141 cells (see Table E5). Of the six effective antipsy-
chotic drugs (Figure 1A), we chose to characterize the top-ranked
drug, trifluoperazine, in the following experiments.

Trifluoperazine Inhibited Proliferation and Induced Apoptosis

of Gefitinib-Resistant NSCLC Cells

We hypothesized that trifluoperazine would inhibit tumor growth
and overcome drug resistance by exerting anti-CSC effects. In ad-
dition to the commonly used cell lines (A549 and H1975), we also
established several cell lines including CL83, CL141, CL152, CL25,
and CL97 cell lines, which were isolated from the pleural effusion
of patients with NSCLC at the National Taiwan University Hos-
pital. The investigation was approved by the Institutional Review
Board of the National Taiwan University Hospital. Informed con-
sent was obtained before pleural effusion was collected. A sum-
mary of the main features of these cell lines, including their
histologic and mutational characteristics, and whether they have in-
trinsic or acquired resistance to EGFR-TKIs, is provided in Table 2.
We demonstrated that trifluoperazine dose-dependently inhibited
NSCLC cell growth, and the respective IC50 values (48-h incuba-
tion) for CL83, CL141, CL152, CL25, CL97, and H1975 were 14,
8.5, 12, 13, 7.2, and 15 mM, respectively (Table 2, see Figure E1).

Among these cell lines, we chose CL141, an adenocarcinoma
with wild-type EGFR status that shows resistance to gefitinib, as
a representative target cell line for apoptosis analysis. annexin
V/PI staining was performed after treatment with different dos-
ages of trifluoperazine. Early and late apoptotic cells were counted.
After 48 hours, trifluoperazine-treated CL141 cells exhibited
a dose-dependent increase in annexin V–positive cells com-
pared with the control cells (Figure 1B). The results indicated
that trifluoperazine inhibited the proliferation of and induced
apoptosis of gefitinib-resistant NSCLC cells.

Trifluoperazine Reduced the Percentage of and Induced

Apoptosis of Lung CSCs

We selected gefitnib-resistant cell lines CL83, CL141, CL152 (with
wild-type EGFR), and CL97 (harboring EGFR-G719A1T790M
mutations) and isolated their CSCs using side-population method
(1.54%, 2.13%, 1.95%, and 1.9% of the side population cells,
respectively). After treatment with 5 mM trifluoperazine, the per-
centage of side population cells significantly decreased (Figure 1C).

For further clarification, we examined if trifluoperazine treat-
ment could deplete the percentage of the cells with ALDH ex-
pression, an established marker for hematopoietic and NSCLC
CSCs. CL141 (adenocarcinoma) and CL152 (squamous cell car-
cinoma) were selected as representative target NSCLC cell lines.
Trifluoperazine treatment decreased the ALDH1 CL141 cell pop-
ulation from 4.31% to 0.84% and from 3.73% to 1.08% in CL152
cells (Figure 1D).

To investigate the apoptotic-associated signal transduction in
lung CSC after trifluoperazine treatment, CL97 (adenocarcinoma
with EGFR-T790M–acquired resistance mutation) was selected as
a target cell line. After trifluoperazine treatment of CL97 cancer
spheroids, Bax, Bak, cleaved PARP, caspase-3, and caspase-9 was
increased dose-dependently, whereas antiapoptotic Bcl-2, XIAP,
and Mcl-1 were decreased (Figure 1E).

Trifluoperazine Inhibited the Clonogenicity and

Stemness-associated Markers of Lung CSCs

Three different gefitinib-resistant lung CSCs, including CL141
(wild-type EGFR), CL83 (wild-type EGFR), and CL97 (EGFR-
G719A1T790M acquired resistance mutation) were treated with
trifluoperazine to examine its effects on tumor spheroid forma-
tion. Trifluoperazine dose-dependently decreased the size and
number in all spheroids (Figures 2A–2C). The mean colony
formation of CL141 spheroids on soft agar decreased after 12
days of treatment with either 5 or 10 mM trifluoperazine (Figure
2C) (mean colony number, control, 125; 5 mM, 45; 10 mM, 5).
CL141 and CL97 spheroids were treated with increasing dos-
ages of trifluoperazine (0, 2.5, 5, and 10 mM) for 48 hours. Two
established lung CSC markers, CD44 and CD133, were dose-
dependently down-regulated by trifluoperazine as measured
by Western blotting and immunochemical staining (Figures
2D and 2E).

