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Abstract

Ovarian cancer is the fifth most common cause of cancer deaths among American women.
Platinum and taxane combination chemotherapy represents the first-line approach for ovar-
ian cancer, but treatment success is often limited by chemoresistance. Therefore, it is nec-
essary to find new drugs to sensitize ovarian cancer cells to chemotherapy. Persistent
activation of Signal Transducer and Activator of Transcription 3 (STAT3) signaling plays an
important role in oncogenesis. Using a novel approach called advanced multiple ligand
simultaneous docking (AMLSD), we developed a novel nonpeptide small molecule,

LLL12B, which targets the STAT3 pathway. In this study, LLL12B inhibited STAT3 phos-
phorylation (tyrosine 705) and the expression of its downstream targets, which are associ-
ated with cancer cell proliferation and survival. We showed that LLL12B also inhibits cell
viability, migration, and proliferation in human ovarian cancer cells. LLL12B combined with
either paclitaxel or with cisplatin demonstrated synergistic inhibitory effects relative to mono-
therapy in inhibiting cell viability and LLL12B-paclitaxel or LLL12B-cisplatin combination
exhibited greater inhibitory effects than cisplatin-paclitaxel combination in ovarian cancer
cells. Furthermore, LLL12B-paclitaxel or LLL12B-cisplatin combination showed more signifi-
cant in inhibiting cell migration and growth than monotherapy in ovarian cancer cells. In sum-
mary, our results support the novel small molecule LLL12B as a potent STAT3 inhibitor in
human ovarian cancer cells and suggest that LLL12B in combination with the current front-
line chemotherapeutic drugs cisplatin and paclitaxel may represent a promising approach
for ovarian cancer therapy.

Introduction

Opvarian cancer is the most lethal gynecologic malignancy [1, 2]. In 2018, there were approxi-
mately 22,240 new cases and 14,070 deaths from ovarian cancer in the United States [3].
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Because of a lack of early symptoms, nearly 80% of patients will be diagnosed at an advanced
stage [1]. Adjuvant chemotherapy is usually needed following surgical cytoreduction. Platinum
in combination with taxane chemotherapy is considered a first-line approach [4, 5]. Unfortu-
nately, five-year survival rates have not improved much during the past 20 years [6, 7], due to
both intrinsic and acquired chemoresistance. Many research efforts focus upon reversal of che-
motherapy resistance for recurrent disease, but less attention is given to enhancing sensitivity
to chemotherapy during the primary treatment of ovarian cancer [8-11].

In recent years, many researchers have invested in biotherapies with more precise targets,
including immunotherapy, gene therapy, and molecular targeted therapy, which may be more
effective and less toxic [12-16]. As the most common member of the signal transducers and
activators of transcription (STAT) proteins, STATS3 is critical to many signaling pathways [17,
18]. In normal cells, the activation of STAT3 is transitory and restricted; it can promote
embryo development and growth, induce inflammation, and cause autophagy, among other
processes [19]. STAT3 also plays an important role in the development of tumors and is now
considered an oncogene. The constitutive and abnormal activation of STAT3 can upregulate
or downregulate many target tumor-related genes, such as BCL-2, c-myc, cyclinD1, survivin,
cleaved caspase-3, HIF-1 and VEGF, which then enable various processes key to malignant pro-
gression, such as cell proliferation, tumor initiation, migration, invasion, angiogenesis, metas-
tasis, cell cycle dysregulation, induction of the epithelial mesenchymal transition (EMT), and
inhibition of apoptosis, as well as promote multidrug resistance to chemotherapy [19].

STATS3 activation occurs when the tyrosine 705 (Tyr705) residue is phosphorylated. Using
anovel approach called advanced multiple ligand simultaneous docking (AMLSD), we devel-
oped several new small molecular inhibitors targeting STAT3, including the novel STAT3
inhibitor LLL12B. Computer models with docking simulation showed that LLL12B binds
directly to the phosphoryl tyrosine 705 (pTyr705) binding site of the STAT3 monomer. In the
present study, we characterized the biologic effects of LLL12B alone and in combination with
chemotherapy on ovarian cancer cells.

Material and methods
Materials

The small molecule LLL12B, a novel STAT3 inhibitor, was synthesized at University of Florida
College of Pharmacy (Chenglong Li) [20]. LLL12B powder was dissolved in sterile dimethyl
sulfoxide (DMSO) to make a 20 mM stock solution and stored at -20 °C. Cisplatin and 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Sigma
(Burlington, MA). The stock concentration of cisplatin was 5mM in ddH2O. Paclitaxel was
obtained from LC Laboratories (Woburn, MA). The stock concentration of paclitaxel was
20mM in DMSO. Primary and secondary antibodies were bought from Cell Signaling Tech-
nology (Danvers, MA).

