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STATS3 is constitutively activated in multiple malignant tu-
mors. Compared with regular estrogen receptor (ER)-positive
breast cancers, the patients with tamoxifen-resistant breast
cancers often exhibit higher levels of STAT3 phosphorylation.
Narciclasine (Nar) possesses strong inhibiting effects against a
variety of cancer cells; however, the underlying antitumor tar-
get(s)/mechanism(s) remains barely understood. In this study,
we successfully identified the STAT3 was the direct target of
Nar through the combination strategies of connectivity map
and drug affinity responsive target stability. In MCF7 cells,
Nar could suppress phosphorylation, activation, dimerization,
and nuclear translocation of STAT3 by directly binding with
the STAT3 SH2 domain. In addition, Nar could specifically
degrade total STAT3 via the proteasome pathway in MCF-7/
TR (tamoxifen-resistant MCF-7) cells. This distinct mechanism
of Nar-targeting STAT3 was mainly attributed to the various
levels of reactive oxygen species in regular and tamoxifen-resis-
tant ER-positive breast cancer cells. Meanwhile, Nar-loaded
nanoparticles could markedly decrease the protein levels of
STATS3 in tumors, resulting in significantly increased MCF-7/
TR xenograft tumor regression without obvious toxicity. Our
findings successfully highlight the STAT3 as the direct thera-
peutic target of Nar in ER-positive breast cancer cells, espe-
cially, Nar leaded STAT3 degradation as a promising strategy
for the tamoxifen-resistant breast cancer treatment.

INTRODUCTION

Narciclasine (Nar), a plant growth inhibitor, was first isolated from
bulbs of several Narcissus species in 1967, which has been shown to
exhibit antitumor, anti-inflammatory, anti-Alzheimer’s disease, and
obesity-suppressing activities.'  In the US National Cancer Institute
NCI-60 human tumor cell lines screen, Nar displayed broad cytotox-
icity against various cancer cell lines.” Although Nar possesses a
marked antitumor effect, the underlying antitumor target(s)/mecha-
nism(s) remains poorly understood. Only a few previous studies
showed that Nar inhibited protein synthesis by targeting eEF1A in
melanoma cells,’ activated Rho, induced stress fibers in glioblastoma
cells,” and regulated the AMPK-ULKI axis in triple-negative breast
cancer cells.” In this study, a novel method combination strategy
was applied to reveal the new underlying antitumor target for Nar.
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The connectivity map (CMAP) database, a pattern-matching soft-
ware that analyzes gene expression profiles, is one of the most effec-
tive tools for predicting pharmacological function and mechanism of
action in drug discovery and development.”'’ The drug affinity
responsive target stability (DARTS) technique, based on drug-bind-
ing-incurred changes in protease susceptibility of the target protein,
can be used to identify the protein targets of bioactive small-mole-
cule-based agents.'' Thus, we combined this CMAP analysis with
DARTS/MS strategy to resolve the molecular targets of Nar.

In this study, we demonstrated that Nar could directly target signal
transducer and activator of transcription 3 (STAT3) and significantly
inhibit its phosphorylation, which has not yet been reported. The
oncogenic transcription factor STAT3 plays a pivotal role in cancer
progressions, such as cell proliferation, apoptosis, angiogenesis,
metastasis, invasion, immune evasion, and drug resistance.'”
Constitutive activation of STAT3 is observed in a broad range of hu-
man malignancies, including colorectal, lung, breast, prostate, gastric,
glioma, melanoma, ovary, liver, and pancreas cancers.'”'® Therefore,
STATS3 is deemed as an attractive therapeutic target for antitumor
drug development. In the past two decades, some natural and syn-
thetic compounds have been demonstrated to possess the STAT3
phosphorylation inhibitory effects by directly binding STAT3 do-
mains, such as the DNA and SH2 binding domain.'® In recent years,
a few natural products and proteolysis targeting chimera molecules
can also exert antitumor effects by targeting total STAT3 degrada-

10718 1n addition, STAT3 remains to be a promising clinical target

tion.
in breast cancer prevention and therapy.'> STAT3 phosphorylation

was also abnormally high in tamoxifen-resistant breast cancer, which
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resulted in ER-positive breast cancer resistance to tamoxifen.'”™' In
this study, Nar could target STAT3 and inhibit its phosphorylation
without affecting the total protein of STAT3 in MCF-7 cells. Howev-
er, distinct mechanism in tamoxifen-resistant MCF-7 (MCE-7/TR)
cells, Nar not only inhibited STAT3 phosphorylation, but also signif-
icantly degraded STAT3 total protein via the proteasome pathway
and showed better cytotoxicity.

In addition, Nar possessed strong pan-cytotoxicity and poor water
solubility,”* which hampered the clinical development. Thus, nano-
scale drug delivery was applied in Nar against MCF-7/TR cells in vivo.
In this study, we integrated CMAP with DARTS/MS revealed that
Nar targeted STAT3 and inhibited its phosphorylation and activation
in MCF-7 cell and facilitated the total STAT3 degradation via a reac-
tive oxygen species (ROS)-dependent proteasome pathway in MCEF-
7/TR cells. Meanwhile, nanoparticulate delivery of Nar significantly
suppressed MCF-7/TR cells in vivo.

RESULTS

Potential target of Nar predicted by CMAP-DARTS/MS strategy
Based on strong cytotoxic effects of Nar on cancer cells, the antitumor
targets were needed to discover in this study. To investigate the phar-
macological functions of Nar, a similarity search against the CMAP
was performed. The 940 query genes (>3-fold change; 616 upregu-
lated and 324 downregulated; Data S1) were submitted to the
CMAP database for analysis (Figure 1A). The top 20 correlated drugs
with lower p values and a positive enrichment score are summarized
in Figure 1B (detailed results in Data S2). The most similar of these
drugs that positively correlated with Nar were protein synthesis in-
hibitors (anisomycin, emetine, cycloheximide [CHX], and puromy-
cin). There are also three molecular-targeted drugs, niclosamide
(STATS3 inhibitor), 15-delta prostaglandin J2 (PPARY agonist), and
trichostatin A (HDAC inhibitor). Based on the known pharmacolog-
ical functions of these positively correlated agents, it appeared likely
that Nar exerts its antitumor activity by inhibiting protein synthesis,
STAT3, HDAC, and/or activating PPARy. The CMAP results
strongly suggested that one pharmacological function of Nar is inhib-
iting protein synthesis, which corroborated previous studies.”>*’
Thus, these previous studies served to further validate both the effi-
cacy and accuracy of CMAP analysis for mechanism of action
determination.

