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The novel STAT3 inhibitor WZ-2-033 causes regression
of human triple-negative breast cancer and gastric
cancer xenografts
Yan Zhong1, Lin Deng1, Shuo Shi1, Qiu-yao Huang1, Shu-min Ou-Yang1, Jian-shan Mo1, Kai Zhu2, Xin-ming Qu2, Pei-qing Liu1,
Yuan-xiang Wang1 and Xiao-lei Zhang1

Hyperactive signal transducer and activator of transcription 3 (STAT3) signaling is frequently detected in human triple-negative
breast cancer (TNBC) and gastric cancer, leading to uncontrolled tumor growth, resistance to chemotherapy, and poor prognosis.
Thus, inhibition of STAT3 signaling is a promising therapeutic approach for both TNBC and gastric cancer, which have high
incidences and mortality and limited effective therapeutic approaches. Here, we report a small molecule, WZ-2-033, capable of
inhibiting STAT3 activation and dimerization and STAT3-related malignant transformation. We present in vitro evidence from
surface plasmon resonance analysis that WZ-2-033 interacts with the STAT3 protein and from confocal imaging that WZ-2-033
disrupts HA-STAT3 and Flag-STAT3 dimerization in intact cells. WZ-2-033 suppresses STAT3-DNA-binding activity but has no effect
on STAT5-DNA binding. WZ-2-033 inhibits the phosphorylation and nuclear accumulation of pY705-STAT3 and consequently
suppresses STAT3-dependent transcriptional activity and the expression of STAT3 downstream genes. Moreover, WZ-2-033
significantly inhibited the proliferation, colony survival, migration, and invasion of TNBC cells and gastric cancer cells with aberrant
STAT3 activation. Furthermore, administration of WZ-2-033 in vivo induced a significant antitumor response in mouse models of
TNBC and gastric cancer that correlated with the inhibition of constitutively active STAT3 and the suppression of known STAT3
downstream genes. Thus, our study provides a novel STAT3 inhibitor with significant antitumor activity in human TNBC and gastric
cancer harboring persistently active STAT3.
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INTRODUCTION
Signal transducer and activator of transcription 3 (STAT3) is an
important regulator of multiple cellular processes, including
proliferation, survival, differentiation, apoptosis, immune function,
and angiogenesis [1–3]. STAT3 signaling is strictly regulated in
normal cells in response to stimulation with diverse cytokines (i.e.,
IL-6) and growth factors (i.e., EGF) [4–6]. However, hyperactivated
STAT3 signaling leads to uncontrolled tumor growth and survival,
resistance to chemotherapy, and poor prognosis in many types of
cancer [3, 7, 8].
Breast cancer is a cancer with high incidence and mortality, and

triple-negative breast cancer (TNBC) is more aggressive and lethal
than other types of breast cancer [9, 10]. Many studies have proven
that aberrant STAT3 plays an important role in TNBC. It regulates
the expression of genes related to proliferation and antiapoptotic
mechanisms (Bcl-2, Bcl-xL, survivin, c-Myc, etc.) [11, 12], invasion
and migration (MMP-2/9, twist, vimentin, MEK-5, etc.), angiogenesis
(VEGF, HIF-1α, HGF, etc.) [13–17], drug resistance (TNFR1, NF-κB,
Oct-4, etc.) [18–20], and immunosuppression (IL-6/10, TGF-β,

PD-L1, etc.) [21–24], leading to the tumorigenesis, malignant
progression, and poor prognosis of TNBC.
On the other hand, gastric cancer (GC) is one of the most

common gastrointestinal cancers and has a high incidence rate
and mortality rate [25]. Early GC can be treated by surgery [26].
However, most patients are diagnosed in the late stage, and there
are limited effective therapeutic approaches. Clinical studies have
confirmed that STAT3 is hyperactivated in GC and closely
associated with the proliferation, survival, angiogenesis, immune
escape, and poor prognosis [27–29]. Therefore, the development
of effective anticancer drugs targeting STAT3 is urgently needed
for GC therapy.
STAT3 has been recognized as an attractive and potent target

for the therapy of both TNBC and GC. Several STAT3 inhibitors
have been developed and have demonstrated potential effects on
TNBC and GC in vivo and in vitro [27, 30–33]. Among them, OPB-
51602, napabucasin, AZD9150, and STAT3 decoys have even
entered clinical trials and achieved certain efficacy in diverse
human cancers, including TNBC and GC [27, 34]. However, poor
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specificity, weak effects, low oral bioavailability (niclosamide [35]),
poor solubility (C188-9 [36]), and structural instability (BP-1-102
[37]) have prevented the further clinical application of the existing
STAT3 inhibitors. None of the STAT3 inhibitors have been
approved for TNBC and GC therapy in the clinic. Therefore, it is
urgent to develop novel STAT3 inhibitors with higher potency, less
toxicity, higher selectivity, and better stability for the therapy of
TNBC and GC.
Although several approaches have been proposed to develop

novel STAT3 inhibitors [37–42], targeting the STAT3 Src-homology 2
(SH2) domain and disrupting STAT3 dimerization are still some of
the most important strategies. The SH2 domain in the STAT3 protein
plays a pivotal role in the signaling cascade. Targeting the STAT3
SH2 domain prevents the dimerization and transcriptional activity of
STAT3 [32, 36]. Here, we describe a novel STAT3 inhibitor, WZ-2-033,
that can disrupt STAT3 dimerization, selectively inhibit STAT3
activation, further suppress the proliferation, migration, and invasion
of TNBC and GC cells, and significantly inhibit the growth of human
TNBC and GC cell xenografts in a mouse model. Further studies
revealed that active STAT3 and downstream genes are also
suppressed by WZ-2-033 in tumor tissue. Thus, our study provides
a novel STAT3 inhibitor with significant antitumor activity and
explores its pharmacological mechanisms.

