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ABSTRACT Inhibition of the signal transducer and activator of transcription 3
(STAT3) signaling pathway has been considered a novel therapeutic strategy to
treat human cancers with constitutively active STAT3. In this study, we report the
identification of niclosamide, an FDA-approved anthelmintic drug, as a new small-
molecule inhibitor of the STAT3 signaling pathway. This compound potently
inhibited the activation and transcriptional function of STAT3 and consequently
induced cell growth inhibition, apoptosis, and cell cycle arrest of cancer cells with
constitutively active STAT3. Our study provides a new promising lead compound
with a salicylic amide scaffold for the development of STAT3 pathway inhibitors as
novel molecularly targeted anticancer drugs.
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The signal transducers and activators of transcription
(STATs) are a class of transcription factors that regulate
fundamental cellular and biological processes, such as

cell proliferation, cell survival, immune responses, and angio-
genesis,bymodulating theexpressionofspecific targetgenes.1-5

The upstream activators for the STAT pathway include cyto-
kines, growth factors, and other cytoplasmic signaling pro-
teins.1-4 A total of seven different STAT isoforms (STAT1-6)
have been identified in mammalian cells. In the last several
decades, constitutive STAT activity has been observed and
reported to be correlated with oncogenic transformation.
STAT3 is frequently overactivated in various human cancer
types, including prostate, breast, head and neck cancers,
but not in normal epithelial cells.3,6 Persistent activation of
STAT3 signaling has been demonstrated to induce cell pro-
liferation and prevent apoptosis in human cancer cells through
the misregulation of key proteins, including cell survival
proteins [e.g., B-cell lymphoma (Bcl)-xL and myeloid cell
leukemia-1 (Mcl-1)], cell cycle regulators (e.g., cyclin D1/D2
and c-Myc), and inducers of angiogenesis such as vascular
endothelial growth factor (VEGF) and hypoxia-inducible
factor 1 (HIF1). Activated STAT3 is also correlated with resis-
tance to conventional apoptosis-inducing therapies.1-4

The STAT3 protein consists of four functional domains that
contribute to its oligomerization, DNA binding, SH2 dimer-
ization, and transactivation, respectively. Upon stimulation
by cytokines [such as interleukin (IL) or leukemia inhibitory
factor (LIF)] or growth factors [such as epidermal growth
factor (EGF)], tyrosine residue705 (Tyr-705) in the STAT3SH2
domain is phosphorylated, consequently inducing STAT3 to
dimerize, translocate into the nucleus, and induce its binding

to specific DNA response elements of target genes.1 Inhibi-
tion of STAT3 by antisense, oligonucleotide siRNAs, up-
stream Janus kinase (JAK), or Src kinase inhibitors or by
direct STAT3 inhibitors has been demonstrated to suppress
tumor growth and to induce apoptosis in cancer cells. Thus,
the STAT3 pathway is considered to be an attractive target for
the design of new therapies for human cancers with con-
stitutively active STAT3.6-12

Several classes of small molecules have been identified as
selective STAT3 inhibitors using rational design, high throughput
screening, or structure-based virtual screening strategies.13-34

Examples included peptidic inhibitor 1,18 synthetic mole-
cules Stattic 228 and STA-21 3,26 and the natural product
cryptotanshinone4 (Figure 1).14However,most of the peptide-
based inhibitors suffer from the poor cellular permeability,
while nonpeptidic small-molecule STAT3 inhibitors are lack
of ideal potency. Most recently, cell-permeable peptidic STAT3
inhibitors were reported from different groups.20,24,25,32,33

Despite these efforts, none of current inhibitors has been
developed into a clinical trial.25 It is still highly valuable to
identify new STAT3 inhibitors that could be further developed
as novelmolecularly targeted anticancer drugs. In this paper,
we screened a small chemical library containing 1500 clinical
drug derivatives and report the identification of niclosamide 5,
an FDA approved anthelmintic drug, as a new highly potent
small-molecule inhibitor of the STAT3 signaling pathway.
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Given the extraordinarily high cost and poor success rate
of drug development, repositioning (or repurposing) existing
drugs to findnewuses for thesedrugs has becomeanattractive
approach to accelerate the drug development process.35,36