To further explore the CMAP predictions, DARTS/MS proteomic
characterization was applied. Following DARTS assay, the samples
were subjected to proteomics analysis (Figure 1C). To narrow the
scope and improve the accuracy, the top 10 potential target proteins
(unique peptides >3 and the intensity ratio >2) of each molecular-
weight region were selected (detailed results in Data S3). Then, Kyoto
Encyclopedia of Genes and Genomes pathway was performed to anal-
ysis these potential target proteins.”* In these pathways, cell prolifer-
ation was the most relevant to an antitumor mechanism (Figure 1D).
One of the potential target proteins in cell proliferation pathway was
STATS3, which is consistent with CMAP predicting Nar as a STAT3
inhibitor. Thus, combining the direct binding proteins predicted by

DARTS/MS proteomics and the CMAP pharmacological function
predictions, the antitumor target of Nar was postulated to involve
its directly binding STAT3 and inhibiting its activation.

Nar directly binds to STAT3 protein and suppresses its
phosphorylation and activation in vitro and in vivo

To determine whether Nar is a potential STAT3 inhibitor, its ability to
suppress STAT3 expression was first examined in tumor cells. Among
the eight human cancer cell lines examined, SW480, DU145, and
MCEF-7 expressed STAT3 protein at higher levels (Figure S1). Each
of these cell lines was treated with Nar at a range of concentrations
for 24 h. As shown in Figures 2A-2C, Nar significantly inhibited
STAT3 phosphorylation in a concentration-dependent manner
without affecting the total level of STAT3 in all three lines. Moreover,
Nar was the most effective at inhibiting STAT3 phosphorylation in
MCEF-7 cells. We also examined the levels of phosphorylated
STAT3 (p-STAT3) and total STAT3 in other breast cancer cell lines,
namely T47D (ER-positive breast cancer cells) and MDA-MB231
(ER-negative breast cancer cells) treated with Nar, the results showed
that Nar significantly inhibited STAT3 phosphorylation in a concen-
tration-dependent manner without significantly affecting the total
level of STAT3 in T47D and MDA-MB-231 cells (Figure S2). The re-
sults from an MCF-7 cell-based time course study demonstrated that
Nar significantly inhibited the phosphorylation (Tyr705) of STAT3 in
a time-dependent manner (Figure 2D). Furthermore, Nar treatment
also reduced interleukin-6 (IL-6)-induced STAT3 phosphorylation
(Tyr705) and activation in MCF-7 cells (Figure 2E). Interestingly,
Nar had no significant effect on another phosphorylation site
(Ser727) of STAT3 (Figure S3). Thus, Nar could inhibit STAT3 activ-
ity by preventing its phosphorylation (Tyr705) and activation in
MCE-7 cells. In addition, murine MCF-7 xenografts were established
to investigate the effect of Nar on STAT3 signaling in vivo. Nar treat-
ment effectively reduced the size and weight of the MCF-7 xenograft
tumors in comparison with the vehicle control (Figures 2F and 2G).
No significant change in body weight or pronounced side effect was
observed between the vehicle control and treatment groups (Fig-
ure S4). The levels of phosphorylated and total STAT3 proteins
were examined in the excised tumor tissues by immunohistochem-
istry (IHC) staining. As shown in Figures 2H and 2I, Nar treatment
significantly decreased phosphorylated STAT3 levels. Moreover, the
levels of phosphorylated and total STAT3 proteins were examined
in the excised tumor tissues by western blot. As shown in Figures
2] and 2K, Nar treatment decreased phosphorylated STAT3 levels.
These observations are consistent with Nar as a STAT3 inhibitor
that blocks STAT3 phosphorylation and activation in vitro and
in vivo.

To determine whether Nar exerted effects by directly binding STAT3
protein, several binding experiments were carried out. First, micro-
scale thermophoresis (MST) assay was performed to determine the
direct binding between Nar and recombinant human STAT3. Expect-
edly, Nar could readily bind to STAT3 with a K4 estimated at 15 pM
(Figure 2L). The DARTS assay, which relying on the reduction in the
protease susceptibility of the target protein upon drug binding, was
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Microarray experiment S
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Rank CMAP drug Function Mean n Enrichment p Specificity Percent non-null
1 anisomycin Protein synthesis 0.791 4 0.998 0 0.0052 100
inhibitor
2 emetine Protein synthesis 0.749 4 0.997 0 0 100
inhibitor
3 cephaeline N/A 0.807 5 0.997 0 0 100
4 cicloheximide Protein synthesis 0.675 4 0.989 0 0.0056 100
inhibitor
5 puromycin Protein synthesis 0.565 4 0.985 0 0.0169 100
inhibitor
[ digitoxigenin N/A 0.472 4 0.984 0 0.0048 100
T ouabain Cardiotonic agent 0.5 4 0.979 0 0.0051 100
8 lanatoside C Cardiac glycoside 0.505 6 0.974 0 0.0046 100
9 helveticoside Cardiac glycoside 0.474 6 0.962 0 0.0085 100
10 digoxin Cardiotonic agent 0.472 4 0.96 0 0.0047 100
1 digoxigenin N/A 0.423 5 0.953 0 0.0044 100
12 phenoxybenzamine Antihypertensive 0.375 4 0.952 0 0.1287 100
agent
13 valinomycin Antibacterial agent 0.394 4 0.943 0 0.0116 100
14 niclosamide STATS3 inhibitor 0.354 5 0.935 0 0.0105 100
15 pyrvinium Anthelmintics 0.384 6 0.934 0 0.0093 100
16 gossypol Contraceptive agent  0.342 6 0.903 0 0 100
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18 15-delta PPARYy agonist 0.272 15 0.689 0 0.0447 86
prostaglandin J2
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Figure 1. The prediction of antitumor targets of Nar by CMAP-DARTS/MS strategy
(A) The query genes of Nar were submitted to the CMAP database for analysis. (B) The top 20 drugs/agents that were positively correlated with Nar by the CMAP analysis. (C)
Following DARTS assay, the samples were subjected to LC-MS/MS for proteomic analysis, and the possible Nar binding proteins were obtained. (D) The KEGG pathway was

performed to analysis these potential binding proteins of Nar.