Synthesis of LLL12B

Firstly, 1-naphthalenesulfonyl chloride (1, 50 g; what does it mean? 50 g?) was stirred with
28% ammonium hydroxide (300 mL) in acetone (1 L) at rt for about 3 h, concentrated, cooled
to rt (room temperature, filtered, washed and dried by air, 42 g of white powder 1-naphthale-
nesulfonamide (2) was obtained. Secondly, the compound 2 (48 g) was dissolved completely
suspended in acetic acid (480 mL) andthen cooled to 40 ~ 45°C, and CrO3 (104 g) solution in
H20 (100 mL) and acetic acid (100 mL) was added in 1 ~ 1.5 h, which was then stirred, fil-
tered, washed and dried by air to obtainthe crude product (24 g). 48g crude product was dis-
solved in minimum acetoneat rt and hexane was added slowly till precipitate was just
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observed, then place it in refrigerator (about -20°C) overnight. Filtration afforded 26.9 g of
compound 3. Thirdly, the compound 3 (15.45 g) was dissolved in CH2CI2 (1.2 L) and metha-
nol (162 mL) at rt, then cooled to -20 ~ -15°C and Et3N (1.54 mL) was added. After stirring
for about 15 min, 3-hydroxy-1-pyrone (8.74 g) in 300 mL of CH2CI2 was added and stirred
for about 30 min, then 2 ~ 3 h at rt. The formed yellow precipitate was collected by filter to get
the first crop of LLL12 (3.24 g). Filtrate was concentrated at 33°C by rotary evaporation under
hose vacuum to 150 ml. Add 250 ml CH2CI2 to precipitate, filter and wash with small quantity
CH2CI2 to get 2nd crop of LLL12(5.27g). Further purification by silica gel flash column chro-
matography eluted with mixed solvents of acetone and hexanes (1:1, V/V) afforded 3.95 g of
LLLI12. Finally, LLL12 (2.01 mg) was suspended in pyridine (15 g) at rt, then dimethycarbamyl
chloride (1.02 g) was added and stirred at rt overnight. Then the reaction mixtures were fil-
tered and washed with CH2CI2 and then large quantity of acetone (about 1 L) to afford the
compound of LLL12B.

Cell lines

All four human ovarian cancer cell lines (A2780, SKOV3, CAOV3, and OVCARS5), were pur-
chased from ATCC (American Type Culture Collection, Manassas, VA). OVARS5 was cultured
in RPMI1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin
(PS); A2780, CAOV3, and SKOV3 were cultured in Dulbecco’s modified Eagle medium
(DMEM) with 10% FBS and 1% PS. All of the cell lines were maintained in a humidified 37°C
incubator with 5% CO,/95% air. Media were replaced twice a week.

Western blot analysis

The four cell lines were seeded in 10cm-plates in 70% cell density, cultured overnight, then
treated with DMSO, cisplatin, paclitaxel, different concentrations of LLL12B and their combi-
nation or treated with LLL12B by Oh,2h and 4h. Cells were cultured overnight before they were
harvested for Western blot analysis. Ovarian cancer cells were lysed in cold lysis buffer and the
proteins were separated by 10% SDS-PAGE. Proteins were transferred to PVDF membrane
under 350mA for 110 minutes and then blocked by 5% milk for 1 hour and incubated over-
night at 4°C with primary antibodies: all the primary antibodies are rabbit mAbs and bought
from Cell Signaling Technology, Inc; Anti-phosphorylated (p)-STAT3 (Tyr705) (cat. no.
NC-CST-9145S), STAT3 (cat. no. 4904), GAPDH (cat. no. 2118S), c-Myc(cat. no. 9402s),
cyclinD1(cat. no. 55506s), survivin(cat. no. 2808s), and cleaved caspase 3(cat. no. 9661s). All
primary antibodies were diluted 1:1,000 in 5% milk. After washing with tris-buffered saline-
tween (TBST) for 3 times (15 min), the membranes were blotted with the horseradish peroxi-
dase-conjugated anti-rabbit IgG secondary antibody diluted 1:10,000 in 5% milk (Cell Signal-
ing Technology, Inc.; cat. no. 7074) at room temperature for 1.5 h. The p-STAT3 protein were
detected by West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Inc; cat.
no. 34096); the STAT3 and GAPDH proteins were detected by enhanced chemiluminescence
substrate (PerkinElmer, Inc; cat. no. NEL104001EA). Blots were imaged with the Storm scan-
ner (Amersham Pharmacia Biotech Inc, Piscataway, NJ, USA) and Amersham Imager 680(GE
healthcare Inc, Mariborough, MA, USA).

