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Abstract

Signal transducer and activator of transcription 3 (STAT3) is
involved in the tumor growth and metastasis of human head
and neck squamous cell carcinoma (HNSCC) and is therefore a
target with therapeutic potential. In this study, we show that
HJC0152, a recently developed anticancer agent and a STAT3
signaling inhibitor, exhibits promising antitumor effects
against HNSCC both in vitro and in vivo via inactivating STAT3
and downstream miR-21/b-catenin axis. HJC0152 treatment
efficiently suppressed HNSCC cell proliferation, arrested the
cell cycle at the G0–G1 phase, induced apoptosis, and reduced
cell invasion in both SCC25 and CAL27 cell lines. Moreover,

HJC0152 inhibited nuclear translocation of phosphorylated
STAT3 at Tyr705 and decreased VHL/b-catenin signaling activ-
ity via regulation of miR-21. Loss of function of VHL remark-
ably compromised the antitumor effect of HJC0152 in both cell
lines. In our SCC25-derived orthotopic mouse models,
HJC0152 treatment significantly abrogated STAT3/b-catenin
expression in vivo, leading to a global decrease of tumor growth
and invasion. With its favorable aqueous solubility and oral
bioavailability, HJC0152 holds the potential to be translated
into the clinic as a promising therapeutic strategy for patients
with HNSCC. Mol Cancer Ther; 16(4); 578–90. �2017 AACR.

Introduction
Head and neck squamous cell carcinoma (HNSCC) is the

sixth most common type of human cancer (1). Recently
developed systemic therapies have improved outcomes, but
the 5-year overall survival rate of patients with HNSCC
remains at about 50% (2). More than 70% of patients with
HNSCC suffer from relapsed or metastatic disease. There is an
urgent need, therefore, for effective therapeutic regimens to
treat HNSCC.

Signal transducer and activator of transcription 3 (STAT3) is
implicated in cancer progression and tumor cell proliferation,
invasion, and metastasis in human cancers of epithelial origin,
including HNSCC (3). Triggered by upstream activation signals,
STAT3 undergoes phosphorylation, homodimerization, nuclear
translocation, andDNAbinding, which then lead to transcription
of various downstream target genes. Abundant evidence suggests
that phosphorylation at the Tyr705 residue of STAT3 is abnor-
mally activated in HNSCC and that pSTAT3 (Tyr705) could serve
as a negative prognostic factor (4). STAT3 is, therefore, a prom-
ising therapeutic target. Inhibitors of STAT3 activation, including
natural compounds, peptides, peptidomimetic compounds,
chemically synthesized small molecules, and oligonucleotides,
have beenwidely investigated (5–7).However, only a fewof them
have progressed into early-phase clinical trials. The majority of
STAT3-inhibiting strategies fail because they exhibit only mod-
erate tumor suppression, have poor aqueous solubility, or cause
severe toxicity (8).
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MicroRNA-21 (miR-21), a non-coding RNA, has been reported
to regulate cell proliferation, apoptosis, and invasion in several
human cancers (9–11). MiR-21 has been shown to be transcrip-
tionally activated by the IL6/STAT3 signaling pathway in HNSCC
(12), glioblastoma (13), leukemia (14), and multiple myeloma
(15). In addition, miR-21 is involved in b-catenin signaling
regulation through direct targeting of the von Hippel–Lindau
gene (VHL; ref. 16). The VHL/b-catenin axis contributes to cancer
invasion and metastasis in HNSCC (17), glioblastoma (16, 18),
and renal cell carcinoma (19). Our previous findings have also
revealed that the VHL/b-catenin axis regulates the epithelial–
mesenchymal transition (EMT) in HNSCC and may, therefore,
be a therapeutic target (17).

Niclosamide, an FDA-approved anticestodal drug, has recently
proven effective in the suppression of STAT3 signaling (20).
However, its pharmacokinetic profile is limited because of its
poor aqueous solubility and oral bioavailability. HJC0152, anO-
alkylamino-tethered derivative of niclosamide, was designed to
be a more potent STAT3 signaling inhibitor and has shown better
water solubility and oral bioavailability in vivo (21). Based on
these, we hold in vitro and in vivo experiments to determine
whether it is possible for HJC0152 to be a candidate for HNSCC
therapy. In the present study, we show that HJC0152 exerted a
significant anticancer effect on HNSCC tumor growth and inva-
sion. We further identified STAT3 activation and the miR-21/
b-catenin axis as the predominant targets atwhichHJC0152 exerts
its anti-HNSCC effects.

Materials and Methods
Chemicals and reagents

We previously designed and synthesized HJC0152, and its
structure was published (21). For in vitro experiments, a stock
solution was prepared in 100% dimethyl sulfoxide (DMSO;
Sigma) at a concentration of 10 mmol/L. For in vivo experi-
ments, drugs were dissolved in 7.5 mg/kg DMSO as previously
described (21).