To explore the molecular mechanisms mediated by trifluo-
perazine, CL97 spheroids were treated with trifluoperazine and
analyzed by Western blots. Wnt/b-catenin signaling downstream
targets, cyclin D1 and c-Myc, and c-Met were decreased by

TABLE 1. PHENOTHIAZINE-LIKE ANTIPSYCHOTICS APPEAR FREQUENTLY BY QUERYING THE CONNECTIVITY MAP USING EMBRYONIC
STEM CELL OR CANCER STEM CELL–LIKE SIGNATURES FOR POTENTIAL ANTICANCER STEM CELL DRUGS

Rank

Drug Name

Wong and

Coworkers

Shats and

Coworkers

Suvà and

Coworkers

Ramalho-Santos and

Coworkers

MTT Assay (IC50)

(mM)

Clonogenic Assay (IC50)

(mM)

Reduced Side

Population

Trifluoperazine 1 5 47 38 .10 1.25–2.5 Yes

Prochlorperazine 2 9 — — .10 5–10 No

Thioridazine 3 13 11 — .10 2.5–5 Yes

Chlorpromazine 17 — — — 5–10 2.5–5 Yes

Fluphenazine 21 43 — — .10 ND No

Acepromazine 60 — — — .10 1–2.5 No

Promethazine 75 — — — .10 5–10 No

Perphenazine — 37 — — .10 5–10 Yes

Triflupromazine — — — — .10 ND Yes

Promazine — — — — .10 ND Yes

Definition of abbreviations: MTT ¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ND ¼ not determined.

MTT and clonogenic assays were performed for A549 cells, whereas the side population data were from experiments conducted on CL141 cells.
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trifluoperazine (Figure 2F). Additionally, trifluoperazine (at low
concentration, 2.5 mM) inhibited TCF-mediated transcription in
CL141 spheroids disrupted spheroid formation (Figure 2G).

Trifluoperazine Synergistically Inhibits Lung CSCs In Vitro

while Combined with Cisplatin or Gefitinib

We selected three gefitinib-resistant NSCLC cell lines (CL141
[wild-type EGFR]; CL83 [wild-type EGFR]; and CL97 [EGFR-
G719A1T790M acquired resistant mutation]) to determine if tri-
fluoperazine could sensitize these cells toward chemotherapeutic
agents. While treating with 10 mM of cisplatin for 24 hours, all
CL141, CL83, and CL97 spheroids showed a significantly higher
IC50 (Figure 3A) than their parental cells. Under the same con-
dition, all spheroids showed higher viability and a lower caspase-3
activity as compared with their parental cells (Figures 3B and 3C).

Next, we examined whether trifluoperazine could enhance the
cytotoxic effects of cisplatin or gefitinib. The combined trifluoper-
azine and cisplatin treatment provided a significantly higher cytotoxic
effect in CL83 and CL141 spheroids than either trifluoperazine
or cisplatin treatment alone (Figure 3D).

Assessment of the combinatorial activity of trifluoperazine and
gefitinib was performed using the isobolographic method (18).
Values below the line are synergistic, those close to the line are
additive, and those above the line antagonistic. The synergistic
activity of both agents was demonstrated from the normalized
isobolograms obtained from the EGFR wild-type cells (CL141);
EGFR-G719A1T790M mutation cells (CL97); and EGFR-exon
19 deletion cells (CL25) (Figure 3E). The enhanced cytotoxicity
was also observed in all CL141, CL97, and CL25 spheroids. To
investigate the effect of trifluoperazine on gefitinib therapy, CL25

(EGFR-TKI sensitive cell line) spheroids growth inhibition assay
was performed as a positive control. CL25 spheroids were exposed
to individual agents or a combination of trifluoperazine with
gefitinib, and CL141 and CL97 cell lines (Figure 3F). Gefitnib
alone effectively suppressed the spheroid formation in CL25 but
significantly less in CL141 and CL97 cells. The combination of
trifluoperazine and gefitnib significantly suppressed the spher-
oid formation of CL141 and CL97. These observations indicated
that the addition of trifluoperazine sensitized gefitinib-resistant
lung cancer cells. In addition, the percentage of ALDH1 CL141
cells was moderately decreased at 10 mM of trifluoperazine. How-
ever, an enhanced inhibitory effect was observed when trifluoper-
azine was combined with 5 mM of gefitinib (Figure 3G). A similar
enhanced inhibition on CL141 spheroid formation was observed
(Figure 3H).