MTT cell viability assay

We seeded A2780, SKOV3, CAOV3 and OVCARS in 96-well microtiter plates at a density of
3,000 cells with 100yl medium per well. After overnight incubation, the cells were treated in

each well at 37°C with vehicle control (DMSO) or different concentrations of drugs: LLL12B,
cisplatin alone, paclitaxel alone, or their combination. Seventy-two hours later, we added 20ul
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of MTT to each well. After incubation for 4 h at 37°C, each well was supplemented with 150ul
of dimethylformamide solubilization solution followed by an incubation overnight, protected
from light at room temperature. Cell viability was assessed using the absorbance at 595 nm of
each well. The DMSO cells were set at 100% and the cell viability of drug-treated cells was
determined relative to DMSO cells. Then the combination index (CI) was determined by
CompuSyn software (www.combosyn.com). The CI values indicate an additive effect when
equal to 1, an antagonistic effect when >1, and a synergistic effect when <1 based on the theo-
rem of Chou and Talalay [21].

Wound-healing/cell migration assay

A2780 and SKOV3 cells were seeded in 6-well plates and incubated at 37°C overnight. When
cells reached 100% confluence, the monolayer was scratched by a 100-pl pipette tip. We
washed each well with PBS twice and added new medium with different drugs: DMSO,
LLL12B, paclitaxel, cisplatin or their combination. Photos of each well were captured by
microscope at time zero. Cells were incubated at 37°C until the wound of the control well was
healed (SKOV3, 18h; A2780, 56h). The photos of each well were captured by microscope again
after washing in PBS twice. Inhibition of migration was measured by Image]J software (http://
rsb.info.nih.gov/ij/) and calculated by the formula: percent of wound healed = 100 — [(final
area / initial area) x 100%] [22].

Cell growth assay

All four cell lines were seeded in 12-well plates at the same cell density, which was dependent
on the growth ability of each cell line (SKOV3:1*10* cells per well, CAOV3: 2.5*10" cells per
well, A2780:0.5*10* cells per well, and OVCAR5: 1*10" cells per well). The cells were cultured
overnight at 37°C, then were treated with DMSO or different concentrations of drugs:
LLL12B, paclitaxel alone, cisplatin alone, or the combination. We counted the cell number of
each well days 2, 4, and 6 after treatment to generate growth curves. Significant differences
were defined as **p<0.01 and ****p<0.0001.

Statistical analysis

Significance of correlations was determined by GraphPad Prism 7 software (GraphPad Soft-
ware Inc., San Diego, CA, USA). The data were expressed as mean + standard deviations (SD).
One-way ANOVA and two-way ANOVA with Tukey’s Test were used to analyze the statistical

difference between two groups. Significance was set at p < 0.05. The *, ** and *** indicate
p < 0.05,p <0.01 and p < 0.001, respectively.

Results

LLL12B inhibited STAT3 phosphorylation and the expression of
downstream targeted genes

To target STAT3, we used a novel approach called advanced multiple ligand simultaneous
docking (AMLSD), and developed a novel nonpeptide small molecule, LLL12B. The computa-
tional model figure showed LLL12B binding to STAT3 SH2 domain (Fig 1A): Arg609 forms
two hydrogen bonds with LLL12B; Ser636 forms one hydrogen bond; and Lys591 has cation-
pi interaction with LLL12B. The chemical structure of LLL12B was shown as Fig 1B. In order
to examine the ability of LLL12B to inhibit p-STAT3 (Tyr705) in vitro, Western blotting analy-
sis was performed by us. All four ovarian cancer cell lines were seeded in 10 cm plates and
were treated with DMSO or different concentrations of LLL12B (0.25uM-2.5uM). Protein
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Fig 1. The computational model and chemical structure of LLL12B. A. The computational model of LLL12B. B. The chemical structure of LLL12B.
https://doi.org/10.1371/journal.pone.0240145.9001