Cell lines and culture conditions
Human SCC25, CAL27, and UM1 HNSCC cell lines were

obtained from ATCC. Hep-2 and TSCCA cells were purchased
from the Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences. The Tb3.1 tongue squamous cell carcinoma cell
line was a gift of Professor Chenping Zhang at Shanghai Jiaotong
University. All the cell lines were maintained in Dulbecco's
modified Eagle's medium (DMEM, Gibco), DMEM/Ham's F-12
(Gibco), or RPMI-1640 (Gibco), respectively, each supplemented
with 10% FBS (Gibco) and penicillin (100 U/mL)/streptomycin
(100 mg/mL) (HyClone). All cells weremaintained under human-
ized conditions (37�C, 5% CO2) and were regularly checked for
Mycoplasma contamination. Cell lines were authenticated by array
comparative genomic hybridization or DNA fingerprinting.

Cell growth and viability assay
SCC25 or CAL27 cells (5,000 cells/well) were seeded into 96-

well plates and incubated at 37�C for 24 hours to allow for
stabilization, and then exposed to HJC0152 (0.1, 0.5, 1, 2, 4,
6, 8, 10 mmol/L) or DMSO (1 mL/well) for 24 hours. Cell viability
was measured by an MTT assay (5 mg/mL; Sigma). The MTT
crystals were dissolved in DMSO, and the absorbance at 490 nm
was assessed using a microplate reader (Model 680, Bio-Rad

Laboratories Ltd.). IC50 was calculated using SPSS software (ver-
sion 17.0).

Transwell and wound-healing assays
For in vitro invasion and migration assays, SCC25 or CAL27

cells (50,000 cells/well) were plated into Transwell inserts (Corn-
ing) that had been coated with Matrigel (BD Biosciences) or left
uncoated. The lower chambers were filled withmediumplus 20%
FBS. After incubation at 37�C for 16 hours, the penetrated cells
were fixed with 4% paraformaldehyde (Solarbio) and stained
with 0.1% crystal violet (Solarbio). Each image was observed
using an inverted microscope (DMI6000B, Leica).

A wound-healing assay was used to confirm the result of the
Transwell assay. We added 500,000 SCC25 or CAL27 cells into
6-well plates. When the cells had grown to approximately 80%
confluence, we made scratches using 10-mL pipette tips, creating
a wound field of approximately 400 mm wide, based on the
scaleplate in the microscope. The plates were incubated in fresh
medium (without FBS) for 48 hours. Images of gaps from
several randomly selected fields were acquired at the start (0
hours), halfway point (24 hours), and endpoint (48 hours) of
the experiment, using an inverted microscope (DMI6000B,
Leica).

Clonogenicity assay
SCC25 or CAL27 cells (500 cells/well) were seeded in 2 mL of

growth medium with 10% FBS in a 6-well plate overnight. The
cells were incubated for 14 days in the presence or absence of
HJC0152 (2 mmol/L for SCC25 and 1 mmol/L for CAL27) at 37�C
in 5% CO2 and then washed twice in PBS and stained with 0.1%
crystal violet. Colonies with > 50 cells per a specific size of field
were counted under an inverted microscope (DMI6000B, Leica).

Reverse-transcription PCR
Total RNAs were extracted using TRIzol (Invitrogen) according

to the manufacturer's instructions and were reverse transcribed to
cDNA by using the PrimeScript 1st Strand cDNA Synthesis Kit
(KeyGEN BioTECH). Ten nanograms of reverse-transcribed pro-
ducts was then detected with quantitative real-time PCR (qRT-
PCR; Bio-Rad) as described previously (22). U6 was used as a
loading control, and the 2�DDCt method was used to evaluate the
relative abundance of genes. Primers for U6 and miR-21 are
shown in Supplementary Table S1.

Flow cytometry
To analyze apoptosis rates, CAL27 and SCC25 cells were treated

with DMSO or HJC0152 (1 mmol/L for CAL27 and 2 mmol/L for
SCC25) and then digested with trypsin (Gibco) and resuspended
as single-cell suspensions. Double staining with fluorescein iso-
thiocyanate (FITC)–Annexin V and propidium iodide (PI) was
conducted in accordance with the manufacturer's instructions
(BD Biosciences). Apoptosis was measured using flow cytometry
(FACSCanto II, BD Biosciences).

To determine cell-cycle distribution, cells treated with DMSO
or HJC0152 (2 mmol/L for SCC25 and 1 mmol/L for CAL27)
were trypsinized, fixed in 75% ethanol, washed twice with PBS,
and incubated with 50 mL PI (1 mg/mL) and 0.5 mL RNase (100
mg/mL; KeyGEN BioTECH) for 30 minutes in the dark. Cells
were then evaluated using flow cytometry (FACSCanto II, BD
Biosciences).
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Western blotting
After treatment, cell lysates were prepared in radioimmuno-