Trifluoperazine Treatment Suppressed Tumorigenesis

of Gefitinib-Resistant CL97-L2G in Mouse Lung

Cancer Models

NOD/SCID mice bearing gefitinib-resistant CL97-L2G
(G719A1T790M acquired resistance mutation) cells were used
to evaluate the antitumor effects of trifluoperazine. First, CL97
bulk tumor cells were injected intravenously into the tail vein of
NOD/SCID mice that subsequently received vehicle with tri-
fluoperazine alone (5 mg/kg/day, intraperitoneally), gefitinib alone
(150 mg/kg/day, oral gavage), or a combination of trifluoperazine
(5 mg/kg/day, intraperitoneally) and gefitinib (100 mg/kg/day,
oral gavage) treatment (19, 20). Comparatively, mice that received
trifluoperazine alone showed significantly lower tumor burden
than those that received vehicle and gefitinib alone (Figure 4A).

Figure 1. Trifluoperazine reduces the percentage of non–

small cell lung cancer stem-like cells and induces apopto-

sis. (A) The structure of six antipsychotic drugs with the

ability to reduce the percentages (.50%) of side popula-
tion cells in the A549 cells. (B) The CL141 cell line was

incubated with dimethyl sulfoxide or the indicated con-

centrations of trifluoperazine for 48 hours. The numbers

indicate the percentages of total cells in the corresponding
quadrant. The bottom right quadrant shows the early apo-

ptotic cells, and the top right quadrant shows late apopto-

tic cells. All values are the average of triplicate experiments

with the SD indicated by the error bars. (C) The cancer
stem-like side population was significantly decreased by

trifluoperazine (5 mM), from 2.13% to 0.11% in CL141

cells and from 1.89% to 0.06% in CL152 cells, as deter-
mined by side population assay. (D) The aldehyde dehy-

drogenase–positive subpopulation of cancer stem-like cells

was also reduced by trifluoperazine (5 mM) from 4.31% to

0.84% in CL141 cells and in CL152 cells from 3.73% to
1.08%. (E) Trifluoperazine dose-dependently activated ap-

optotic signaling in CL97 spheroids, including Bax, Bak,

cleaved PARP, caspase-3, and caspase-9, whereas the anti-

apoptotic proteins Bcl-2, XIAP, and Mcl-1 were down-
regulated.
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As expected, gefitinib-treated mice demonstrated a similar level
of tumor burden as the vehicle control group. Mice that received
the gefitinib-trifluoperazine combined treatment exhibited the
lowest tumor burden. Tumor burden was measured and quan-
tified based on the fold change in bioluminescence intensity.

In the prevention experiment, CL97-L2G cells were pre-
treated with vehicle or trifluoperazine (5 mM,,IC50) and ortho-
topically implanted into NOD/SCID mice. Mice that received
the trifluoperazine-pretreated CL97-L2G cells exhibited delayed
and significantly reduced in situ tumor growth compared with
vehicle-treated control mice (Figure 4B). To explore the mo-
lecular mechanisms mediated by trifluoperazine, total protein
lysates were harvested from tumor samples. The expression level
of stemness molecules including c-Myc and b-catenin was found
to be decreased. Cyclin D1 expression was also suppressed by
trifluoperazine and the combined treatment, whereas the ac-
tivated form of caspase-3 was increased by trifluoperazine and
the combined treatment (Figure 4C). Gefitinib treatment did
not significantly influence the expression level of either c-Myc
or b-catenin.

DISCUSSION

Our study demonstrates that trifluoperazine can be a potentially
anti-CSC agent for NSCLC, as evidenced by its ability to suppress
tumor spheroid formation and down-regulate Wnt/b-catenin
signaling. More importantly, when combined with gefitinib or
cisplatin, trifluoperazine was able to enhance treatment response
and overcome drug resistance. Thus, we have demonstrated the
feasibility of using CMap in combination with gene signatures
for drug repurposing to target lung CSCs.