expression levels were analyzed. Compared with those treated by DMSO, p-STAT?3 was inhib-
ited by LLL12B (Fig 2A). In addition, the STAT3 downstream targets c-myc, cyclinD1, and
survivin were down-regulated and cleaved caspase-3 was induced (Fig 2A). LLL12B inhibited
STAT3 phosphorylation and down-regulated downstream target genes which are associated
with cancer cell proliferation and growth [23-26]. Compared with cisplatin or paclitaxel alone,
the combination of LLL12 with cisplatin or/and paclitaxel led to a greater inhibitory effect on
p-STAT?3 and some downstream targets (Fig 2B):Cisplatin and paclitaxel cisplatin or paclitaxel
alone are in general not able to significantly inhibit C-Myc and CyclinD1, which were reduced
by combination with LLL12B; cleaved caspase3 was induced by cisplatin and paclitaxel and
enhanced by combination with LLL12B; cisplatin and paclitaxel upregulated or didn’t affect
the expression of survivin, which was reduced by combination with LL12B. These results indi-
cate that LLL12B is a biologically relevant potent STAT3 inhibitor of ovarian cancer cells.

Then, we performed the WB assay at 2 hours and 4 hours after LLL12B was added. The
results showed that (Fig 2C) p-STAT3 was inhibited in four cell lines, the p-Jakl was only
inhibited in A2780, however the p-Jakl in other three cell lines and p-Jak2 was not detected.
Total Jakl, Jak2 in SKOV3 was reduced. The total STAT3 and total Jakl, Jak2 in other three
cell lines were not reduced. The results showed that p-STAT3 was definitely inhibited in all the
four cell lines which may be the main function of LLL12B. It may be possible that LLL12B is a
dual inhibitor of STAT3 and Jak1 in certain cell lines just like a few other STAT3 inhibitors
[27].

LLL12B inhibited cell viability of human ovarian cancer cells and
synergistically enhanced the effect of cisplatin and paclitaxel

To evaluate inhibition of cell viability, MTT assays were performed using A2780, CAOV3,
SKOV3 and OVCARS cells. Cells were seeded in 96-well plates and treated with LLL12B or
DMSO control followed by culture at 37°C for additional 72 hours. Cell viability was signifi-
cantly inhibited by LLL12B (Fig 3). To investigate whether chemotherapy can be enhanced by
LLL12B, the cells were treated by LLL12B combined with cisplatin or paclitaxel. The combina-
tion index (CI) showed that the suppression achieved with combination treatment was more
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Fig 2. LLL12B inhibits p-STAT3 and its downstream targets in human ovarian cancer cells. A. The effects of LLL12B on STAT3 phosphorylation
(Tyr705) and its downstream targets in ovarian cancer cell lines. A2780, CAOV3, SKOV3, OVCARS5 cells were treated with DMSO or different
concentrations of LLL12B. The levels of p-STAT3 and the downstream target gene proteins were determined by Western blots. B. Compared with
cisplatin or paclitaxel alone, the combination of LLL12 with cisplatin or/and paclitaxel appeared to have a greater inhibitory effect on p-STAT3 and
some downstream target gene proteins in CAOV3, SKOV3 and OVCARS cells. C. Treated with LLL12B by 0h,2h and 4h, p-STAT3 was inhibited in
four cell lines, p-Jak1 was only inhibited in A2780; p-Jak2 was not detected. Total Jak1, Jak2 in SKOV3 was reduced. The total STAT3 and total Jakl,
Jak2 in other three cell lines were not reduced.

https://doi.org/10.1371/journal.pone.0240145.9002

significant than that of any monotherapy. The Cls of LLL12B combined with cisplatin or pacli-
taxel in each cell line were all less than 1(Fig 3 and Table 1), which indicated synergism. Fur-
thermore, the combination of LLL12B with cisplatin or paclitaxel exhibited more significant
inhibitory effects on cell viability than the combination of cisplatin and paclitaxel (Fig 3).
These results indicate that LLL12B inhibits cell viability and also synergistically enhances the
effect of chemotherapy in ovarian cancer cell lines.