precipitation assay buffer (Solarbio) supplemented with protease
and phosphatase inhibitors (Roche). The lysates were then cen-
trifuged (15,000 � g, 4�C) for 30 minutes to remove cellular
debris. Protein concentrations were determined by a BCA protein
assay kit (Micro BCA Protein Assay Kit, ThermoFisher Scientific).
We boiled 20 to 30 mg of each protein sample for 5 minutes and
resolved the proteins in 8%, 10%, or 15%gradient SDS-PAGE gels
(Solarbio). After gel electrophoresis, the proteins were transferred
to polyvinylidene difluoride membranes (Merck Millipore). The
membranes were blocked in 5% non-fat milk in TBS containing
0.1% Tween 20 (TBST) at room temperature for 2 hours and then
incubated with primary antibodies overnight at 4�C in TBST
containing 5% non-fat milk. The membranes were then washed
twice with TBST and incubated with horseradish peroxidase-
conjugated secondary antibodies in a 5% non-fat milk/TBST
solution for 1 hour at room temperature. ImageJ software (NIH)
was used to quantify the relative expression levels of the target
proteins, normalized to the respective internal controls. The
primary antibodies used in this experiment are listed in Supple-
mentary Table S2.

IHC and immunofluorescence staining
For IHC staining, paraffin-embedded HNSCC tissue samples

(in vivo) were deparaffinized, rehydrated, and incubated with
primary antibodies (1:100 dilutions) overnight at 4�C. The slides
were then incubated with a biotin-labeled secondary antibody
(1:100 dilutions) for 40 minutes at 37�C. Cells were visualized
using a Vectastain ABC kit and a DAB Chromogen kit (Vector
Laboratories). The primary antibodies used in this investigation
are listed in Supplementary Table S1.

For immunofluorescence staining, HNSCC cells were grown on
18-mm cover glasses and treated with HJC0152 for 24 hours.
Immunofluorescence staining was conducted with primary anti-
bodies against STAT3, pSTAT3 (Tyr705; 1:100 dilutions, Abcam),
and b-catenin (1:100 dilutions, Cell Signaling Technology). The
cells were then washed with PBS and incubated with Alexa Fluor
488 or Alexa Fluor 594 secondary antibodies (Cell Signaling
Technology). The nuclei were stained with 4,6-diamidino-2-phe-
nylindole (DAPI; ThermoFisher Scientific), and each slide was
visualized using an FV-1000 laser scanning confocal microscope
(Olympus).

Gelatin zymography
HNSCC cell lines were seeded at a density of 5 � 105 cells per

well in 6-well plate. Cells were incubated in serum-freeDMEM for
24 hours, with or without HJC0152 (2 mmol/L for SCC25 and 1
mmol/L for CAL27 cells). Culture supernatants were collected and
then diluted with zymography buffer (P1700, APPLYGEN). A
total of 20 mg of protein per lane was loaded onto 10% SDS gels
containing 1 mg/mL gelatin (P1700, APPLYGEN). After electro-
phoresis, each gel was washed twice for 30 minutes each with
2.5% Triton X-100 at room temperature and then was incubated
in zymography buffer (P1700, APPLYGEN) overnight at 37�C.
Each gel was then stained in 50 mL Coomassie brilliant blue R-
250 (P1700, APPLYGEN), followed by treatment of destaining
buffer (30% methanol, 10% glacial acetic acid, 60% distilled
water). A clear white band showing MMP-2/9 activity was
detected against a blue background. The gels were photographed
with ChemiDoc XRS Imaging System (Bio-Rad).

RNA transfection
SCC25 or CAL27 cells transfected with negative control (NC)

oligos ormiR-21mimics (20 nmol/L; Genepharma) were labeled
asNCormiR-21, respectively.HNSCCcells transfectedwith si-NC
or siRNAs (20 nmol/L; RIBOBIO) against STAT3 or VHL, labeled
as si-NC, si-STAT3, or si-VHL, respectively, using Lipofectamine
2000 reagent according to the manufacturer's instructions (Life
Technology). During transfection, Opti-MEM medium without
FBS was used, and the transfected medium was replaced with
DMEM-F12 or DMEM after 6 hours. The sequences of both the
miRNAs and siRNAs are listed in Supplementary Table S1.

Luciferase reporter assay
To evaluate b-catenin/transcription factor 4 (TCF-4) transcrip-

tional activity,weused the TOP-FLASHandFOP-FLASH luciferase
reporter constructs (Merck Millipore). TOP-FLASH (with three
repeats of the TCF binding site, 40 ng/well) or FOP-FLASH (with
three repeats of a mutated TCF binding site, 40 ng/well) plasmids
were transfected into cells treated with DMSO or HJC0152,
respectively. For the reporter assay, SCC25 and CAL27 cells
(5,000 cells/well) were cultured in 96-well plates. After 24 hours,
luciferase activity was assessed with a Dual-Luciferase Reporter
Assay (Promega). The Renilla luciferase activity was used as an
internal control (22).