conducted."' After incubating cell lysate samples with Nar, the
STATS3 protein was less susceptible to exogenous pronase at the pro-
tein to pronase ratio of 1:300 and 1:200, respectively (Figure S5A).
With increasing Nar concentration, the protease susceptibility of
STAT3 markedly decreased (Figure S5B). Meanwhile, the cellular
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thermal shift assay (CETSA), which based on the biophysical princi-
ple of ligand-induced thermal stabilization of target proteins, was
used to investigate the binding between Nar and STAT3.>> As shown
in Figure 2M, Nar markedly increased STAT3 accumulation at tem-
peratures ranging from 60°C to 66°C (relative to the DMSO solvent
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control). The stability of STAT3 protein during heating depended on
the concentration of Nar. As shown in Figure 2N, STAT3 protein
accumulation markedly increased as Nar concentration increased.
To further evaluate the direct binding of Nar and STATS3, the pull-
down assay was performed using Nar-conjugated Sepharose 4B beads
with cell lysates of MCF-7 cells. As shown in Figure 20, Nar-conju-
gated beads apparently pulled down the STAT3 from cell lysate
compared with control beads. All these data together demonstrated
that Nar directly bound to STAT3 and thus inhibited its activity.

Nar binds to SH2 domain, decreases STAT3 dimerization, and
inhibits STAT3 nuclear translocation

To further characterize the Nar-STAT3 interaction, the binding mode
of Nar and STAT3 (PDB: 1BG1) was modeled by docking simulation
using Maestro software (Schrodinger, version 9.0). As shown in Fig-
ure 3A, Nar docked into the SH2 domain of STAT3 and potentially
interacted with the SH2 domain via four pronounced hydrogen bonds
(red lines). In general, STAT3 undergoes SH2 domain-mediated
dimerization upon phosphorylation at the tyrosine 705 residue and
subsequently translocate to the nucleus.”® To determine if Nar bind-
ing to SH2 domain would consequently reduce STAT3 dimerization,
a native PAGE analysis of dimeric STAT3 following Nar treatment
was performed. As shown in Figure 3B, Nar inhibited STAT3 dimer-
ization by decreasing the level of dimeric STAT3 while increasing the
level of monomeric STAT3. The luciferase reporter gene assay was
performed to assess the effect of Nar on STAT3 transcriptional activ-
ity. As shown in Figure 3C, Nar significantly inhibited IL-6-induced
STAT3-driven luciferase activities dose dependently. The subcellular
localization of STAT3 was examined using immunofluorescence
staining. Nuclear STAT3 protein levels were drastically reduced
following Nar treatment (Figure 3D). Western blot analysis of nuclear
and cytoplasmic extract samples further revealed that Nar reduced
nuclear STAT3 level and p-STAT3 protein in both the nuclei and
cytoplasm (Figure 3E). Following nuclear translocation, STAT3 con-
trols the transcription of downstream target genes that are critical to
tumor growth, angiogenesis, and invasion.”” In MCF-7 cells, Nar
treatment suppressed the expression of representative STAT3 target
genes (cyclin D1, c-Myc, and survivin) while it increased p53
mRNA and protein levels (Figures 3F and S6).

Nar specifically targets degradation of STAT3 via a ROS-
dependent proteasome pathway in MCF-7/TR cells

In clinical practice, selective estrogen receptor modulator tamoxifen
has been used widely to treat ER-positive breast cancer. However,
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elevated levels of STAT3 phosphorylation have been observed in
tamoxifen-resistant breast cancer.'”?’ Here, we observed that basal
expression levels of ERa and ERPB were significantly suppressed in
MCEF-7/TR cells, and also found abnormal high expression of phos-
phorylated STAT3 in MCF-7/TR cells compared with MCF-7 cells
(Figure 4A). The above data suggested that Nar directly bound to
STATS3 and inhibited its phosphorylation without affecting the total
level of STAT3 in MCF-7 cells. Strikingly and unexpectedly, MCEF-
7/TR cells treated with Nar, not only the phosphorylation level of
STAT3 was reduced, but also the total protein level of STAT3 was
significantly reduced (Figure 4B). Nar also significantly inhibited
the total protein level and phosphorylation level of STAT3 in a
time-dependent manner (Figure 4C). To determine the selectivity
of Nar to STAT3, other members of the STAT family were also de-
tected. Except for STAT2 and STAT4 that were not detected, Nar
treatment had a slight inhibitory effect on the protein levels of
STATI1, STAT5A/B, and STAT6 (Figure S7). Therefore, Nar
possessed a certain selective and specific suppression effect on
STATS3 protein. Meanwhile, the expression of STAT3 target genes cy-
clin D1 and c-Myc, which are related to cell cycle and proliferation,
were significantly inhibited by Nar treatment (Figure 4D), and the
mRNA levels of cyclin D1 also significantly decreased by Nar
(Figure 4E).