MATERIALS AND METHODS
Chemical methods and synthesis
The chemical synthesis methods and routes are described in detail
in the Supplementary Information.

Cell lines and cell culture
HEK-293T cells, human TNBC cells (MDA-MB-231, MDA-MB231-
4175, and HCC70 cells), and human GC cells (AGS and MGC-803
cells) were obtained from American Type Culture Collection (VA,
USA). HEK-293T, MDA-MB-231, and MDA-MB231-4175 cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10%
(v/v) fetal bovine serum (FBS). HCC70, AGS, and MGC-803 cells
were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640)
medium containing 10% (v/v) FBS. In addition, 50 μg/mL penicillin
and 50 μg/mL streptomycin (Gibco, NY, USA) were added during
culture. All cells were incubated at 37 °C in an incubator
containing 5% CO2.

Reagents and antibodies
WZ-2-033 was dissolved in sterile dimethyl sulfoxide (DMSO; MP
Biomedicals, 196055, CA, USA) and stored at −20 °C. Primary
antibodies against phosphorylated STAT3 (Y705, #9145; S727,
#9134), c-Myc (#5605), Mcl-1 (#4572), HA-tag (#3742), cleaved-
caspase 7 (#9491), and β-actin (#3700) and fluorescently labeled
secondary Alexa Fluor® 488 Conjuate2 (#4412) and Alexa Fluor®
555 Conjuate2 (#4409) antibodies were purchased from Cell
Signaling Technology, Inc. (MA, USA). An antibody against STAT3
(10253-2-AP) was purchased from ProteinTech Group, Inc. (Wuhan,
China). The antibody targeting Bcl-xL (sc-8392) was purchased
from Santa Cruz Biotechnology (TX, USA). The monoclonal anti-
FLAG® M2 antibody was purchased from Sigma-Aldrich (MO, USA).
The secondary antibodies goat anti-rabbit IgG H&L (HRP) (ab6721)
and goat anti-mouse IgG H&L (HRP) (ab6789) were purchased
from Abcam (Cambridge, UK).

Plasmids and molecular cloning
The STAT3 reporter gene pGL3-STAT3 includes seven copies of the
Stat3-specific binding sequence (AATCCCAGAA) in the C-reactive
protein gene promoter. The Flag-STAT3 plasmid expressing Flag-
tagged STAT3 protein was purchased from FulenGen (EX-Z2385-
M35, Guangzhou, China). The HA-STAT3 plasmid was constructed
based on Flag-STAT3. The new construct was confirmed by
sequencing. STAT3C is a recombinant plasmid with cysteine

residues substituted for specific amino acids in STAT3 (A662C and
N664C) to render the molecule constitutively active.

Molecular docking
The Maestro 11.1 software was utilized to dock the STAT3 protein
(PDB ID: 1BG1) and the small molecule. First, the structure of the
STAT3 protein was optimized using the “Protein Preparation
Wizard” module, including removal of water molecules, hydro-
genation, minimization of energy, and treatment of metal ions
and disulfide bonds. The “Lig Prep” module was used to optimize
the small molecule, including the formation of a 3D structure and
low-energy conformation. Next, the SH2 domain and transactiva-
tion domain (TAD) of the STAT3 protein were extracted as active
pocket centers, and pocket grid points were generated using the
“Receptor Grid Generation” module in the software. Finally, we
used the “Ligand Docking” module to simulate the interactions
between the STAT3 protein and the small molecule. In addition,
we also used the “Protein Surface Analyzer” module to analyze the
STAT3 protein structure according to electronegativity and label it
with different colors.

Bioinformatics analysis
The gene expression profile datasets GSE19826, GSE14548, and
GSE6861 were downloaded from the GEO database. The Gene
Expression Profiling Interactive Analysis website (http://gepia.
cancer-pku.cn/) was employed to determine the relationship of
relevant genes with clinical survival.

Cellular thermal shift assay (CETSA)
To determine the target engagement of STAT3 in compound with
cells, AGS cells were treated with WZ-2-033 or DMSO for 1 h when
the cells were 70%–80% confluent. The cells were harvested and
suspended in 1mL PBS (containing PMSF and phosphatase
inhibitor cocktail) and subsequently divided into 0.2 mL PCR
tubes with 100 μL per tube. Each tube was heated to the
designated temperature point for 2 min, tubes were removed and
cooled to room temperature immediately after heating, and then,
tubes were frozen in liquid nitrogen immediately. To lyse cells, the
tubes were subjected to three freeze and thaw cycles in liquid
nitrogen. The cell lysates were centrifuged at 20,000 × g for 20 min
at 4 °C. Then, the cell lysates were subsequently analyzed by
Western blotting.

Surface plasmon resonance (SPR) analysis
The SPR assay was performed using Biacore 8K (GE Healthcare, GA,
USA) and Biacore Insight Evaluation Software. Purified STAT3
protein (0.17 mg/mL) without Tris and glycerin was dissolved in
PBS and injected onto the CM5 chip (GE Healthcare, GA, USA).
Different concentrations of WZ-2-033 were dissolved in running
buffer (filtered 1×PBS, 0.01% DMSO) and passed over the chip to
produce diverse response signals. The binding affinity (KD) was
evaluated using Biacore Insight Evaluation Software.