In vivo orthotopic tumor model
A total of 5 � 106 SCC25 cells that had been infected with a

luciferase lentivirus (Promega) and stably expressed luciferase
were injected into the base of the tongues of 4-week-old BALB/c-
nu mice (23, 24). Because the SCC25 cell line was derived from a
70-year-old male patient and HNSCC had a male predominance
(25), we used 10malemice for further analysis. The animals were
obtained from the Institute of Zoology of Concorde Blood Insti-
tute (Tianjin, China). To verify tumor establishment, fluorescence
images were captured 7 days after the injection with an IVIS
Lumina Imaging System (Caliper Life Sciences; ref. 24). The mice
were randomly assigned to either a DMSO (control) or HJC0152
(7.5mg/kg) treatment group (5mice per group; ref. 21). All these
mice were treated daily with 7.5 mg/kg HJC0152 (HJC0152
group) and DMSO (DMSO group) intraperitoneally. Biolumi-
nescence imaging for tumor volume were collected each week,
and body weight was measured daily. After 28 days, the animals
were sacrificed by cervical dislocation under anesthesia and the
orthotopic tumors were collected for further pathological exam-
ination. Tumor specimens were used for IHC and terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL) assays.
All animal study protocols were approved by the Institutional
Animal Care and Use Committee of Tianjin Medical University
Cancer Institute and Hospital.

TUNEL assay
Apoptosis in the tumor specimens was detected by a TUNEL

assay using an in situ cell death kit (Roche), following the man-
ufacturer's protocol. The nuclei were counterstained with DAPI
reagent for 1 hour, and the slides were stored at�80�C. Positively
stained cells were visualized using an FV-1000 laser scanning
confocal microscope.

Statistical analysis
SPSS software (version 17.0) was used for the statistical anal-

yses. Statistical comparisons between two groups were made
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using a Student t test. Differences among groups were determined
by two-way ANOVA followed by a Dunnett test. All data were
expressed as means � SD and represented the average of at least
three experiments performed in triplicate. A P value < 0.05 was
considered statistically significant.

Results
HJC0152 specifically inhibits phosphorylation and nuclear
accumulation of STAT3 in HNSCC cells in vitro

The SCC25 and CAL27 cell lines showed higher levels of p-
STAT3 (Tyr705) than did the Hep-2, TSCCA, Tb3.1, and UM1
cell lines (Fig. 1A). As shown in Fig. 1B, the CAL27 (IC50 ¼ 1.05
mmol/L) and SCC25 (IC50 ¼ 2.18 mmol/L) cell lines displayed

higher sensitivity to HJC0152 than did the other cell lines,
suggesting that HNSCC cell lines with higher p-STAT3 (Tyr705)
expression levels are more sensitive to HJC0152. These results led
us to select SCC25 and CAL27 cells for further investigation.

We used two STAT3 siRNAs (si#1 and si#2) to block STAT3 and
p-STAT3 (Tyr705); both dramatically inhibited the expression of
STAT3 and p-STAT3 (Tyr705). Because it had better knockdown
efficiency, we selected si#2 for further analysis (Supplementary
Fig. S1A). In HJC0152-treated CAL27 and SCC25 cells, p-STAT3
(Tyr705) expressionwas significantly lower than that in untreated
control cells, but no difference in total STAT3 expression was
found (Fig. 1C). Moreover, HJC0152 and si-STAT3 both dramat-
ically inhibited tumor cell proliferation, migration and invasion

Figure 1.

HJC0152 specifically inhibits STAT3
activity in HNSCC cells. A, STAT3,
p-STAT3 (Tyr705), p-STAT3 (Ser727),
VHL, and b-catenin expression was
determinedbyWesternblot analysis in
six HNSCC cell lines. B, Cell survival
percentage was measured by an MTT
assay after treatment of HNSCC cell
lines with HJC0152 for 24 hours (error
bars, standard deviation). C, Western
blotting showed that HJC0152 (2
mmol/L for SCC25 and 1 mmol/L for
CAL27 cell lines) selectively inhibited
p-STAT3 (Tyr705), but not STAT3, in
HNSCC cell lines. D, HNSCC cell lines
were treated with HJC0152 at various
concentrations (2 mmol/L for SCC25
and 1 mmol/L for CAL27 cell lines) for
24 hours. Cells were lysed for Western
blot analysis using antibodies specific
to p-Stat3, Stat3, p-Akt, Akt, p-Erk1/2,
Erk1/2, and GAPDH. E, p-STAT3
(Tyr705) was detected via
immunofluorescence staining 24hours
after SCC25 and CAL27 cells were
treated with HJC0152 (2 mmol/L for
SCC25 and 1 mmol/L for CAL27 cell
lines) or DMSO. An anti-rabbit
antibody against p-STAT3 was used
for labeling (scale bar, 20 mm). F,
HJC0152 significantly inhibited p-
STAT3 (Tyr705) expression in a dose-
and time-dependent manner, as
assessed by immunoblotting. GAPDH
was used as a loading control.
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in vitro (Supplementary Fig. S1B–S1D, P < 0.05). To determine
the selectivity and specificity of HJC0152 on STAT3 signaling
inhibition, AKT and MAPK (Erk1/2), two important signaling
proteins, were assessed. Western blots were used to detect the
expression level of total and phosphorylated STAT3, AKT, and
MAPK (Erk1/2; Fig. 1D). In contrast to attenuation of phosphor-
ylation of STAT3 (Fig. 1C and D), phosphorylation of AKT and
MAPK (Erk1/2) was not inhibited in both HNSCC cell lines tested
(Fig. 1D). These observations suggest that HJC0152 specifically
inhibits STAT3 signaling, but not AKT and MAPK signaling, in
HNSCC cells. Immunofluorescence staining showed that p-STAT3
(Tyr705) levels were lower in HJC0152-treated CAL27 and SCC25
cells,withhigher p-STAT3(Tyr705) accumulation in the cytoplasm
than in the nucleus (Fig. 1E and Supplementary Fig. S2B). More-
over, immunofluorescence analysis revealed no significant change
in total STAT3 staining in either cell line (Supplementary Fig. S2A
and S2B). Additionally, as shown in Fig. 1D, HJC0152 treatment
did not affect p-STAT3 (Ser727) levels in CAL27 and SCC25 cell
lines. We also found that HJC0152 inhibited p-STAT3 (Tyr705) in
HNSCC cells in a dose- and time-dependent manner (Fig. 1F).