The availability of CMap offers an alternative tool in the drug
discovery arena, and the use of this tool could promote Food and
Drug Administration approval of old drugs for unmet clinical
needs. The contributions of CSCs in tumor initiation, distant me-
tastasis, drug resistance acquisition, and disease recurrence have
been shown, and have recently gained recognition as hallmarks
of cancer development (21). Therefore, targeting CSCs might
provide a new treatment strategy for patients with drug resistance.
To accelerate clinical use, possibly through drug repurposing, we

focused on previously established antipsychotic drugs, specifically
trifluoperazine.

Currently available conventional and targeted therapeutic
agents eliminate the bulk of the tumor mass, but not CSCs (22).
Thus, the identification and development of CSC-targeting agents
is urgent. However, the drug development and approval process is
uncertain, time-consuming, and expensive. To circumvent these
obstacles and demonstrate proof-of-concept, we used a CMap
dataset (16) in combination with gene expression array data of
ESCs, CSCs, and adult stem cells to identify available clinical
drugs with the potential to reverse CSC signatures. The rationale
for using these datasets was that CSCs share a high degree of
genetic similarities with ESCs, particularly the “Core” stemness
gene signatures (23, 24). It is suspected that deregulation of these
stemness genes and their products contributes to the development
of CSCs. In particular, c-Myc and its associated genes were iden-
tified as a major molecular link between ESCs and CSCs (14, 15).
In addition to the signature developed by Wong and coworkers
(14), another ESC-like signature established by Ramalho-Santos
and coworkers (25) was created using mouse embryonic, neural,
and hematopoietic stem cells to define a genetic program for stem
cells. Two additional CSC-associated signatures were used in
the present study. One was established by Shats and coworkers
(13), who determined the gene profiles of multiple cancer cell
lines with differential stem-like characteristics, such as basal
gene expression of breast cancer cells or CD1331 versus glioma
cells. The other dataset was from Suvà and coworkers (26), who
treated primary gliospheroids with DZNep to impair their self-
renewal ability. Using these gene expression profiles, we analyzed
and highlighted the reversal of the ESC-CSC expression profiles
by phenothiazines (see Tables E1–E4).

Among these phenothiazines, thioridazine has recently been
shown to differentially inhibit leukemia stem cells compared
with its effect on normal stem cells (27). In this study, we iden-
tified trifluoperazine using CMap analysis and determined that,
as a candidate antilung CSC agent, it may be superior to thio-
ridazine (Table 1). Because targeting CSCs focuses on inhibit-
ing self-renewal ability rather than causing toxicity, these drugs
are potentially less toxic than conventional chemotherapeutic

TABLE 2. THE CLINICAL CHARACTERISTICS, GENE MUTATIONS, AND RESPONSES TO EGFR-TKI AND TRIFLUOPERAZINE FOR THE
NON–SMALL CELL LUNG CANCER CELL LINES IN THIS STUDY

Cell

Line Sex Histology Clinical Information

EGFR

Mutation

Status

PTEN

Mutation

Status

p53

Mutation

Status

KRAS

Mutation

Status

Resistance to

EGFR-TKI

IC50 for

Gefitinib

IC50 for

Trifluoperazine

CL83 Male Adenocarcinoma Collected on the 16th day after

gefitinib treatment, disease

progression

WT Normal ND WT Intrinsic resistance .10 mM 14 mM

CL141 Male Adenocarcinoma Collected while chemonaive WT Loss R248W WT Intrinsic resistance .10 mM 8.5 mM

CL152 Male Squamous cell

carcinoma

Collected while chemonaive WT Loss R248W WT Intrinsic resistance .10 mM 12 mM

CL25 Male Adenocarcinoma Collected before erlotinib

treatment, partial response

Exon 19 deletion Normal C135Y WT Sensitive 50 nM 13 mM

CL97 Male Adenocarcinoma Collected after erlotinib and

several cycles of chemotherapy,

response to erlotinib use:

disease progression

G719A/T790M Normal R273H WT Acquired resistance .10 mM 7.2 mM

H1975 Female Adenocarcinoma Established in July 1988 from a

nonsmoker

L858R/T790M Normal WT WT Intrinsic resistance .10 mM 15 mM

A549 Male Adenocarcinoma Initiated in 1972 by Giard and

coworkers through explant

culture of lung carcinomatous

tissue from a 58-yr-old white

man

WT Normal WT G12S Intrinsic resistance .10 mM .10 mM

Definition of abbreviations: EGFR-TKI ¼ epidermal growth factor receptor-tyrosine kinase inhibitor; ND ¼ not determined; WT ¼ wild-type.