Cell viability assay
Cell counting kit-8 (Bimake, B34302, Shanghai, China) was
employed to measure the viability of the cells treated with WZ-2-
033. TNBC cells (MDA-MB-231, MDA-MB-231-4175, and HCC70
cells) and GC cells (AGS and MGC-803 cells) were seeded in 96-well
plates at a density of 1 × 103 ~ 5 × 103 cells per well and cultured in
an incubator overnight. Then, the cells were administered different
concentrations of WZ-2-033 or vehicle (medium containing 0.1%
DMSO) for 72 h. Subsequently, a 1/10 volume of CCK-8 was added
to each well of cells and incubated for 0.5–4 h at 37 °C. Finally, we
used a microplate reader (FLUOstar Omega ACU, Offenburg,
Germany) to examine the absorbance (optical density, OD) of
the cells at 450 nm. Cell viability was calculated as follows: cell
viability (%)= (ODcompound−ODblank)/(ODvehicle−ODblank) × 100%,
where “blank” indicates medium only.
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Colony formation assay
In this experiment, TNBC cells (MDA-MB-231 and MDA-MB231-
4175 cells) and GC cells (AGS and MGC-803 cells) were seeded in
six-well plates at a density of 0.5 × 103 ~ 1 × 103 cells per well.
Then, the cells were treated with vehicle (0.1% DMSO) and various
concentrations of WZ-2-033. The medium of the cells was
changed, and the indicated concentration of WZ-2-033 was
added to the cells every 2–3 days until colonies were visible in
the vehicle control wells. After 10–15 days, the cells were fixed
with 4% paraformaldehyde (Beyotime, P0099, Shanghai, China)
and then stained with crystal violet (Beyotime, C0121, Shanghai,
China). Finally, images of the cells were captured with a camera
and analyzed by ImageJ software. All experiments were performed
in triplicate.

Wounding healing assay
A wound healing assay was performed to measure the effect of
WZ-2-033 on cell migration. The cells were seeded in six-well
plates at a density of ~0.8 × 106 ~ 1.2 × 106 cells per well. When
the cell fusion rate was 100%, the cells were scratched with
pipette tips. Subsequently, the indicated concentration of WZ-2-
033 was added to the cells until the vehicle cells migrated into the
scratched area. Images of the scratched area of the cells before
and after WZ-2-033 treatment were captured with a microscope.
All experiments were performed in triplicate.

Transwell assay for cancer cell invasion
Twenty-four-well Transwell® plates with 8.0-µm-pore polycarbo-
nate filters (Corning, 3422-ND) were utilized for the invasion assay.
MDA-MB-231, HCC70, and MGC-803 cells were seeded in the top
chamber of the insert at a density of 1.5 × 104 ~ 3 × 104 cells/well,
treated with different concentrations of WZ-2-033, and cultured
with serum-free medium. The bottom chamber of the insert was
supplemented with medium containing 20% FBS as an attractant.
The cells in the top chamber were carefully removed with a cotton
swab after 12 h, and the cells in the bottom chamber were fixed
with 4% paraformaldehyde for 15 min and stained with crystal
violet for 30min. Finally, the invaded cells were photographed
and counted.

Flow cytometry analysis of apoptosis
A BestBio Annexin V-FITC/PI Cell Death Detection Kit (BB-4101-3)
was employed to detect the apoptosis of the cells treated with
WZ-2-033. The cells were treated with the indicated concentration
of WZ-2-033 for 48 h. Then, the cells were digested with trypsin
without EDTA, washed with cold PBS twice and resuspended in
400 µL 1× binding buffer. The cell suspension was incubated with
Annexin V-FITC (5 µL) for 5 min and PI (10 µL) for 15 min at 4 °C in
the dark. The samples were assessed within 1 h by flow cytometry.
The data were analyzed by FlowJo 7.6 software.

RNA interference
RNA interference was performed as previously described [38]. AGS
cells were seeded into six-well plates and incubated at 37 °C for
18–24 h. When the cells reached 50%–60% confluency, they were
transfected with negative control siRNA or siRNA targeting STAT3
according to the DharmaFECT (T-2001-03, Dharmacon, USA)
protocol. Then, the culture medium was replaced with fresh
culture medium 6 h later, and the cells were cultured for 48 or 72 h.
For the STAT3 interference experiments, the sequences of the two
siRNAs targeting STAT3 are as follows:
STAT3-1: forward: 5′-UCCAGUUUCUUAAUUUGUUGACGGGUC-3′,

reverse: 5′-GACCCGUCAACAAAUUAAGAAACUGGA-3′;
STAT3-1: forward: 5′-AUAGUCCUAUCUUCUAUUUGGAUGUCA-3′,

reverse: 5′-UGACAUCCAAAUAGAAGAUAGGACUAU-3′.
A nonspecific oligonucleotide lacking complementary to any

human gene was used as a negative control. All of the above
siRNAs were synthesized by Sangon Biotech (Guangdong, China).

Western blot and immunoprecipitation
The cells treated with WZ-2-033 were lysed with RIPA buffer (50mM
Tris, 150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS sodium orthovanadate, sodium fluoride, EDTA, and leupeptin,
pH 7.4) supplemented with 1mM PMSF (Beyotime, ST506, Shanghai,
China) and 1% (v/v) phosphatase inhibitor cocktail (Bimake, B15001,
Shanghai, China). The cell lysates containing 20–50 μg proteins were
denatured by boiling, analyzed by electrophoresis on SDS-PAGE
gels, and transferred onto polyvinylidene difluoride membranes
(Merck Millipore, Darmstadt, Germany). Then, the membranes were
blocked with 5% bovine serum albumin (Beyotime, ST023, Shanghai,
China) at room temperature for 1 h. After that, the membranes were
incubated with the corresponding primary antibodies at 4 °C
overnight and then incubated with the corresponding secondary
antibodies for 1 h at room temperature. Finally, an ECL kit (Tanon,
180-5001, Shanghai, China) was employed to detect the expression
level of the proteins following the manufacturer’s protocol.