HJC0152 reduces invasion and migration in HNSCC cell lines
We next measured the effect of HJC0152 treatment on cell

migration and invasion in HNSCC cell lines. Results from the
Transwell assays suggested that HJC0152 significantly inhibits
SCC25 and CAL27 cell migration (P < 0.05, respectively, without
Matrigel) and invasion (with Matrigel) in a dose-dependent
manner. Higher doses of HJC0152 had stronger effects on tumor
cell migration and invasion capacity (Fig. 2A). The scratch test
demonstrated that HJC0152 delayed wound healing in both
HNSCC cell lines (Supplementary Fig. S3A, P < 0.05), suggesting
that HJC0152 inhibits the invasion and migration capacities of
HNSCC cells.

In order to further study the underlying mechanisms of
HJC01520s inhibition of cell invasion and migration, we next
measured expression of matrix metalloproteinases before and
after HJC0152 treatment. MMP2/9 enzymes were regarded as
biomarkers of cancer invasion andmetastasis (26, 27). Moreover,
STAT3 transcriptionally regulates the expression of MMP2
(26, 28–30) and MMP9 (14, 27, 31, 32). In both cell lines tested,
HJC0152 treatment significantly inhibited the expression and
secretion of MMP2/9, suggesting that HJC0152 attenuates
MMP2/90s ability to degrade the extracellular matrix (Fig. 2B and
Supplementary Fig. S3B). Additionally, EMT was widely regarded
as one of the most important mechanisms of cancer metastasis
(33–39), and we thus hypothesized that HJC0152 might inhibit
HNSCC invasion and metastasis via EMT interruption. As shown
in Fig. 2B, we found that the important EMTmarkers N-cadherin,
vimentin, and Twist-1 were effectively inhibited in HJC0152-
treated cells. Furthermore, the subsequent immunofluorescence
staining indicates the gain of E-cadherin and loss of N-cadherin
following HJC0152 administration, similar to the findings in
Western blot assays (Fig. 2C). Taken together, these data reveal
that HJC0152 treatment inhibits tumor cell migration and inva-
sion in vitro by interrupting the EMT process.

HJC0152 suppresses cell proliferation and induces apoptosis in
HNSCC cells in vitro

Uncontrolled cell proliferation and apoptosis resistance are
considered to be the most important characteristics of tumor
cells. We investigated the effect of HJC0152 on tumor cell growth

in vitro. As shown by the clonogenicity assay, after 14 days of
continuous HJC0152 treatment, both the size and the number of
SCC25 and CAL27 clones were reduced. The clone density of
SCC25 (P < 0.05) and CAL27 (P < 0.05) cells (per 100 mm2) was
reduced by HJC0152 treatment. These results suggest that
HJC0152 has an antiproliferative effect on HNSCC cells (Fig.
3A). In the MTT assay, HJC0152-treated SCC25 (2 mmol/L) and
CAL27 (1 mmol/L) cells showed approximately 50% of the
number of viable cells found in the DMSO group at 24 hours
after treatment. Cell viability reached its lowest level at 72 hours
and then leveled off (Fig. 3E, P < 0.05). Taken together, these
results suggest that HJC0152 inhibits the proliferation of HNSCC
cells in both dose- and time-dependent manners.

Cell-cycle analysis was performed to further understand the
mechanism of HJC0152 in the inhibition of cell proliferation.
As shown in Fig. 3B, we observed an increase in the accumu-
lation of cells in the G1 phase in SCC25 (P < 0.05) and CAL27
(P < 0.05) cell lines treated with increasing concentrations of
HJC0152 for 24 hours. Expression of the cell cycle–related
molecule Cyclin-D1 was remarkably suppressed, while expres-
sion of the cyclin-dependent kinase inhibitor p21 was upre-
gulated (Fig. 3D). These results were consistent with those of
the flow cytometric analysis.