To identify newSTAT3 inhibitorswith useful pharmacological
properties, we screened a small chemical library containing
1500 clinical drug derivatives using a cell-based STAT3-
dependent dual luciferase reporter assay.26 HeLa epithelial
carcinoma cells were chosen for transfection due to their
constitutive overexpression of STAT3,14 and this cell line is
frequently used in other transiently transfected luciferase
reporter systems. After being transfected flanked with a
luciferase reporter driven by a minimal thymidine kinase
promoter sequence with seven copies of STAT3 binding sites
(pLucTKS3),26 cell lysates showed high luciferase activity.
Renilla luciferase was cotransfected as an internal control
for normalization. Among all of the compounds tested, niclo-
samide (5; Figure 1) displayed a remarkable inhibitory effect
on STAT3-induced luciferase activity in HeLa cells at 5.0 μM
after a 24 h incubation, indicating that niclosamide strongly
blocked the binding of STAT3 to pLucTKS3-containing STAT3-
binding sites and inhibited the transcriptional function of
STAT3. Other compounds, such as the semisynthetic phlebo-
tropic drug diosmin, the antiviral Arbidol, and the anxiolytic
aniracetam, did not show obvious inhibitory activity against
luciferase activity (Figure 2A). Further evaluation revealed that
niclosamide dose dependently inhibited STAT3-dependent luci-
ferasereporteractivitywithan IC50of0.25(0.07μM (Figure2B).

The effect of niclosamide on intracellular STAT3 activation
was further investigated to validate the inhibitory activity of
niclosamide against the STAT3 pathway. Du145 prostate
cancer cells, which also express constitutively active STAT3,14

were treated with niclosamide, and their pTyr-705 STAT3
levels were determined via Western blotting. As shown in
Figure 3A, niclosamide dose dependently inhibited the Tyr-705
phosphorylation of STAT3, whereas the total STAT3 protein
level remained unchanged after a 24 h incubation. It is also

Figure 1. Examples of reported STAT3 inhibitors and the chemical
structure of niclosamide.

Figure 2. Niclosamide inhibits theSTAT3-mediated luciferase reporter
activity in HeLa cells. (A)Niclosamide shows the highest inhibitory
activity against STAT3 reporter activation among all tested com-
pounds. (B) Niclosamide dose dependently inhibited STAT3 activ-
ity. Transit transfections were performed with Lipofectamine
2000. The luciferase reporter activity was evaluated after 24 h of
treatment with indicated compounds or different concentrations
of niclosamide. Relative luciferase units were the ratio of the
absolute activity of firefly luciferase to that of renilla luciferase.
Results are representatives of three independent experiments.

Figure 3. Niclosamide dose dependently inhibits the phosphorylation of STAT3. (A) Niclosamide exhibits dose-dependent inhibition on
STAT3phosphorylation but has no obvious inhibition on the activation of the upstreamproteins JAK2 and Src. Du145 cells were treatedwith
niclosamide with indicated concentrations for 24 h before subjected to Western blot analysis. (B) Niclosamide triggers quick inhibition of
STAT3phosphorylation. Du145 cells were treatedwith 2.0 μMniclosamide, andWestern blot analysis was performed after indicated periods
of time.
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noteworthy that niclosamide did not suppress the phosphor-
ylation of Ser-727, which is another important STAT3 phos-
phorylation site (Figure 3A). A time-course study revealed
that niclosamide obviously inhibited the Tyr-705 phosphor-
ylation of STAT3 within 2.0 h, indicating that this drug might
directly block the STAT3 pathway (Figure 3B). The selectivity
of niclosamide against STAT3 homologues was also investi-
gated, and our results demonstrated that niclosamide selec-
tively inhibited the phosphorylation of STAT3 and had no
obvious inhibition against the activation of other homologues
(e.g., STAT1 and STAT5) after a 2 h treatment (Supporting
Information). The inhibitory effect of niclosamide on STAT3

was further validated using the HeLa epithelial carcinoma
cell model (Supporting Information).

To determine if the suppressing effect of niclosamide on
STAT3was due to the inhibition of upstream tyrosine kinases,
the influence of niclosamide on the JAK1, JAK2, and Src
kinases, which are direct activators of STAT3, was also
evaluated. Interestingly, niclosamide did not decrease the
protein levels of JAK1, p-JAK1, JAK2, p-JAK2, Src, p-Src(416),
or p-Src(527) after a 24 or 2 h treatment (Figure 3A and
Supporting Information). Further protein kinase profiling
analyses demonstrated that the IC50 values for niclosamide
to inhibit JAK2 and Src kinases were over 10 μM in vitro. The

Figure 4. (A) Niclosamide inhibits the EGF-induced nuclear translocation of STAT3. Serum-starved Du145 cells were treated with 1.0 μM
niclosamide for 2.0 h and then stimulated with 100 ng/mL EGF for 15 min before subjected to immunofluorescence procedure. STAT3 was
visualized as red fluorescence, and the nuclei were visualized as purple fluorescence under a confocal laser microscopy. (B) Niclosamide
treatment decreases the protein level of p-STAT3 in nucleus. Serum-starved Du145 cells were treated with 1.0 μM niclosamide for 2 h and
then stimulatedwith 100 ng/mL EGF. Nuclear extracts were subjected toWestern blot analysis. (C)Niclosamide inhibits DNA binding activity
of STAT3 through EMSA assay. Du145 cells were treated with niclosamide for 4 h before nuclear extracts were subjected to EMSA analysis.
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protein kinase profiling analysis also revealed that niclos-
amide did not show much inhibition against other protein
kinases (e.g., EGFR, VEGFR, and PDGFR etc.), which indi-
cates that niclosamide may inhibit the activation of STAT3
through a kinase-independent pathway (Supporting Infor-
mation). The SH2 domain of STAT3 protein is essential to its
activation and dimeriztion. Therefore, a fluorescence-based
binding assay37 was performed to investigate if niclosamide
could directly bind to the SH2 domain and therefore block
the STAT3 signaling pathway.Our results revealed that niclos-
amide failed to interrupt the interaction of fluorescence-
labeled SH2 peptide with STAT3 protein (data not shown),
indicating that it might not directly bind to the SH2 binding
site of STAT3.