The clinical information of H1975 and A549 was obtained from ATCC.
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drugs, as reflected by their relatively higher than anticipated
IC50 values (Table 1).

We isolated CD441/CD1331 lung spheroids and demon-
strated that trifluoperazine possesses anti-CSC properties, as
evidenced by suppression of stemness-associated expression,
such as CD133, c-Myc, and b-catenin, while modulating apoptotic
factors, including Bax, Bad, Bcl-2, and caspases. It is noteworthy
that the Wnt/b-catenin signaling axis has been implicated in the
development and maintenance of CSCs in different tumor types
(28). For instance, Wnt3a overexpression activated CSCs and in-
duced metastasis by LEF1 and HOXB9 (29); furthermore, muta-
tions in Wnt/b-catenin pathway components have been suggested
as primary causes of lung tumorigenesis (25, 30). Notably, the
expression level of c-Myc, a key molecular link between ESCs
and cancer cells (14), was suppressed by trifluoperazine treatment.
Although the exact mechanism of action mediated by trifluoper-
azine remains unclear, it has been shown that trifluoperazine
may block dopamine D1 and D2 receptors in the mesocortical
and mesolimbic pathways (31) in the treatment of schizophrenia
(32). At low dosages, trifluoperazine functions as a calmodulin

antagonist that blocks Ca21-calmodulin–dependent cellular
events (33, 34). As a calmodulin antagonist, trifluoperazine
inhibits cell proliferation and invasion, and induces apoptosis
in several types of cancer cells (35–37). Trifluoperazine has also
been shown to block the function of P-glycoprotein by modifica-
tion of the membrane structure around P-glycoprotein or by di-
rect interaction with P-glycoprotein (38). Notably, trifluoperazine
has been shown to sensitize multidrug resistance–positive cells to
chemotherapeutic agents (39, 40), which supports the finding of
the present study (i.e., trifluoperazine sensitized gefitinib-resistant
CL97 cells). Thus, trifluoperazine was further shown to possess
antilung CSC characteristics.

The CSC hypothesis has emerged as an important milestone
in the understanding of drug resistance and disease recurrence
(41). Based on their characteristics, targeting and eradicating
CSCs represents a potential strategy for significantly improving
clinical outcome or for possibly achieving complete remission.
Because we established that trifluoperazine can disrupt major
signaling pathways that are activated in CSCs and cancer cells, we
investigated whether trifluoperazine could enhance the activity of

Figure 2. Trifluoperazine (TFP)

inhibits the capacity of lung
cancer spheroid self-renewal.

(A and B) Treatment of TFP for

48 hours results in decreases of

the size (A) and the number (B)
of CL83, CL141, and CL97

spheroids, scale bar 50 mm.

(C) CL141 cancer spheroids
were seeded in six-well plates.

Two weeks later, colonies con-

taining more than 50 cells were

counted by phase microscopy.
The numbers of colonies in the

control group was set at 100%,

and the numbers of colonies

present in the TFP-treated groups
were calculated. (D) CL141 and

CL97 cancer spheroids were trea-

ted with different doses of TFP
for 48 hours. Expression of

CD44 and CD133 was evalu-

ated by Western blot analysis,

and b-actin served as an inter-
nal control. (E) Various sphe-

roids were immunostained for

CD133 and nuclei counter-

staining (DAPI) at 48 hours af-
ter TFP treatment as indicated.

Photomicrographs were taken

at 340 magnification. (F)
CL97 spheroids were treated

with TFP at various concen-

trations for 48 hours. Cells

were lysed for Western blot
analysis by using antibodies

specific to c-Myc, cyclin D1,

and c-Met. (G) TCF/LEF tran-

scription after treatment of
CL141 cancer spheroids with

different concentrations of

TFP for 24 hours. Cells were

lysed, and the TOPflash and
FOPflash activities were recorded

in a luminometer.
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EGFR-TKIs and chemotherapy. The combination of trifluopera-
zine and gefitinib led to reduced cell viability, ALDH-1 activity,
and self-renewal of NSCLC spheroids. The combination of trifluo-
perazine and cisplatin also reduced cell viability and self-renewal
of NSCLC spheroids, and enhanced caspase-3 activity. Notably,
a recent report indicated that the canonical Wnt pathway pro-
tects lung cancer cells from EGFR inhibition and the disruption
of Wnt/b-catenin signaling component enhances the efficacy of
gefitinib (42). These results are in agreement with the observa-
tion that trifluoperazine-mediated suppression of b-catenin ex-
pression led to enhanced gefitnib efficacy. Eradicating CSCs to
enhance treatment response and overcome drug resistance could

become a common strategy for different cancer treatments in the
future.