We next used FITC–Annexin V/PI staining to assess apoptosis
rates in the HNSCC cell lines after HJC0152 exposure. As shown
in Fig. 3C, HJC0152 significantly induced apoptosis in both
SCC25 (P < 0.05) and CAL27 (P < 0.05) cell lines. We also
evaluated the expression levels of several apoptosis-related pro-
teins by Western blot 24 hours after HJC0152 treatment (Fig.
3D). As expected, the B-cell lymphoma 2-family protein BCL-2, a
regulator of apoptosis, was decreased, while the BCL-2–associ-
ated X protein (BAX) was increased. Expression levels of cleaved
caspase-3 also rose with increasing drug concentrations. These
results suggest that HJC0152 significantly induces G0–G1 phase
arrest and caspase-dependent apoptosis in HNSCC cells.

HJC0152 regulates the activity of the STAT3/miR-21/b-catenin
axis

It has been widely reported that miR-21 is upregulated by IL6/
STAT3 activation in glioma (13), chronic lymphocytic leukemia
(14), HNSCC (12), and multiple myeloma (15). Because
HJC0152 affected HNSCC cells via p-STAT (Tyr705) inhibition
(Fig. 1C and D), we investigated the role of STAT3/miR-21
signaling in the mechanism of HJC0152. In our results, miR-21
expression levels were remarkably decreased after HJC0152 treat-
ment in both cell lines (Fig. 4A, P<0.05). qRT-PCR showed that in
both cells that were transfected with si-STAT3 and those that were
exposed toHJC0152,miR-21was attenuated (Supplementary Fig.
S4A, P < 0.05). Subsequently, SCC25 and CAL27 cells were
transfected with miR-21 mimics for 3 days. qRT-PCR revealed
thatmiR-21 expressionwas significantly elevated (Supplementary
Fig. S4B, P < 0.05), VHL expression was decreased, and b-catenin
levels were increased (Supplementary Fig. S4C). These results
reveal that miR-21 plays an essential regulating role in VHL/
b-catenin signaling in HNSCC cell lines.

To clarify the role of the STAT3/miR-21/b-catenin axis in the
mechanism of HJC0152, we used Western blotting. As shown
in Supplementary Fig. S4D, HJC0152 mimicked the effect of
siRNA on the VHL/b-catenin axis. We also found that VHL
expression was upregulated and b-catenin attenuated by
HJC0152 in dose- and time-dependent manners (Fig. 4B).
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When we treated SCC25 and CAL27 cells with HJC0152 and
transfected them with si-VHL for 3 days, we found that VHL
abrogation significantly attenuated the effects of HJC0152 on

b-catenin and reversed HJC01520s anticancer effects on cell
proliferation and migration in vitro (Fig. 4C and D and Sup-
plementary Fig. S5A and S5B, P < 0.05).

Figure 2.

HJC0152 reduces the invasiveness of HNSCC cells in vitro. A, A Transwell assay showed that HJC0152 dramatically attenuated the migration (without Matrigel)
and invasion capacity (with Matrigel) of SCC25 and CAL27 cells. Cells were seeded in the top compartment of a Transwell chamber and left untreated
(control) or treatedwithDMSOorHJC0152 for 24 hours (P <0.05, scale bar, 100mm).B andC, SCC25 andCAL27 cellswere treatedwithHJC0152 for 24 hours, and the
expression of EMT-related proteins was analyzed by both Western blot and immunofluorescence. � , P < 0.05; ��� , P < 0.001.
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Figure 3.

HJC0152 suppresses proliferation and induces apoptosis in HNSCC cells. A, Reduction of clone formation ability in HJC0152-treated SCC25 and CAL27
cells. B, HJC0152-induced G0–G1 phase arrest of SCC25 and CAL27 cells (P < 0.05). C, Annexin V/propidium iodide (PI) staining showing that the percentage of
apoptotic cells was significantly increased by HJC0152 treatment in a dose-dependent manner. D, SCC25 and CAL27 cells were treated with HJC0152 for
24 hours, and the expression levels of cell cycle– and apoptosis-related proteins were analyzed by Western blotting. E, Cell viability of SCC25 and CAL27
cell lines were significantly impaired after HJC0152 treatment for 72 hours (scale bar, 100 mm). Cells were treated with HJC0152 or DMSO for 1, 2, 3, 4, 5 days,
respectively, and then measured by MTT assay (P < 0.05). � , P < 0.05; ��� , P < 0.001.
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Figure 4.