To investigate how Nar downregulated the protein level of total
STAT3 in MCEF-7/TR cells, the levels of STAT3 mRNA transcript
were examined. The results showed that there were no significant
changes in STAT3 mRNA levels between control and Nar treatment
(Figure 4E), suggesting that downregulation of STAT3 occurred post
transcriptionally. Thus, we hypothesized that Nar-mediated STAT3
degradation might probably be attributed to the ubiquitin proteasome
pathway. As shown in Figure 4F, the reduction in STAT3 protein
caused by Nar treatment can be efficiently rescued by proteasome in-
hibitor bortezomib (BTZ), which indicated that Nar targeted STAT3
to proteasome degradation. Then, MCF-7/TR cells were treated with
CHX, blocking protein synthesis, to determine the effect of Nar on the
protein stability of STAT3. The results showed that Nar treatment
reduced STAT3 protein half-life from 123 to 38.8 min in MCF-7/
TR cells (Figures 4G and 4H).

To investigate why Nar degraded STAT3 in MCF-7/TR cells but not
in MCEF-7 cells, cellular ROS levels were determined. Previous studies
showed that the level of ROS in MCF-7/TR cells was higher than that
in MCE-7 cells, which prompted us to test whether ROS contribute to

Figure 2. Nar directly binds to STAT3 protein and suppresses its phosphorylation and activation in vitro and in vivo

(A-C) MCF-7, SW480, and DU145 cells were treated with different concentrations of Nar for 24 h followed by western blot analysis of total and phosphorylated STAT3. (D)
MCF-7 cells were treated with Nar at 100 nM for various time points. (E) Nar inhibition of IL-6-induced STAT3 phosphorylation and activation in MCF-7 cells. (F) Images of
representative MCF-7 xenograft tumors from the vehicle- and Nar-treated groups. (G) The weight of dissected xenograft tumor masses. (H and |) The IHC staining analyzed
STAT3 and p-STAT3 in MCF-7 xenograft tumors. (J and K) Total proteins were extracted from excised tumors, and the expression levels of STAT3 and p-STAT3 were
determined by western blot. (L) MST analysis of Nar binding to recombinant human STAT3 (K4 = 15 uM). (M) The CETSA assay determined the thermal stabilization of STAT3
interaction with Nar at a series of temperatures from 50°C to 68°C. (N) The thermal stabilization of STAT3 by increasing concentrations of Nar was assayed at 62°C. (O) Cell
lysates were incubated with Nar-conjugated Sepharose 4B beads or Sepharose 4B beads alone, and then the pulled down proteins were analyzed by western blot. Data are

shown as mean = SD. **p < 0.01, ***p < 0.001.
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Figure 3. Nar binds to SH2 domain, decreases

STAT3 dimerization and inhibits STAT3
translocation into the nucleus

(A) The predicted binding complex structure of Nar in the
SH2 domain of STAT3, where Nar interacts with the SH2
domain via four pronounced hydrogen bonds (red lines).
(B) MCF-7 cells were treated with different concentrations
of Nar for 24 h, separated using native PAGE, and STAT3

analyzed by western blot. (C) 293T cells were transfected
with STAT3-luc, and then treated with Nar and stattic in

Nar("M) Con 50 100 200 c e i et the presence of 50 ng/mL IL-6 for 24 h. (O) Immunofiuo-
54 rescence staining for STAT3, p-STAT3, and the nucleus
Dimer | s —— &; 3 (DAPI, blue) after Nar treatment (100 nM, 24 h) in MCF-7
3 5 cells. (E) After treatment with Nar, the nuclear and cyto-
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% ator). The results showed that Nar could signif-
;5 icantly decrease STAT?3 with increasing concen-
= tration of H,O, (Figure 4L). Taken together,
= these results demonstrated that Nar targeted
STAT3 to proteasome degradation through a
ROS-dependent mechanism in MCF-7/TR cells.
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Histone ||
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toxicity in MCF-7/TR compared with MCF-7

STAT3 degradation.”®** As shown in Figure 4I, we found that the
level of ROS in MCF-7/TR cells was significantly higher than that
in MCF-7 cells, and that Nar treatment also could significantly in-
crease the ROS level in MCE-7/TR cells. Meanwhile, Nar treatment
increased the ROS level (green) in MCE-7/TR cells, and this ROS
signal was significantly diminished by pretreating with the N-acetyl-
cysteine (NAC) (Figure 4]). Next, NAC experiment was performed to
determine whether degradation of STAT3 was related to ROS levels.
Consistent with expectation, treatment with the ROS scavenger NAC
efficiently rescued STAT3 from proteasome degradation (Figure 4K).
We also detected the effect of NAC on STATS3 in the absence of Nar.
The results showed that NAC alone had no effect on STAT3, and
NAC had a slight decrease on p-STAT3 (Figure 4K). To further
confirm that ROS were involved in the degradation of STAT3, we per-
formed western blot analysis of Nar on STATS3 stability treated with

cells (Figure 5A). To further assess the growth
inhibition of Nar on MCF-7/TR cells, a col-
ony-formation assay was performed. The re-
sults showed that Nar treatment significantly suppressed the col-
ony-formation efficiency of MCF-7/TR cells (Figures 5B and 5C).
To confirm whether Nar inhibited cell proliferation by inducing
cell-cycle arrest, flow cytometry was performed. Nar treatment
significantly induced G2/M phase arrest in MCF-7/TR cells in a
concentration-dependent manner (Figures 5D and 5E). Moreover,
the annexin V-FITC/PI double-staining assay showed that only
higher concentration of Nar could cause an increase in the propor-
tion of apoptotic cells (Figures 5F and 5G). Hence, Nar affects
MCEF-7/TR cell viability mainly by inhibiting cell proliferation and
inducing cell-cycle G2/M phase arrest.

Nar suppresses the growth of MCF-7/TR xenograft tumors
The previously reported toxicity and the poor water solubility of Nar
were important obstacles hampering the efficacy in vivo. Thus, the
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Figure 4. Nar specifically targets degradation of STAT3 via a ROS-dependent proteasome pa

thway in MCF-7/TR cells

(A) Protein expression of p-STATS3, STAT3, ERa, and ERB in MCF-7 and MCF-7/TR cells were determined by western blot. (B) MCF-7/TR cells were treated with different
concentrations of Nar for 24 h followed by western blot analysis of total and phosphorylated STAT3. (C) MCF-7/TR cells were treated with Nar at 100 nM for various time

points. (D) The expression of STAT3 target genes cyclin D1 and c-Myc were determined by western blot.