Immunofluorescence
For colocalization analysis, HEK-293T cells were seeded in confocal
dishes and cotransfected with HA-STAT3 and Flag-STAT3 plasmids.
After the HA-STAT3 and Flag-STAT3 proteins were stably
expressed in HEK-293T cells, various concentrations of WZ-2-033
were added to the cells and incubated for 24 h. The cells were
stimulated with 100 ng/mL human IL-6 (PeproTech, 200-06-20) for
30min before testing. Subsequently, the samples were fixed with
4% paraformaldehyde, permeabilized with 0.3% Triton X-100,
blocked with goat serum at room temperature for 1 h, and
incubated with anti-HA-tag and anti-Flag-tag antibodies at 4 °C
overnight. The cells were incubated with Alexa Fluor 555-
conjugated and Alexa Fluor 488-conjugated secondary antibodies
for Flag-STAT3 and HA-STAT3 detection, respectively, for 1 h at
room temperature in the dark. The cell nuclei were stained with
DAPI (Yeasen, 40728ES10) in the dark for 10 min. Finally, the
specimens were observed and imaged with a FV3000 laser
scanning confocal microscope (Olympus, Tokyo, Japan). To
determine the cellular location of the pY705-STAT3 protein, cells
treated with WZ-2-033 were fixed with 4% paraformaldehyde,
permeabilized with 0.3% Triton X-100, blocked with goat serum at
room temperature for 1 h, incubated with anti-pY705-STAT3
antibody at 4 °C overnight, and incubated with the Alexa Fluor
488-conjugated fluorescently labeled secondary antibody for 1 h
in the dark. The subsequent experiments were the same as above.

Coimmunoprecipitation
For coimmunoprecipitation experiments, 293T cells were prepared
and treated as described for the immunofluorescence experi-
ments. Subsequently, the cells were lysed with IP RIPA buffer
(Beyotime, Shanghai, China) supplemented with protease inhibi-
tors (Beyotime, Shanghai, China) and phosphatase inhibitors
(Bimake, America), and lysates were obtained. Half of the protein
lysate was cultured with anti-Flag Affinity beads (B23102, Bimake,
USA) overnight at 4 °C. The beads were washed with PBST three
times, 1× loading buffer was added, and the proteins were
denatured by heating for 5 min at 100 °C. Then, the proteins were
resolved by SDS-PAGE, transferred to PVDF membranes, and
analyzed by immunoblotting.

Electrophoretic mobility shift assay (EMSA)
The nuclear proteins of MDA-MB-231 cells treated with different
concentrations of WZ-2-033 were extracted using a Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, P0027, Shanghai,
China) following the manufacturer’s protocol. The nuclear extracts
were incubated with biotin-labeled STAT3 (Beyotime, GS083B,
Shanghai, China) or biotin-labeled STAT5 (Beyotime, GS085B,
Shanghai, China) probes before EMSA. Subsequently, the DNA-
protein complexes were separated in 6% native polyacrylamide
gels and transferred onto positively charged nylon membranes
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(Merck Millipore, Darmstadt, Germany). The membranes were
analyzed by a Chemiluminescent Biotin-labeled Nucleic Acid
Detection Kit (Beyotime, D3308, Shanghai, China) following the
manufacturer’s instructions.

Dual-luciferase reporter gene assay
HEK-293T cells were cotransfected with 50 ng pGL3-STAT3 carrying a
reporter gene, 50 ng STAT3C and 40 ng Renilla luciferase plasmid as
an internal control. After the cells stably expressed the STAT3
reporter gene, various concentrations of WZ-2-033 were added to
the cells. The cells were lysed, and luciferase activity was detected by
a Dual-Luciferase Reporter Gene Assay Kit (Beyotime, RG027,
Shanghai, China) following the manufacturer’s protocol within 24 h.

Animal experiments
The animal procedures were approved by the Research Ethics
Committee of Sun Yat-sen University (SYSU-IACUC-2020-000478
and SYSU-IACUC-2020-000479) and complied with the Guide for
the Care and Use of Laboratory Animals. Mice were euthanized
when they met the institutional euthanasia criteria for tumor size
and overall health. Four-week-old nude mice (male or female,
weighing 16–17 g, SPF grade, certification no. SYXK(Guangdong)
2016-0112) were obtained from GemPharmatech Co., Ltd. (Nanj-
ing, China). For the subcutaneous implantation model, nude mice
were injected subcutaneously with MGC-803 cells (3 × 106) or
MDA-MB-231-4175 cells (5 × 106). When tumor volumes reached
~100mm3, mice were randomly distributed into groups of six
mice. The mice were treated by intraperitoneal injection (i.p.) with
5 or 15 mg/kg/d WZ-2-033 or vehicle. During the treatment, tumor
size was measured with a caliper every 3 days. Tumor volume (V)
was calculated with the formula V= A × B2 × π/6, where A and B
stand for the longest and shortest diameters, respectively. After
21 days, tumor tissues were harvested and fixed with 4%
paraformaldehyde fixation solution for paraffin-embedded
sectioning.

RESULTS
Discovery of the novel potent STAT3 inhibitor WZ-2-033
To investigate the role of STAT3 in GC and breast cancer, we
analyzed GEO datasets of gastric tumors (GSE19826), breast tumors
(GSE14548), and corresponding normal tissues. We found that
STAT3 was indeed upregulated in gastric tumors (Fig. 1a) compared
with normal tissue, as well as in breast tumors (Fig. 1d). We further
confirmed the upregulation of STAT3 in TNBC (ER−/PR−/Her2−)
(Fig. 1e), suggesting that STAT3 may play an important role in
aggressive breast cancer. JAK tyrosine kinases phosphorylate
the Tyr705 residue of STAT3 and activate STAT3, suggesting
that the protein expression of pY705-STAT3 is very important.
Thus, we performed an immunohistochemistry (IHC) assay to
examine the protein expression of pY705-STAT3 in gastric tumor
tissue. Consistently, the pY705-STAT3 protein was significantly
overexpressed in gastric tumor tissues compared to adjacent tissues
(Fig. 1b). In addition, upregulation of STAT3 was significantly
associated with lower survival rates in patients with GC (Fig. 1c)
and patients with breast cancer (Fig. 1f). This finding indicates that
STAT3 is specifically upregulated in GC and breast cancer and closely
associated with the occurrence and development of these two
cancers.
Therefore, we combined synthetic chemistry, gene reporter