Upon activation, STAT3 forms dimers, translocates into
the nucleus, and binds to specific DNA response elements
to regulate target gene transcription. Theoretically, a cell
permeable small-molecule STAT3 inhibitor would inhibit the
nuclear translocation and/or the transcriptional functions of
STAT3. An immunofluorescence assay clearly showed that
the EGF induced STAT3 nuclear translocation, but this trans-
locationwas successfully inhibited after a 2 h treatment with
1.0 μM niclosamide (Figure 4A). The results were further

validated bydetermining the protein level of activated STAT3
via Western blotting with both nuclear extracts and whole
cell lysates from niclosamide-treated Du145 cells (Figure 4B
andSupporting Information). Furthermore, our electrophoretic
mobility shift assay (EMSA) analysis also revealed that although
niclosamide did not directly bind to the DNA binding site to
inhibit the interaction of STAT3 protein with its consensus
DNA elements (Supporting Information), it strongly inhibited
activation and nuclear translocation of STAT3 to interfere the
DNA binding activity of STAT3 (Figure 4C). Consequently,
Western blotting results displayed that the transcriptional
function of STAT3 protein was potently inhibited by niclos-
amide, which led to a significant decrease of the protein levels
of downstream target genes, such as cyclin D1, c-Myc, and
Bcl-xL (Figure 5).

The antiproliferation activity of niclosamide was also
evaluated. Our results demonstrated that this drug strongly
inhibited the proliferation and colony formation of Du145
cells with IC50 values of 0.7 and 0.1 μM, respectively. Niclos-
amide also potently inhibited the cellular growth of other
cancer cells with constitutively active STAT3 (e.g., HeLa
epithelial carcinoma cells, A549 lung adenocarcinoma cells),
whereas the compound exhibited relatively low inhibitory
potency against cell growth of the other cancer cells with a
low level of activated STAT3 (e.g., HT29 colon adenocarci-
noma cells, PC3 prostate cancer cells, and A431 epithelial
carcinoma cells) (Supporting Information). Flow cytometric
analysis revealed that niclosamide dose dependently induced
G0/G1 phase arrest and apoptosis of Du145 cancer cells
(Figure 6A,B), which may be a consequence of the down-
regulation of cell survival proteins Bcl-xL, Mcl-1, and cell
cycle regulators cyclin D and c-Myc (Figure 5).

In summary, niclosamide, an FDA-approved anthelmintic
drug, was identified as a new small-molecule inhibitor of the
STAT3 signaling pathway. This drug potently inhibited the
activation, nuclear translocation, and transactivation of STAT3
but had no obvious effects on the closely related STAT1 and

Figure 5. Niclosamide inhibits the transcription of STAT3 down-
stream genes. Du145 cells were treated with niclosamide with
indicated concentrations for 24 h before subjected toWestern blot
analysis.

Figure 6. Niclosamide dose dependently induces cell cycle arrest and apoptosis of Du145 cancer cells. (A) Niclosamide causes significant
G0/G1 arrest after a 24 h of treatment. (B) Niclosamide elicits apoptosis of Du145 cells in a dose-dependent manner.
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STAT5 proteins, the upstream JAK1, JAK2, and Src kinases, or
other receptor tyrosine kinases. Furthermore, niclosamide
inhibited the transcription of STAT3 target genes and induced
cell growth inhibition, apoptosis, and cell cycle arrest of
cancer cellswith constitutively active STAT3. Although niclos-
amide does not have an ideal pharmarcokinetic profile (i.e.,
poor oral bioavailability) in humans as an anticestodal drug,
it represents a new potent lead compound with salicylic
amide scaffold for development of STAT3 pathway inhibitors
as new molecularly targeted anticancer drugs. The further
structural optimization and extensive mechanism study on
niclosamide are undergoing andwill be reported in due course.

SUPPORTING INFORMATION AVAILABLE Typical experi-
mental procedures for the luciferase reporter assay, Western blot-
ting, immunofluorescence assay, cell proliferation inhibition assay,
flow cytometric analysis, nuclear protein extraction, EMSA, and the
kinase panel profiling results. This material is available free of
charge via the Internet at http://pubs.acs.org.
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