(E) MCF-7/TR cells were treated with Nar at 100 nM for various time

points followed by real-time RT-PCR analysis of mMRNAs encoding STAT3 and cyclin D1. (F) STAT3 protein levels in MCF-7/TR cells treated with Nar in the absence or
presence of proteasome inhibitor bortezomib (BTZ) determined by western blot. (G and H) MCF-7/TR cells treatment with Nar and cycloheximide (CHX) alone or in
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nano-drug delivery system was used to reduce the toxicity and in-
crease therapeutic efficacy. We successfully encapsulated Nar into
liposomes using a thin-film hydration method. Nar liposomes
(Nar-LPs) were spherical in shape with a smooth surface as observed
using cryoelectron microscopy (cryo-EM) (Figure 6A). Nar-LPs ex-
hibited the hydrodynamic size of 176.1 nm (Figure S8A) and zeta po-
tential of —2.8 mV (Figure S8B). Drug loading and encapsulation ef-
ficiencies were 90% and 10%, respectively. Nar could be released from
liposomes in a sustained manner (Figure S8C). The cytotoxicity of
Nar-LPs against MCF-7 and MCE-7/TR cells were further evaluated
using free Nar as control. As expected, the cytotoxicity of Nar-LPs was
comparable with that of free Nar in MCF-7 and MCF-7/TR cells (Fig-
ures 6B and 6C).

Furthermore, MCF-7/TR xenograft model was performed to evaluate
the antitumor effect of Nar-LPs in vivo (Figure 6D). As shown in Fig-
ures 6E-6G, liposomal nanoparticles enhanced the water solubility
and reduced the toxicity of Nar, and Nar-LPs (5 mg/kg) significantly
inhibited tumor growth in vivo. In addition, no significant weight loss
(Figure 6H) and no histological differences in lung, heart, liver, kid-
ney, or spleen were found in Nar-LPs treatment groups (Figure 6K).
These results indicated that, with Nar-LPs, there were no side effects
at 5 mg/kg in vivo. Consistent with the in vitro data, Nar-LPs signif-
icantly decreased the protein levels of STAT3, p-STAT3, and cyclin
D1 in xenograft tumors (Figures 61 and 6]).

DISCUSSION

Mounting evidence supports the application of Nar as an antitumor
agent. Several studies have reported some antitumor mechanisms of
Nar, but natural products often hit multiple molecular targets. There-
fore, we used two omics strategies to identify STAT3 as another
important Nar antitumor target. This STAT3-mediated mechanism
of action for Nar was first confirmed in this study. The data in vitro
and in vivo suggested that Nar could suppress STAT3 phosphoryla-
tion and activation, directly bind to the SH2 domain of STAT3 pro-
tein, and inhibit STAT3 dimerization and nuclear translocation in
MCE-7 cells.

At present, endocrine therapy is highly effective in treatment with
ER-positive breast cancer by suppressing estrogen production and/
or targeting the ER directly.’” Thus, selective estrogen receptor
modulators, such as tamoxifen, have been used widely to treat
ER-dependent tumors. However, de novo resistance or acquired
resistance limited the clinical efficacy of tamoxifen. In recent
studies, the expression and activation of STAT3 phosphorylation

20,21
In

could contribute to tamoxifen resistance in breast cancer.
addition, overexpression of STAT3 target gene cyclin D1 in breast
tumors correlated with refractoriness to tamoxifen clinical treat-

ment,”"””> and blocking cyclin D1 expression or function could

inhibit development and growth of tamoxifen-resistant breast tu-
mors.”** Thus, Nar-targeting STAT3 may be better for the treat-
ment of tamoxifen-resistant breast cancer. To our surprise, Nar
not only inhibited STAT3 phosphorylation but also specifically
degraded the level of total STAT3 protein and reduced STAT3 pro-
tein stability in MCF-7/TR cells. The level of ROS was the primary
factor for distinct mechanism of Nar-targeting STAT3 in MCF-7
cells and MCF-7/TR cells. In previous works, the level of ROS
was elevated in tamoxifen treatment of breast cancer, which also
could build resistance to treatment.”**’ Moreover, an increase of
ROS can modify the cell-signaling proteins, including degradation
of the ubiquitination/proteasome system.”> Indeed, we found that
the level of ROS in MCF-7/TR cells was higher than that in
MCE-7 cells, and Nar also could significantly increase the level of
ROS in MCF-7/TR cells. In addition, inhibition of ROS accumula-
tion by the ROS scavenger NAC also restored the level of STAT3
protein in MCF-7/TR cells. Our results strongly suggested that
Nar targets STAT3 to cause proteasome degradation through accu-
mulation of ROS, but the specific mechanism still needs to be
further explored.

The cytotoxic effect of Nar in MCF-7/TR cells was better than that
in MCF-7 cells, suggesting that Nar could be more effective against
tamoxifen-resistant breast cancer by targeting degradation of
STATS3 in vitro. However, the considerable toxicity and poor water
solubility of Nar were important obstacles hampering the in vivo ef-
ficacy and clinical development.””*®*” In previous works, the me-
dicinal chemistry approach generated a large number of Nar deriv-
atives, but the antitumor effect of most of these modifications did
not improve.”™® Therefore, the nanoscale drug targeted delivery
system was used to enhance the water solubility of Nar. In the
case of non-toxic side effects, a Nar dose of 5 mg/kg had more sig-
nificant inhibitory effect on MCE-7/TR subcutaneous tumor
growth.