assays, and high-throughput screening to establish an in-house
library of small molecules to identify potential STAT3 inhibitors.
WZ-2-033 was identified as a potent STAT3 inhibitor from this
library (Fig. 1g). To explore the binding model of WZ-2-033 with
the target protein STAT3, we employed Maestro 11.1 to simulate
the interaction between WZ-2-033 and STAT3. As shown in Fig. 1h,
WZ-2-033 bound to the SH2 domain of the STAT3 protein and
formed hydrogen bonds with Glu652, Asn647, and Phe710. In

addition, WZ-2-033 also formed a salt bridge with Glu652, which is
more stable than hydrogen bonds. SPR analysis was further
utilized to explore the interaction between WZ-2-033 and STAT3.
WZ-2-033 bound to the wild-type STAT3 protein with a KD of 7.40
μM (Fig. 1i). Furthermore, we performed a CETSA to examine the
interaction between WZ-2-033 and the STAT3 protein. As shown in
Fig. 1j, STAT3 was more stabilized in WZ-2-033-treated (3 μM, 1 h)
cells than DMSO-treated cells, suggesting the binding of WZ-2-033
to STAT3.

WZ-2-033 disrupted STAT3 dimerization and significantly inhibited
STAT3 signaling
STAT3 contains six domains, including the N-terminal domain,
coiled-coil domain, DNA-binding domain, linker domain, SH2
domain, and TAD. The SH2 domain is crucial for STAT3
dimerization, which is required for STAT3 nuclear translocation,
DNA binding, and transcriptional activation [39–41]. Therefore,
targeting the STAT3 SH2 domain is an attractive strategy to
disrupt STAT3 signaling. STAT3 dimerization occurs through
binding of two reciprocal phosphotyrosine-SH2 domains. To
examine the effect of WZ-2-033 on STAT3 dimerization, we
generated a cell model by cotransfecting HA-tagged STAT3 and
Flag-tagged STAT3 into the HEK-293T cell line and measured
STAT3–STAT3 dimerization directly in intact cells. HEK-293T cells
cotransfected with Flag-STAT3 and HA-STAT3 were treated with
WZ-2-033 for 24 h and 50 ng/mL EGF for 30min before harvesting.
As shown in Fig. 2a, the colocalization (yellow) of HA-STAT3
(green) and Flag-STAT3 (red) was significantly reduced by WZ-2-
033 in a concentration-dependent manner, which indicated that
WZ-2-033 inhibits the dimerization of HA-STAT3 and Flag-STAT3.
The coimmunoprecipitation study results in Fig. S2 also demon-
strated that STAT3 dimerization was disrupted by WZ-2-033.
Furthermore, an EMSA was carried out to examine the effect of

WZ-2-033 on STAT3-DNA-binding activity. Nuclear protein was
harvested from MDA-MB-231 cells treated with WZ-2-033 at the
indicated concentrations for 3 h. Then, the nuclear extracts were
incubated with biotin-labeled STAT3 or biotin-labeled STAT5 for
EMSA. As shown in Fig. 2b, WZ-2-033 inhibited STAT3-DNA-
binding activity but had no obvious effect on STAT5-DNA-binding
activity, which means that WZ-2-033 preferentially suppressed
STAT3-DNA binding. Activated STAT3 monomer proteins form a
dimer in the cytoplasm and then translocate to the nucleus. We
observed that the level of tyrosine-phosphorylated STAT3 (pY705-
STAT3, green) was significantly decreased in the nuclei of human
breast cancer and GC cells treated with WZ-2-033, as assessed
with laser confocal microscopy (Fig. 2c). As a transcription factor,
STAT3 binds to specific DNA response elements and regulates the
expression of target genes. We further examined whether WZ-2-
033 suppresses STAT3-dependent transcriptional activation
through a luciferase gene reporter assay. HEK-293T cells were
transiently cotransfected with pGL3-STAT3 (a STAT3-responsive
promoter-firefly luciferase reporter), STAT3C (to induce constitu-
tive activation of STAT3), and Renilla luciferase reporter (for
normalization) plasmids. Compared to those in the control group,
the cells treated with WZ-2-033 had lower luciferase activity
(Fig. 2d), which implies that WZ-2-033 significantly inhibits STAT3
transcriptional activity. To further investigate whether WZ-2-033
exerts anticancer activity by regulating the intracellular
STAT3 signaling pathway, we examined the effect of WZ-2-033
on the level of pSTAT3. The tyrosine (Y705) phosphorylation level
of STAT3 was reduced in response to WZ-2-033 treatment, while
the serine (S727) phosphorylation level and total protein level of
STAT3 did not show obvious changes, as shown in Fig. 2e.
Subsequently, the expression of STAT3 downstream genes,
including Bcl-2, Bcl-xL, and c-Myc, was inhibited by WZ-2-033 in
a dose-dependent manner in TNBC and GC cells (Fig. 2f).
Taken together, the above results indicate that WZ-2-033