HJC0152 regulates the activity of miR-21/b-catenin signaling. A, miR-21 expression was quantified by qRT-PCR analysis (normalized to U6 RNA). HJC0152
attenuated the expression of miR-21 in a dose-dependent manner in HNSCC cell lines (P < 0.05). B, HJC0152 inhibited b-catenin activity in HNSCC cell lines in a
dose- and time-dependent manner and elevated VHL expression levels. C, Transfection with si-VHL significantly reduced VHL expression in HNSCC cells and
counteracted the impact of HJC0152 (2 mmol/L for SCC25 and 1 mmol/L for CAL27 cell lines) on VHL/b-catenin signaling. D, si-VHL dramatically compensated the
antitumor effect of HJC0152 on cell viability, measured by MTT assay. E, Immunofluorescence detection, 24 hours after treatment of SCC25 (2 mmol/L) and
CAL27 (1 mmol/L) cells with HJC0152 or DMSO, showed that HJC0152 dramatically blocked the nuclear translocation of b-catenin. An anti-rabbit antibody against
b-catenin was used for labeling (scale bar, 20 mm). F, SCC25 and CAL27 cells were transfected with a TOP/FOP plasmid. After cells were treated with
HJC0152 (2 mmol/L for SCC25 and 1 mmol/L for CAL27 cell lines) for 24 hours, luciferase reporter assays were performed. � , P < 0.05; ��� , P < 0.001.
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HJC0152 also dramatically blocked the nuclear translocation
of b-catenin, as assessed by immunofluorescence assays and
Western blot of cytosolic/nuclear fractionation (Fig. 4E and
Supplementary Fig. S2B). A TOP/FOP-FLASH luciferase assay was
used to detect the transcriptional activity of b-catenin. In HNSCC
cell lines, HJC0152 significantly reduced TOP-FLASH luciferase
activity (P < 0.05) but did not change FOP activity (Fig. 4F). Taken
together, these results suggest that HJC0152 exerts its antitumor
effect via the STAT3/miR-21/b-catenin axis in HNSCC.

HJC0152 reduces HNSCC tumor growth and invasion in vivo
In order to further validate the antitumor effect and clinical

potential of HJC0152, we developed an orthotopic HNSCC
tumor model derived from the SCC25 cell line. HJC0152-treated
(7.5 mg/kg) tumors showed significantly lower tumor volume

(Fig. 5A and B, P < 0.05) and tumorweight (Fig. 5B, P < 0.05) than
did DMSO-treated tumors. More importantly, no significant
change in body weight (Fig. 5C) was observed in the mice treated
with HJC0152 compared with the DMSO group. We employed a
TUNEL assay to examine DNA fragmentation, the hallmark of
apoptotic cells (Fig. 5D), in tumor samples. The results demon-
strated thatmoreHJC0152-treated cells had apoptotic nuclei than
didDMSO-treated cells (P<0.05). Furthermore, we found that Ki-
67, cyclin D1, and BCL-2 expression were all dramatically atten-
uated and that cleaved caspase-3 was significantly upregulated in
HJC0152-treated tumors in vivo (Fig. 6B).

Figure 5E and F show that HJC0152-treated mice had lower
levels of local invasion and lymph node metastasis than did
DMSO-treated mice, assessed by local resection, observation and
subsequent HE staining. Besides, according to IHC, MMP2/9

Figure 5.

HJC0152 slows HNSCC tumor growth
and suppressed local invasion in vivo.
A, Representative bioluminescence
images comparing HJC0152-treated
(7.5mg/kg) orthotopic HNSCC tumors
with DMSO-treated controls
every week for 4 weeks (BLI:
bioluminescence imaging,P<0.05).B,
Representative images for orthotopic
tumors of HJC0152 or DMSO-treated
animals. C, Based on body weight, no
detectable toxicity was observed at
the tested dose (7.5 mg/kg; error bars,
SD). D, A TUNEL assay showed more
induced apoptotic nuclei in HJC0152-
treated tumor cells (7.5mg/kg) than in
DMSO-treated cells (scale bar, 30 mm).
E, Representative photographs of the
tumor resection procedure. HJC0152
(7.5 mg/kg) significantly inhibited
local invasion of orthotopic HNSCC
tumors. In each group, the first two
photographs represent the original
orthotopic tumor while the last two
photographs represent the local
invasion situation during and after
resection, respectively. F, HJC0152
(7.5 mg/kg) significantly inhibited
cervical lymph node metastasis of
orthotopic HNSCC tumors.
� , P < 0.05; ��� , P < 0.001.
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expression was also attenuated in HJC0152-treated tumors
(Fig. 6C).

Subsequently, IHC staining showed that HJC0152 treatment
significantly inhibited total STAT3 or p-STAT3 (Tyr705) expres-
sion, elevated VHL expression, and decreased b-catenin expres-
sion (Fig. 6A) in SCC25 orthotopic tumors. Collectively, these
results suggest that HJC0152 effectively inhibits orthotopic
HNSCC tumor growth and invasion in vivo through regulating
the STAT3/miR-21/b-catenin pathway.

Discussion
The development of effective targeted therapies for the treat-

ment of HNSCC will require in-depth knowledge of the
underlying molecular mechanisms of the complex signaling
transduction networks involved in cancer development and pro-
gression. In the present study, we demonstrated that HJC0152, a
novel O-alkylamino-tethered derivative of niclosamide, dis-
played effective STAT3 inhibitory effects and antitumor effects

Figure 6.

HJC0152 exerts antitumor effect in vivo via targeting STAT3. A, Immunohistochemical staining showed that downregulation of STAT3 (Tyr705) and b-catenin
elevated VHL expression in the HJC0152-treated group (scale bar, 100 mm). Hematoxylin and eosin staining was used to examine morphological changes
(scale bar, 100 mm). B, Immunohistochemical staining showed attenuation of MMP2/9, Ki-67, Cyclin-D1, Bcl-2 in the HJC0152-treated group, accompanied with
upregulated cleaved Caspase-3 (scale bar, 100 mm).
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against HNSCC. Moreover, we also investigated the mechanism
bywhichHJC0152 suppressesHNSCCproliferation and invasion
both in vitro and in vivo.