In this study, using two omics target identification modalities (CMAP
and DARTS/MS), we revealed STAT3 to be an antitumor target of
Nar (Figure 7A). Meanwhile, Nar-targeting STAT3 had distinct
mechanisms in MCEF-7 cells and MCF-7/TR cells. Nar directly bound
to STAT3 protein and suppressed STAT3 phosphorylation and
activation in MCF-7 cells; however, in MCF-7/TR cells it could spe-
cifically promote total STAT3 degradation via a ROS-dependent
proteasome pathway (Figure 7B). In addition, Nar-encapsulated lipo-
somal nanoparticles exerted a strong antitumor effect in vivo, which
established Nar as a novel therapeutic against MCF7/TR (Figure 7C).
Therefore, this research provided an efficient strategy for the discov-
ery of natural product targets, and also highlighted targeting STAT3
degradation as a promising therapeutic strategy for the treatment of
tamoxifen-resistant breast cancer.

combination for the indicated time points, STAT3 protein were determined by western blot and quantified by degradation kinetic curves. () MCF-7/TR and MCF-7 cells with
Nar treatment for 1 and 3 h, and cellular ROS levels were detected. (J) MCF-7/TR cells were treated with the ROS scavenger N-acetylcysteine (NAC) for 1 h, followed
treatment with or without Nar, and the images of cellular ROS levels were captured. (K) STAT3 and p-STAT3 levels in MCF-7/TR cells treated with NAC, Nar, and NAC + Nar.
(L) STATS levels in MCF-7/TR cells treated with Nar or Nar+ different concentrations of H,O,. Data are shown as mean + SD. *p < 0.01.
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Figure 5. Nar inhibits cell proliferation, promoting cell-cycle arrest in G2/M in MCF-7/TR cells
(A) Viability of MCF-7 and MCF-7/TR cells was measured using the CCK-8 assay. (B and C) Colony-formation assay was used to validate the effect of Nar on MCF-7/TR cells
growth. (D-G) The cell-cycle distribution and percentage of apoptotic cells were analyzed by flow cytometry. Data are shown as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001.

MATERIALS AND METHODS

Materials

Nar was isolated from bulbs of Narcissus species in our laboratory.
Protease inhibitor, phosphatase inhibitor, and pronase were from
Roche (Mannhein, Germany). CNBr-activated Sepharose 4B was ob-
tained from Sigma (St. Louis, MO, USA). Recombinant human IL-6
was purchased from PeproTech (Rocky Hill, NJ, USA). BTZ and
NAC were from MedChemExpress (Monmouth Junction, NJ, USA).
Antibodies specific for cyclin D1 (ab40754), c-Myc (ab32072),
STAT1 (2b109320), STAT?2 (ab32367), STAT4 (ab68156), STAT5
(ab194898), and STAT6 (ab32520) were from Abcam (Cambridge,
UK), and antibodies for STAT3 (9139 and 4904), p-STAT3 (9145),
P53 (2527), and survivin (2808) were from Cell Signaling Technology
(Danvers, MA, USA).

Cell lines and culture

Hepatocellular carcinoma (Hep-3B and HepG2), colorectal carci-
noma (HCT116 and SW480), and lung carcinoma (A549) cells
were obtained from the Cell Bank of Shanghai Institute of Cell
Biology, Chinese Academy of Sciences. Prostate cancer (DU145),
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malignant melanoma (SK-Mel-28), breast cancer (MCF-7), and
tamoxifen-resistant breast cancer (MCF-7/TR) cells were obtained
from ATCC (Manassas, VA, USA). The HCT116 was maintained
in McCoy’s 5A medium (Gibco, Carlsbad, CA, USA) supplemented
with 10% FBS (Biological Industries, Cromwell, CT, USA). The
A549 was maintained in F-12K medium (Gibco) supplemented
with 10% FBS. The SW480 cells were maintained in L-15 medium
(Gibco) supplemented with 10% FBS. The SK-Mel-28, Hep-3B,
HepG2, DU145, and MCF-7 cells were maintained in MEM/
EBSS (HyClone, Logan, UT, USA) supplemented with 10% FBS.
The MCE-7/TR cells were maintained in DMEM (Gibco) supple-
mented with 10% FBS, 1 pM 4-hydroxytamoxifen, and 10 pg/mL
insulin.

CMAP analysis

The gene expression profile of Nar-treated MCF-7 cells was obtained
from our previous data dataset GSE85871 (https://www.ncbi.nlm.nih.
gov/geo/).” The differential expression probes of Nar were selected
according to fold change (FC > 3). The 940 gene expression signa-
tures of Nar were represented by two sets (“up-” and “down-” probe
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Figure 6. Nar suppresses the growth of MCF-7/TR xenograft tumors
(A) TEM image of Nar-LP nanoparticles. (B and C) The cytotoxicity of Nar-LP and Nar in MCF-7 cells and MCF-7/TR cells was determined using the CCK-8 assay. (D)
Schematic plan for the administration of Nar-LP and Nar. (E) Representative image of MCF-7/TR xenograft tumors after treatment. Nar (2 mg/kg) was administered daily via
intraperitoneal injection, and Nar-LP (5 mg/kg) was administered daily via tail vein injection. (F) Measurement of tumor volume at indicated time points after different
treatments. (G) Weights of xenografted tumors were summarized. (H) The body weights of nude mice in each group during the treatment. (I and J) Total proteins were
extracted from excised tumors, and the expression levels of STAT3, p-STAT3, and cyclin D1were determined by western blot. (K and L) The IHC staining analyzed Ki67,
STAT3, and p-STAT3 in MCF-7/TR xenograft tumors. Data are shown as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001.
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sets, saved as .grp files, and used as the inputs for CMAP), which was
made up by the significant up/downregulation probes respectively.
The query in the CMAP was performed as a “quick query” in the
query section of http://portals.broadinstitute.org/cmap/.

DARTS/MS proteomics analysis

The DARTS assay was performed according to the protocol described
previously.' In brief, aliquots of MCF-7 cell lysates were treated with
Nar (100 pM) or solvent control (DMSO) for 1 h at room temperature.
The samples were digested with pronase at the specified ratios under
room temperature for 30 min. Digestion was stopped and samples
were boiled for western blot analysis. For proteomic analysis, the sam-
ples were separated by SDS-PAGE and stained with Coomassie blue.
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The MST measurement for binding of Nar to
STAT3 was performed as described previ-
ously.”” In brief, 5 pL recombinant human
STAT3 (Novoprotein, China) labeling the pro-
tein NHS-RED dye was mixed with 5 pL Nar
in different concentrations. Then, samples
l were incubated for 10 min at room temperature
and analyzed using a Monolith NT.115 MST de-
vice (NanoTemper, Germany).