inhibits STAT3 dimerization and STAT3 Y705 phosphorylation,
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Fig. 1 Discovery of the novel STAT3 inhibitor WZ-2-033. a STAT3 expression level in normal and gastric tumor tissues (normal, n= 12; tumor,
n= 12). **P ≤ 0.01 vs normal. b IHC analysis of STAT3 expression in gastric tumor tissues and corresponding normal tissues. Scale bar= 20 μm.
c Disease-free survival analysis of gastric cancer patients (n= 96) from TCGA with high or low STAT3 expression levels. d STAT3 expression
levels in normal and breast tumor tissues (normal, n= 34; tumor, n= 32). **P ≤ 0.01 vs normal. e Expression of STAT3 in molecular subtypes of
breast tumors. Triple-negative status: ER−/PR−/Her2−. ***P ≤ 0.001. f Disease-free survival analysis of breast cancer patients (n= 535) from
TCGA with high or low STAT3 expression levels. g Chemical structure of WZ-2-033. h Molecular docking of WZ-2-033 and the STAT3 protein.
The red molecule represents WZ-2-033. WZ-2-033 occupies subpockets in the SH2 domain of STAT3. i SPR analysis of the interaction between
WZ-2-033 and STAT3. j Western blot (upper) and melt curve (lower) analyses of the STAT3 protein in AGS cells after treatment with WZ-2-033
(3 μM) for 1 h at the indicated CETSA temperatures.
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Fig. 2 WZ-2-033 disrupted STAT3 dimerization and inhibited STAT3 signaling. a HEK-293T cells stably expressing HA-STAT3 (green) and
Flag-STAT3 (red) proteins were treated with the indicated concentrations of WZ-2-033 for 24 h and assessed by immunofluorescence
analysis. DAPI nuclear staining is shown in blue. Scale bar= 20 μm. b EMSA analysis: The nuclear extracts of MDA-MB-231 cells treated
with WZ-2-033 were incubated with a biotin-STAT3 or biotin-STAT5 probe and subjected to EMSA. c Cellular localization of pY705-STAT3
(green) in the cells treated with WZ-2-033 for 6 h. DAPI nuclear staining is shown in blue. Scale bar= 20 μm. d STAT3C, pGL3-STAT3-
promoter, and Renilla luciferase (as a reference) plasmids were transiently cotransfected into HEK-293T cells. The luciferase activity of the
cells after treatment with WZ-2-033 for 24 h was detected as described in the methods. e The phosphorylation level (pY705 and pS727)
and expression level of STAT3 in TNBC and gastric cancer cells were measured by Western blot after treatment with WZ-2-033 for 3 h.
f The expression levels of c-Myc, Bcl-xL, and Mcl-1 in TNBC and gastric cancer cells were measured by Western blot after treatment with
WZ-2-033 for 24 h.
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which in turn affects STAT3 nuclear translocation and DNA
binding, resulting in the downregulation of transcriptional
activity and subsequent inhibition of the expression of down-
stream genes, such as c-Myc, Bcl-xL, and Mcl-1, in breast cancer
and GC cells.

WZ-2-033 strongly suppressed the proliferation, colony survival,
migration, and invasion of TNBC and GC cells with aberrantly
active STAT3
Abnormal activation of STAT3 promotes the transcription and
expression of genes related to tumor proliferation, survival,
migration, invasion, apoptosis, and angiogenesis, leading to
malignant progression of tumors, and these characteristics make
STAT3 a potential target for cancer therapy [42, 43]. To evaluate
the effect of WZ-2-033 on cell proliferation, human breast and GC
cells harboring aberrantly activated STAT3 were treated with
different concentrations of WZ-2-033 for 72 h and subsequently
examined with a CCK-8 kit. The breast cancer cell line MCF-7,
which has lower STAT3 activity [37, 44], and the normal epithelial
cell line RWPE-1 were also examined to evaluate the selectivity of
WZ-2-033. As shown in Fig. 3a, WZ-2-033 significantly inhibited
cancer cell proliferation in a dose-dependent manner. The IC50
values of WZ-2-033 in the malignant breast cancer cell lines MDA-
MB-231, HCC70, and MDA-MB231-4175 were 0.7, 1.3, and 1.3 μM,
respectively. Compared with the human breast cancer cells,
human GC cells (AGS and MGC-803 cells) were more sensitive,
with an IC50 of 0.4 μM (Fig. 3a). The decrease in viability in breast
cancer MCF-7 cells and normal epithelial RWPE-1 cells which have
lower STAT3 activity, induced by WZ-2-033 was much weaker than
that in cancer cells with constitutive STAT3 activity (Fig. 3a). To
further identify the selectivity of WZ-2-033, we knocked down
STAT3 in AGS cells and found that the inhibition of cancer cell
proliferation induced by WZ-2-033 was STAT3 dependent (Fig. 3b
and Fig. S1a, b). Subsequently, a colony formation assay was
performed to examine the effect of WZ-2-033 on cancer cell
survival. The colony number of the cells was significantly
decreased even at 0.3 μM (Fig. 3c, d and Figs. S1c-d) in breast
cancer and GC cells.
Metastasis is one of the main factors leading to poor prognosis

and drug resistance [45–47]. To evaluate the effect on tumor
metastasis, we measured cell migration and invasion through
wound healing and transwell assays in TNBC and GC cells. As
shown in Fig. 3e, f and Fig. S1e, f, WZ-2-033 inhibited the
migration of TNBC and GC cells in a dose-dependent manner. The
transwell cell invasion assay results suggested that the invasion of
breast cancer and GC cells was suppressed by 0.3 μM WZ-2-033
(Fig. 3g, h and Fig. S1g, h). Taken together, these results show that
WZ-2-033 significantly suppressed the migration and invasion of
human breast and GC cells.
Furthermore, we performed flow cytometry analysis to

examine whether the proliferative inhibition induced by WZ-2-
033 was because of apoptosis. As shown in Fig. 3i, j, 0.3 μM WZ-
2-033 significantly induced apoptosis in MDA-MB-231, MGC-803,
and AGS cells, with apoptotic cell percentages of 27.7%, 19.8%,
and 7.4%, respectively (Fig. 3i, j and Fig. S1i, j). Moreover,
cleavage of caspase 7, one of the hallmarks of apoptosis, was
induced by WZ-2-033 in MDA-MB-231 and MGC-803 cells, as
shown in Fig. 3k.