LLL12B inhibited cell migration of ovarian cancer cells and enhanced the
effect of cisplatin and paclitaxel

Cell migration is an important step in tumor invasion and metastasis, which confers prognosis.
According to previous literature reports [28], cancer cell migration can be inhibited by block-
ing of STATS3 pathway. Therefore, we tested the effects of the novel STAT?3 inhibitor LLL12B
on ovarian cancer cell migration and whether the effect of cisplatin and paclitaxel can be
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Fig 3. The effects of LLL12B, cisplatin, paclitaxel, and drug combination on cell viability. MTT assays were
performed to evaluate cell viability. A-D LLL12B inhibited cell viability of ovarian cancer cells, which were
synergistically inhibited when LLL12B was combined with cisplatin or paclitaxel. The differences were found to be
significantly different at *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

https://doi.org/10.1371/journal.pone.0240145.9003

enhanced by LLL12B. Only A2780 and SKOV3 cell lines were tested because the monolayer
phenotypes of the other two cell lines were not suitable for cell migration assays. Compared
with the DMSO control, cell migration was inhibited by LLL12B. The combination of LLL12B
with cisplatin or paclitaxel resulted in more significant inhibition of cell migration compared
to monotherapy; notably, the inhibitory effects exceeded that of paclitaxel and cisplatin in
combination (Fig 4).

Table 1. The calculation of the combination index (CI).

LLL12B Cisplatin Paclitaxel LLL12B+Cisplatin LLL12B+Paclitaxel
Dose (uM) | Effect | Dose (uM) | Effect | Dose (uM) | Effect | Dose L (uM) | Dose C (uM) | Effect CI Dose L (uM) | Dose P (uM) | Effect CI
A2780 0.05 0.906 0.5 0.77 0.005 0.56 0.1 0.5 0.31 | 0.72568 0.1 0.0025 0.384 | 0.94247
0.1 0.577 1.0 0.7 0.0025 0.66 0.1 1.0 0.245 | 0.65333 0.1 0.005 0.3166 | 0.90217
SKOV3 0.25 0.415 2.5 0.751 0.25 0.676 0.25 2.5 0.22 | 0.78825 0.25 0.25 0.28 0.98996
0.5 0.06 5.0 0.663 0.5 0.531 0.25 5.0 0.15 | 0.69002 0.25 0.5 0.188 | 0.88983
CAOV3 0.1 0.63 2.5 0.824 0.5 0.69 0.1 2.5 0.19 | 0.56065 0.1 0.5 0.3 0.82677
0.25 0.11 5.0 0.691 0.25 0.822 0.1 5.0 0.097 | 0.43884 0.25 0.5 0.05 0.77068
OVCAR5 0.01 0.66 1.0 0.807 0.25 0.864 0.05 1.0 0.36 | 0.64315 0.05 0.25 0.33 0.52942
0.05 0.45 2.5 0.617 0.5 0.72 0.05 2.5 0.2 0.27683 0.05 0.5 0.27 0.45413
The cell lines were treated by two different concentrations of each drug. The CI was calculated using the Compusyn software(www.combosyn.com). The CI values
indicate a synergistic effect when <1 based on the theorem of Chou and Talalay [21].
https://doi.org/10.1371/journal.pone.0240145.t001
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Fig 4. The effects of LLL12B, cisplatin, paclitaxel, and drug combination on cell migration. Wound-healing assays were performed to evaluate the
migration ability of SKOV3 and A2780 ovarian cancer cells. SKOV3 and A2780 cells were seeded in 6-well plates and treated with DMSO or different
concentration of drugs: LLL12B or cisplatin or paclitaxel or the combination. The differences were found to be significantly different at ***p<0.001 and
*#%4p<0.0001.

https://doi.org/10.1371/journal.pone.0240145.9004

These results indicate that LLL12B can inhibit cell migration of ovarian cancer cells, and
may also enhance the effects of chemotherapy. This suggests that LLL12B may be helpful for
treatment or prevention of ovarian cancer cell invasion and metastasis.

LLL12B inhibited cell growth and enhanced the effect of cisplatin and
paclitaxel

Since LLL12B synergistically inhibited cell viability of ovarian cancer cells treated with cis-
platin and paclitaxel, we then sought to investigate whether LLL12B could also inhibit cell
growth using standard growth curves. Our results showed that LLL12B inhibited cell growth
in all four ovarian cancer lines (Figs 5 and 6). Parallel to our observations for viability, combi-
nation treatment of LLL12B with cisplatin or paclitaxel resulted in greater inhibitory effects on
cell growth than monotherapy (Figs 5 and 6).