Dimerization

CETSA

The CETSA experiment was carried out as
described previously.”® In brief, MCF-7 cells
were lysed using liquid nitrogen, and cell lysate
samples were subjected to centrifugation and
the supernatant collected. Aliquots were incu-
bated with Nar (100 uM) or solvent control
(DMSO) for 30 min at room temperature. Sam-
ples were divided in a volume of 50 pL/tube and
heated at a range of temperatures for 3 min,
cooled for 3 min at room temperature, and
kept on ice. For concentration-response studies,
cell lysate samples were incubated with Nar at
specified concentrations, heated at 62°C for
3 min, cooled for 3 min at room temperature,
and kept on ice. All samples were subjected to
centrifugation and the supernatant (soluble fractions) analyzed by
western blot.

Pull-down assay

Pull-down assay using immobilized Nar was performed as described
previously.*' In brief, the CNBr-activated Sepharose 4B was washed
and swelled in 1 mM HCI for 30 min, then washed with the coupling
buffer (0.1 M NaHCO; and 0.5 M NaCl [pH 7.0]). CNBr-activated
Sepharose 4B beads were mixed with the Nar in coupling buffer at
4°C for 24 h. Nar-conjugated and control beads were washed with
three cycles of high and low pH buffer solutions (buffer 1, 0.1 M ac-
etate and 0.5 M NaCl [pH 4.0]; buffer 2, 0.1 M Tris-HCl and 0.5 M
NaCl [pH 8.0]). Coupled and uncoupled beads were separately


http://portals.broadinstitute.org/cmap/

www.moleculartherapy.org

incubated with the cell lysate on a rotator for 12 h at 4°C. The beads
were then washed three times with the lysis buffer, and the bound
proteins were analyzed by western blot.

Molecular docking

The STAT3 X-ray structure (PDB: 1BG1) was obtained from the
RSCB Protein DataBank (http://www.rcsb.org/) and prepared using
the protein preparation wizard Maestro software package (Schro-
dinger, version 9.0). The SH2 domain of STAT3 protein was defined
as the binding pocket.*” The 3D conformer of Nar was downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov). Nar was docked
into a grid box using the extra precision (XP) mode of the Glide pro-
gram in the Schrodinger suite. The OPLS_2005 force field and all
default parameters were applied during docking calculation. The
docking pose with the lowest Glide score was generated using PyMOL
(http://www.pymol.org/).

Native PAGE

The native PAGE analysis was performed as described previously.*
In brief, native protein samples of MCF-7 cells lysate were mixed
with non-denatured gel sample loading buffer (Beyotime, Haimen,
China) and loaded onto SDS-free PAGE gels. Following electropho-
resis, proteins were transferred to PVDF membranes and immuno-
blotted with specific antibody as described for western blot analysis.

Luciferase assay

293T cells were co-transfected with STAT3-Luc and renilla luciferase
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) for 24 h.
Following treatment with 50 ng/mL IL-6 and the indicated concentra-
tions of Nar and stattic. Luciferase activity was measured using the
Dual-Glo Luciferase Assay Kit (Promega) using a Luminescence Mi-
croplate Reader (BioTek, Winooski, VT, USA).

Cell viability assay

Cell viability was tested using CCK-8) (Dojindo). Cells (5,000/well)
were seeded in 96-well plates. Overnight, cells were treated with
different concentrations of Nar for 24 h. The CCK-8 assay was then
carried out to assess the effect of Nar on cell viability, and half-
maximal inhibitory concentration values were calculated.

Colony-formation assay

Cells were seeded in 12-well plates at 1 x 10°/well, followed by treat-
ment with Nar (5, 10, and 50 nM) for 5 days. Colonies were then sub-
sequently fixed with 4% paraformaldehyde and stained with 0.5%
crystal violet. Finally, the numbers of cell colonies were imaged and
counted.

Apoptosis and cell-cycle analysis

MCEF-7/TR cells seeded in 6-well plates were treated with Nar for 24 h.
Both floating and adherent cells were harvested for further analysis.
The Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences,
San Jose, CA, USA) was used to detect apoptosis and the cell cycle
and the Apoptosis Analysis Kit (Beyotime) was used for cell-cycle
analysis, following the manufacturer’s instructions.

Wound-healing and transwell assays

For the wound-healing assay, MCF-7/TR cells were cultured in 12-
well plates and cells at 90% were scratched with a pipette tip. After
scratch, cells were treated with 50 and 100 nM Nar, and the healing
process of the wound was measured over periods of 24 and 48 h.
For the transwell assay, MCF-7/TR cells were seeded in a cell invasion
chamber of a 24-well transwell plate. Cells were cultured in the
absence or presence of Nar for 24 h, then fixed and stained with crys-
tal violet.

Determination of ROS levels

The levels of intracellular ROS were monitored by using a Reactive
Oxygen Species Assay Kit (Beyotime). MCF-7 and MCF-7/TR cells
were seeded in 96-well plates at 5 x 10*/well and cultured overnight,
then followed by treatment with Nar (200 nM) for 1 and 3 h. Cells
were stained with 10 uM DCFH-DA at 37°C for 30 min, then detected
by a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) at an exci-
tation wavelength of 488 nm and an emission wavelength of 525 nm.
MCEF-7/TR cells were treated with the ROS scavenger, 10 mM NAC,
for 1 h, followed by treatment with or without Nar (200 nM) for 24 h;
subsequently, the cells were gently washed with PBS followed by in-
cubation with 10 uM DCFH-DA at 37°C for 30 min. The images
were captured with Operetta CLS.