WZ-2-033 inhibited human GC cell xenografts
To further demonstrate the therapeutic efficacy of WZ-2-033,
subcutaneous xenografts of MG-803 human GC cells in a mouse
model were utilized to evaluate antitumor effects. As shown in
Fig. 4a–c, the growth of human GC xenografts following 30 days of
treatment with 5mg/kg or 15mg/kg WZ-2-033 per day by i.p.
injection was significantly inhibited. The tumor volumes and tumor
weights were decreased dose dependently in the 5 and 15mg/kg
groups (Fig. 4a, b). In addition, there were no obvious changes in

body weights or signs of toxicity, such as loss of appetite, decreased
activity, or lethargy during treatment (Fig. S3a–c).
The tumor mitotic index (Ki-67) and STAT3 signaling in tumor

tissues were further evaluated by IHC and Western blotting. As
shown in Fig. 4e, the expression of Ki-67 was significantly reduced
by WZ-2-033 compared with the vehicle control, indicating that
tumor proliferation and progression were suppressed by WZ-2-
033 administration. IHC analysis of tumor xenografts showed that
the level of pY705-STAT3 was decreased in the WZ-2-033-treated
group (Fig. 4e). The expression of pY705-STAT3 and the STAT3
downstream genes Bcl-2, c-Myc, Mcl-1, and Bcl-xL were also
examined by Western blotting. WZ-2-033 significantly suppressed
the level of pY705-STAT3 and subsequently downregulated the
expression of STAT3-targeting genes in human GC cell xenografts,
as shown in Fig. 4d. Taken together, these results suggest that WZ-
2-033 significantly suppressed excessive STAT3 signaling and
gastric tumor growth in mouse models.

WZ-2-033 inhibited human TNBC cell xenografts
Next, we evaluated the therapeutic efficacy of WZ-2-033 in breast
cancer using subcutaneous mouse xenografts of MDA-MB231-
4175 human breast cancer cells (MDA-MB231-4175). Tumor-
bearing mice were administered WZ-2-033 at doses of 5 and 15
mg/kg per day for 21 consecutive days. Tumor volume and body
weight were measured every 3 days. WZ-2-033 demonstrated
significant antitumor efficacy with a tumor growth inhibition (TGI)
rate greater than 85% with the high dosage. The low-dosage
group also showed effective antitumor activity with a TGI of
70.5%. TNBC appears to be more sensitive to WZ-2-033 than GC.
Similar to the results in the GC model, there were no obvious
changes in body weights or signs of toxicity, such as loss of
decreased appetite, decreased activity, or lethargy, during
treatment (Fig. S4a–c). The expression of pY705-STAT3 and the
STAT3 downstream genes Bcl-2, c-Myc, Mcl-1, and Bcl-xL was also
examined by Western blotting (Fig. 5d). WZ-2-033 significantly
suppressed the level of pY705-STAT3 and subsequently down-
regulated the expression of STAT3-targeted genes in human GC
cell xenografts, as shown in Fig. 5d, e.

DISCUSSION
Normal STAT3 signaling is tightly controlled in standard cellular
responses, while constitutive STAT3 activation occurs frequently in
a variety of human cancers. Hyperactive STAT3 signaling is
frequently detected in breast cancer and GC cell lines, tumor
models, and patient samples [30]. Aberrant STAT3 activation
promotes cancer cell proliferation and survival and enhances
resistance to chemotherapy and targeted therapy. Although these
two types of cancer feature high incidence and mortality, limited
effective therapeutic approaches are clinically available. Therefore,
the development of new targeted cancer drugs, including novel
direct STAT3 inhibitors, will benefit breast cancer and gastric
patients harboring constitutive STAT3 activation.
Given the importance of STAT3 in cancer initiation and

progression, many efforts have been made to develop specific
and potent STAT3 inhibitors in the past two decades, especially
inhibitors targeting STAT3 dimerization. Nonetheless, these
inhibitors have demonstrated moderate inhibitory potency in cell
and mouse models, possibly because dimerization of activated
STAT3 proteins is a type of protein–protein interaction (PPI). The
binding interfaces of PPIs, such as the binding site in the STAT3
SH2 domain for the pY-peptide, generally spread over large,
relatively flat surfaces and lack well-defined, deep binding
pockets. Therefore, these sites are difficult to target with small
molecules. OPB-51602 and OPB-31121 are promising STAT3
inhibitors that have reached early-phase clinical trials and have
shown promising therapeutic efficacy [48, 49]. However, most
reported inhibitors still suffer from multiple challenges, such as
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Fig. 3 Antitumor effects of WZ-2-033 in malignant TNBC and gastric cancer cells with aberrantly active STAT3 in vitro. a, b Cancer cells
harboring constitutively activated STAT3 were treated with 0–20 μM WZ-2-033 for 72 h and then subjected to cell viability assays with a CCK-8
kit. MCF-7 cells, which have lower STAT3 activity, and normal epithelial RWPE-1 cells were also examined by CCK-8 assay. **P < 0.01; ***P <
0.001 vs siCON. c, d Colony formation assays: the designated cells were administered the indicated concentrations of WZ-2-033 and grown
until colonies were visible, at which point they were stained with crystal violet (c). The number of colonies formed was determined and
analyzed (d). Values are presented as the mean ± SEM. n= 3. ***P < 0.001; **** P < 0.0001 vs control. e, f Cells were scratched with pipette tips
when the cell confluency was 100% and then WZ-2-033 was added to the cells, the images were taken again in 24 h. g, h The effect of WZ-2-
033 on cell invasion was measured by transwell analysis. The cells were stained with crystal violet (g) and analyzed (h) as described in the
“Materials and methods” section. Values are presented as the mean ± SEM. n= 3. **P < 0.01; ***P < 0.001 vs control. i, j Flow cytometry analysis
was performed to detect the apoptosis of the cells treated with 0–1 μM WZ-2-033 for 48 h (i). The percentage of apoptotic cells was calculated
and analyzed (j). Values are presented as the mean ± SEM. n= 3. ****P < 0.0001 vs control. k Cleaved caspase 7 (c-caspase 7) immunoblots for
MDA-MB-231 and MGC-803 cells treated with WZ-2-033 for 48 h.
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low specificity, weak binding affinity, low oral bioavailability, poor
solubility, structural instability, unfavorable PK profiles, and
potential severe toxicities. The potent STAT3 degrader SD-36
was developed based on the proteolysis targeting chimera
concept, utilizing a ligand for the cereblon/cullin 4A E3 ligase
and a peptidomimetic STAT3 SH2 domain inhibitor, and SD-36
was recently reported to induce potent antitumor activity in blood
cancers [50]. However, none of the STAT3 inhibitors have been
approved for cancer therapy in the clinic. Therefore, discovering
new STAT3 inhibitors with higher potency and excellent drug
properties is urgently needed.
To this end, we synthesized and screened a series of small