Recent research has indicated that abnormal activation of the
STAT3 signaling pathway contributes to cancer progression, inva-
sion, chemoresistance, and recurrence (12–14, 40). STAT3 has
been shown to be an important transcription factor, and nuclear
recruitment of p-STAT3 might trigger transcription of numerous
target oncogenes or onco-miRNAs (12–15). Compelling evidence
has confirmed that blocking aberrant STAT3 activity is a prom-
ising therapeutic strategy for the treatment of solid tumors (41,
42). Meanwhile, preclinical research and clinical trials have
revealed that small molecular chemical compound-based thera-
peutics targeting STAT3 are beneficial in cancer therapy (5–7).

In our in vitro experiments with HNSCC cells, HJC0152 inhib-
ited p-STAT3 (Tyr705) to an extent similar to that of STAT3 siRNA.
The effects of HJC0152 were dose and time dependent. p-STAT3
(Tyr705) is the most common and important phosphorylated
form of STAT3; when it was inhibited, its associated transcrip-
tional activity was also attenuated. First, HJC0152 treatment
decreased the invasion andmigration ability of SCC25andCAL27
cells in a dose-dependent manner, which was determined by
Transwell and wound-healing assay. Moreover, according to the
Transwell assays, we observed that CAL27 cells were more sen-
sitive toHJC0152 than SCC25, in termsof invasion andmigration
capacity. EMT was widely believed as one of the most important
mechanisms in cancermetastasis (33–39), and the EMT process is
tightly associated with the loss of membrane localization of E-
cadherin and overexpression of N-cadherin (43). Furthermore,
Vimentin and Twist-1 also contribute to EMT, and both of them
were transcriptionally regulated by STAT3 (28, 44, 45). We
therefore measured the expression of E-cadherin, N-cadherin,
Vimentin, and Twist-1, and we demonstrated an interrupted EMT
process during cancer invasion with HJC0152 treatment. Our
results also revealed that both expression and secretion of MMP-
2/9, the biomarkers of cell invasion (26, 46–48) and the down-
stream targets of STAT3 (27–29), were attenuated by HJC0152,
suggesting the blockage of extracellular matrix-degrading ability
of HNSCC. Finally, we demonstrated that HJC0152 treatment
inhibited HNSCC growth through blocking cell cycle at G1 phase
and inducing apoptosis. Cyclin D1 is known as the regulator to
switch cell cycle fromG1 to S phase (3) and the downstream target
of STAT3 in human cancers (28, 29), and we found decreased
Cyclin D1 after HJC0152 treatment in both cell lines, consistent
with the cell-cycle analysis. Moreover, decreased Bcl-2 and ele-
vated cleaved Caspase-3 expression suggested that tumor cells'
antiapoptosis capacity was inhibited.

MiR-21 has been identified as an onco-miRNA that is over-
expressed inmany cancers of epithelial origin; therefore, itmay be
a target with therapeutic potential. Moreover, the upregulated
STAT3/miR-21 signaling axis is globally regarded as a negative
prognosis predictor in HNSCC, especially in assessing prolifera-
tion and metastasis (49). Zhang and colleagues (16) found that
the recognition sites for miR-21 are located in the 30 untranslated
region (30-UTR) of VHL. The authors also demonstrated that VHL
is overexpressed after miR-21 abrogation (16). As a downstream
target of miR-21, VHL contributes to ubiquitination of b-catenin
(16–18), which was involved in the regulation of malignant
phenotype in HNSCC (32, 43). Of interest, niclosamide, precur-
sor of HJC0152, was an inhibitory molecule of Wnt/b-catenin
signaling (20, 50). In the current study, HJC0152 treatment

suppressed miR-21 and b-catenin expression in both cell lines.
Moreover, ectogenic miR-21 dramatically inhibited VHL expres-
sion and elevated b-catenin expression. In the restoration experi-
ments, we proved that downregulation of VHL partially compen-
sates for the antitumor effect of HJC0152 in vitro. These findings
suggest that inactivation of STAT3 and the miR-21/b-catenin axis
is one of the major underlying mechanisms by which HJC0152
suppresses HNSCC growth and invasion.

The results of our in vivo study confirmed our in vitro results.
HJC0152 treatment inhibited SCC25 cell-derived orthotopic
tumor growth and lymph node metastasis. These data suggest
that HJC0152 treatment might be a promising approach for the
treatment of HNSCC. In the current study, we introduced the
HJC0152 into the experimental animals by intraperitoneal injec-
tion, whichmight be the drawback of our in vivo test. As shown in
our previous report (21), HJC0152 was validated to have better
water solubility and oral bioavailability than niclosamide, so
more studies with oral administration are warranted for further
analysis. Based on these, HJC0152 may have several administra-
tion routes in HNSCC clinical therapy.

Taken together, HJC0152 is a small molecular inhibitor that
targets STAT3 signaling and miR-21/b-catenin axis. Our results
provide a rationale for HJC01520s clinical applications.
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