RNA extraction and real-time PCR analysis

MCE-7/TR cells were treated with Nar (100 nM) for 3, 6, and 12 h,
and total mRNA extracted using the TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s protocol. RT-PCR amplifications were
performed using the FastStart Essentiall DNA Green Master and
LightCycler 96 Instrument (Roche, Basel, Switzerland). Total
mRNA was reverse transcribed into cDNA using a PrimeScript RT re-
agent kit (Takara, Shiga, Japan) following the manufacturer’s proto-
col. B-Actin was used as the reference gene. The forward and reverse
primers used are listed in Table S1.

Western blot analysis

For BTZ experiments, cells were treated with 20 nM BTZ for 12 h
before Nar was added for another 8 h treatment, and cells were
collected for western blot analysis. For CHX chase studies, cells
were treated with Nar for 3 h, then 50 mg/mL of CHX was added,
and cells were collected at the indicated time points for western
blot analysis. For NAC experiment, cells were treated with the ROS
scavenger, 10 mM NAGC, for 1 h, followed by treatment with or
without Nar, and cells were collected for western blot analysis. Total
cellular proteins were extracted with NP-40 lysis buffer, and nuclear
and cytoplasmic proteins were extracted with a nuclear and cyto-
plasmic protein extraction kit (Beyotime). Protein concentrations
were determined using a BCA protein assay kit (Beyotime). For west-
ern blot analysis, the samples were separated by SDS-PAGE and
transferred onto PVDF membranes. After blocking with 5% nonfat
dry milk, the membranes were incubated with primary antibodies
at the manufacturers’ recommended dilutions at 4°C overnight. A
goat anti-rabbit or donkey anti-mouse secondary antibody (IRDye
800, LI-COR Biosciences, Lincoln, NE, USA) was added at the
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recommended dilutions and the incubation continued for another 1 h
at room temperature. The immunoreactive bands were scanned using
an Odyssey Infrared Imaging System (LI-COR Biosciences).

Immunofluorescence staining

Breast tumor MCF-7 cells were treated with or without Nar 100 nM
for 24 h. Cells were washed and fixed in 4% paraformaldehyde for
20 min at room temperature, and then permeabilized in 0.1% Triton
X-100 for 30 min at room temperature. After blocking with 5% nonfat
dry milk and incubation with the indicated antibodies overnight at
4°C, cells were incubated with corresponding secondary antibodies
for 1 h at room temperature, and then stained with DAPI for
30 min. Images were taken using fluorescence microscopy (Leica Mi-
crosystems, Germany).

Preparation and characterization of liposome

Nar-encapsulated liposomal nanoparticles were prepared using a
thin-film hydration method. In brief, 1.25 mg Nar was dissolved in
0.5 mL methanol. The lipids, 19.9 mg DPPC, 2.7 mg cholesterol,
and 2.4 mg DSPE-MPEG2000, were dissolved in 4.5 mL chloroform.
The mixture solutions were placed in a round-bottomed flask and
fully removed using a rotary evaporator. The resulting thin film
was then hydrated with 2.5 mL PBS for 30 min to form liposomes.
The liposomes were extruded using a 200-nm polycarbonate mem-
brane filter to control size homogeneity. Finally, Nar-loaded lipo-
somes was purified to remove unloaded Nar by centrifugation at
12,000 rpm for 5 min. The amount of Nar loaded was quantified using
HPLC. Nar loading efficiency was calculated by the following equa-
tion: loading efficiency (%) = (encapsulated Nar/initial input of
Nar) x 100%. The drug release study was carried out in PBS accord-
ing to a previously reported method.** The particle size and zeta po-
tential of prepared liposomes were measured using a Zetasizer Nano
ZS instrument (Malvern, UK). The microstructure of Nar-encapsu-
lated liposomes was characterized using cryo-TEM (Talos F200C G2).

Xenograft models

All animal studies were approved by the Committee on the Ethics of
Animal Experiment of the Shanghai University of Traditional Chi-
nese Medicine, which complied with the national and international
guidelines. Female BALB/c-nu mice (4 weeks old) were obtained
from Shanghai Slake Experimental Animal and housed under specific
pathogen-free conditions. For the MCF-7 xenograft experiment, the
breast pad xenografts were established by subcutaneous injections
of 8 x 10° MCF-7 cells. Following a 2-week inoculation period, the
tumor-bearing mice were randomly divided into Nar treatment and
control groups. The treatment group was injected with 1 mg/kg
Nar every 2 days for 4 weeks and those in the control group were in-
jected with the same volume of saline. Body weights and tumor size
were recorded two times per week. For MCF-7/TR xenograft experi-
ment, 2 x 10° MCF-7/TR cells were subcutaneously injected into the
breast pad of mice. The mice were then randomized into three treat-
ment groups: control, Nar (2 mg/kg), and Nar-LPs (5 mg/kg). Nar
was administered daily via intraperitoneal injection, and Nar-LPs
was administered daily via tail vein injection. Tumor volume was
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calculated using the equation: volume (mm?) = length x (width?)/
2. After 8 days, Mice were sacrificed, and tumors and other major or-
gans, such as liver, spleen, kidney, and heart, were isolated.

IHC analysis

The THC analysis was carried out as described previously.”” The
paraffin-embedded tissue sections were deparaffinized in xylene,
treated with a graded series of alcohol and distilled water. Antigen re-
covery was performed using microwave boiling treatment in 10 mM
sodium citrate buffer (pH 6.0), and the slices were incubated with 3%
H,O0, to block endogenous peroxide activity. After blocking, the slides
were incubated with primary antibodies against p-STAT3 and STAT3
at 4°C overnight. The slides were incubated with secondary antibody
at 37°C for 30 min, followed by incubation with DAB and hematox-
ylin, and images were captured under a microscope.

Statistical analysis

Statistical analysis was performed with unpaired t test when
comparing two different groups or one-way ANOVA with Tukey’s
multiple comparison tests. All calculated values are shown as
mean + standard deviation (SD). All statistical analyses were per-
formed using SPSS software (version 16.0, SPSS, Chicago, IL, USA).
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