molecules targeting STAT3. WZ-2-033 was identified from an in-
house library. We simulated the interaction between WZ-2-033
and STAT3 with docking software and found that it bound to the
SH2 domain of the STAT3 protein. Subsequently, we employed
SPR analysis to examine the affinity between WZ-2-033 and the
STAT3 protein. Moreover, CETSA analysis was further utilized to
confirm the interaction between WZ-2-033 and STAT3. We also
generated a cell line that could be used to measure direct
STAT3–STAT3 dimerization in intact cells and revealed that WZ-2-
033 inhibited the colocalization of HA-STAT3 and Flag-STAT3
through confocal imaging. As a transcription factor, STAT3 binds
to specific DNA sequences and regulates the expression of target
genes. The EMSA analysis demonstrated that WZ-2-033 selectively
inhibited STAT3-DNA binding without obvious effects on STAT5-
DNA binding. Luciferase reporter studies showed that WZ-2-033

dose dependently inhibited STAT3-dependent transcriptional
activity. Confocal imaging showed that the accumulation of
pY705-STAT3 in the nucleus was downregulated by WZ-2-033.
Moreover, WZ-2-033 reduced Y705 phosphorylation of STAT3 and
downregulated the expression of STAT3 target genes, including c-
Myc, Bcl-xL, and Mcl-1, in breast cancer and GC cell lines. However,
although we determined that WZ-2-033 interacts with STAT3
protein and modulates STAT3 signaling using multiple
approaches, without cocrystal structure evidence, it is difficult to
identify the direct binding sites of WZ-2-033 within the STAT3
protein. Further structural biology studies will reveal more
information on the detailed effects of WZ-2-033 on STAT3
signaling.
Next, we evaluated the antitumor effects of WZ-2-033 in cell

and mouse models. WZ-2-033 significantly inhibited the prolifera-
tion of breast cancer and GC cell lines with constitutive STAT3
activity. Cancer cells with lower STAT3 activation, such as MCF-7
cells, were not sensitive to WZ-2-033 treatment. WZ-2-033 also
strongly suppressed the survival, migration, and invasion of breast
cancer and GC cells with aberrantly active STAT3 and induced cell
apoptosis. Moreover, WZ-2-033 significantly inhibited the growth
of subcutaneous mouse xenografts of breast cancer cell lines and
GC cell lines harboring aberrantly active STAT3. The level of
pY705-STAT3 in tumor tissue was significantly inhibited by WZ-2-
033 according to Western blotting and IHC analyses. Furthermore,
we found that the expression of STAT3 downstream genes,
including c-Myc, Bcl-2, and Bcl-xL, in tumor tissue was also

Fig. 4 Antitumor effect of WZ-2-033 in the MGC-803 mouse xenograft model. a MGC-803 xenograft mice were administered 5 or 15 mg/kg
WZ-2-033 or vehicle (15% Cremophor EL in PBS) via i.p. injection per day. The tumor size was measured every 3 days. Values are presented as
the mean ± SEM. n= 10. b Tumor weight after 30 days of administration. Values are presented as the mean ± SEM. n= 10. *P < 0.05; **P < 0.01
vs the vehicle group. c Representative images of gastric cancer xenografts. d pY705-STAT3, STAT3, Bcl-2, Bcl-xL, c-myc, and Mcl-1 immunoblots
for tumor tissue lysates from three different vehicle- and WZ-2-033-treated mice. e IHC for Ki-67 and pY705-STAT3 in the tumor tissues of
vehicle- and WZ-2-033-treated mice. Scale bar= 100 μm
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downregulated by WZ-2-033. Thus, WZ-2-033 effectively inhibits
STAT3 signaling with potent antitumor activity in vitro and in vivo.
In addition to its critical roles in the proliferation, invasion, and
metastasis of human cancer cells, STAT3 also plays an important
role in regulating the tumor microenvironment and immune
response. STAT3 can bind to the PD-L1 promoter and regulate PD-
L1 expression [21–24]. We did not illustrate the effect of WZ-2-033
as a STAT3 inhibitor on the immune response in an animal model.
Future studies will elucidate the detailed mechanism of WZ-2-033
antitumor effects and its role in immunotherapy.
In the present study, we demonstrated that WZ-2-033, as a

novel STAT3 inhibitor, effectively inhibited STAT3 signaling with
potent antitumor activity in human TNBC and GC in vitro and
in vivo. The pharmacological mechanisms were assessed in
multiple ways. WZ-2-033 is a potential candidate worthy of further
development for clinical application, particularly in human TNBC
and GC, which lack effective therapeutic approaches.
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