Trifluoperazine is a clinically approved drug, and thus the
novel trifluoperazine combination therapy described herein
could be fast-tracked into clinical trials. Clinical reports show
that for advanced NSCLC, when cisplatin is combined with ei-
ther with paclitaxel, docetaxel, or gemcitabine, an approximate
20% response rate and a median survival of less than 1 year was
achieved (43). Thus, the combination of trifluoperazine with che-
motherapeutic agents as a first-line therapy for advanced NSCLC
may achieve a better treatment response and could prolong
progression-free survival.

Figure 3. Trifluoperazine (TFP)

effects in combination therapy
and against tumor spheroids.

(A) The half maximal inhibitory

concentration of the conven-

tional chemotherapy drug cis-
platin on various non–small

cell lung cancer spheroids and

their corresponding parental

cells. (B and C) Cell viability
assay and caspase-3 activity

assays for various non–small

cell lung cancer spheroids trea-

ted with cisplatin (10 mM) for
24 hours. (D) CL83 and CL141

cancer spheroids were treated

with TFP in combination with
cisplatin, followed by cell num-

ber measurements. (E) Assess-

ment of the combination of

TFP and gefitinib by isobolo-
gram analysis. Normalized

isobolograms for epidermal

growth factor receptor wild-

type (CL141) and epidermal
growth factor receptor muta-

tion cells (CL97 and CL25) ex-

posed to all possible drug
combinations of TFP (0.5, 2.5,

and 5 mM), and gefitinib (2.5,

5, and 10 mM) for 48 hours.

Symbols designate the combi-
nation index value for each

fraction affected. The curves

were generated by Calcusyn

software to fit the experimen-
tal points. The data are repre-

sentative of three independent

experiments. Values below the
line are synergistic, whereas

those close to the line are ad-

ditive and those above the

line antagonistic. (F) CL141SP,
CL97SP, and CL25SP were

treated with TFP (10 mM), gefi-

tinib (5 mM), or both, respec-

tively, for 48 hours, followed
by cell number measurement.

(G) The aldehyde dehydroge-

nase (ALDH)1 activity was an-

alyzed in CL141 cells by flow
cytometry, and the percen-

tages of ALDH1 cells are presented. (H) Disaggregated CL141 spheroids were seeded at clonal density on low-adhesion plates for secondary cancer

spheroid formation. TFP enhanced gefitinib inhibition of CL141 self-renewal. Columns show mean of three independent experiments. Bars show SD.
**P , 0.01 as indicated.
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Gefitinib is effective for a subset of patients with particular
mutations in the EGFR (e.g., L858R mutation), but ineffective
to patients with wild-type EGFR or acquired mutation (T790M)
(44). Almost all patients with lung adenocarcinoma with EGFR
mutation eventually develop drug resistance after treatment
with EGFR-TKIs. Based on our findings, the addition of trifluo-
perazine into the EGFR-TKI therapy may benefit patients with
wild-typeEGFRwho do not have a satisfactory response to EGFR-
TKI; the combination of trifluoperazine with EGFR-TKI may
enhance the treatment response and improve therapeutic efficacy.
More importantly, for patients harboring the EGFR mutation
who develop gefitinib resistance, the addition of trifluoperazine
may salvage therapy, extending the duration of gefitinib use and
thereby prolonging progression-free survival.

In essence, we have identified trifluoperazine as an anti-CSC
agent for NSCLC. Our findings demonstrate that trifluoperazine

overcomes resistance to chemotherapy and EGFR-TKI in vitro and
in vivo. Equally important, this study shows that the use of CMap
in combination with a gene signature database of different diseases
could serve as a high throughput platform for drug repurposing in
the future.
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