Discussion

Ovarian cancer is the tenth most common cancer and the fifth most lethal cancer of women in
the United States [2, 3]. Among gynecologic malignancies, ovarian cancer has the highest mor-
tality rate. Ovarian cancer is very difficult to diagnose early, and more than 50% of patients are
diagnosed with advanced (stage III/IV) disease [2, 3]. The standard treatment for advanced
ovarian cancer is radical resection combined with platinum-taxane combination chemother-
apy [1, 29]. Despite small improvements in 5-year overall survival for this disease, there are
still many challenges for its treatment. The 5-year overall survival of advanced-stage ovarian
cancer is no more than 20-35%, and has not changed much for nearly twenty years. Both
intrinsic and acquired chemoresistance remain problematic, and as many as 75% of ovarian
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Fig 5. The effects of LLL12B, cisplatin, and drug combination on cancer cell growth. Cell growth assays were performed to evaluate cell proliferation
ability of ovarian cancer cells. Cells were treated with LLL12B, cisplatin and their combination. The differences were found to be significantly different
at **p<0.01 and ****p<0.0001. LLL12B alone or combined with cisplatin inhibited cell growth of ovarian cancer cells.

https://doi.org/10.1371/journal.pone.0240145.9005
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Fig 6. The effects of LLL12B, paclitaxel, and drug combination on cancer cell growth. Cell growth assays were performed to evaluate cell
proliferation ability of ovarian cancer cells. Cells were treated with LLL12B, paclitaxel and their combination. The differences were found to

be significantly different at **p<0.01 and ****p<0.0001. LLL12B alone or combined with paclitaxel inhibited cell growth of ovarian cancer
cells.

https://doi.org/10.1371/journal.pone.0240145.9006
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cancer patients suffer from cancer recurrence [3]. It is therefore crucial to find new drugs to
enhance the effect of current chemotherapy treatment. Targeted therapy often offers the bene-
fit of precise action and fewer side effects.

As an important transducer of many cytokines and growth factors, STAT proteins have 7
members (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6), and STATS3 is the
most widely known and researched [30]. Compared with normal tissues, STAT3 is overex-
pressed or constitutively activated in about 70% of human solid tumors and in 94% of ovarian
cancers [31, 32]. A homodimer is formed when STATS3 is activated by phosphorylation., which
translocates to the nucleus, recognizes and binds to STAT3-specific DNA-binding elements.
Then some target genes can be regulated to promote cell growth, prevent apoptosis and so on
[17, 33-35]. Abnormal activation of STAT3 can induce malignant cell transformation and is
related to the poor prognosis of certain tumors. Conversely, the disruption of constitutively
activated STAT3 can promote cell apoptosis and suppress tumor-cell growth. At the same
time, it is reported that over expression of STAT3 also associated with cisplatin resistance and
paclitaxel resistance [17, 36-38]. We have previously demonstrated that constitutive activation
of STAT3 was present in ovarian cancer cell lines but not in normal ovarian surface epithelial
cells [39], making selective STAT3 inhibition an excellent candidate for ovarian cancer treat-
ment. In this study, we provide evidence that STAT3 inhibition may be a good enhancer for
cisplatin and paclitaxel chemotherapy.

The SH2 domain is a critical module among the six structural domains of STAT3, which
facilitate binding to specific p-Tyrosine (Tyr) motifs of receptors for activation of the protein
[40, 41]. Interaction of the pTyr-SH2 domain with STAT3 dimerization represents an impor-
tant molecular event for STAT3 functioning [40, 41]. For these reasons, most drugs have been
designed to bind this domain. Many peptide-based inhibitors of STAT3 have been reported,
but their use is limited by poor cell permeability and limited in vivo stability [42]. During
recent years, many nonpeptide small molecule inhibitors have been developed, which show
better stability [43, 44].

We previously developed several nonpeptide small molecule STAT3 inhibitors, such as
LLL12, which inhibits STAT3 phosphorylation and suppresses the development of cancer [28,
45-47]. In the present study, we explored LLL12B, a carbamate-based prodrug for LLL12.
LLL12B has one of the smallest molecular weights (374 dalton) compared to other STAT3
inhibitors. In addition, our in vivo pharmacokinetic studies in rats indicated that LLL12B is
orally bioavailable (38.0%) and stable in the plasma, producing drug levels 5-fold better com-
pared to LLL12 [20]. These results support that LLL12B is a superior drug relative to LLL12 to
target STAT3 in ovarian cancer cells.

In this study, we tested LLL12B in several well-characterized human ovarian cancer cell
lines. LLL12B consistently inhibited STAT3 phosphorylation and downregulated the down-
stream targets. STAT3 is one of the downstream target of Jak. In order to confirm that LLL12B
is not a Jak inhibitor. We performed the WB assay at 2 hours and 4 hours after the addition of
LLL12B. The results showed that (Fig 2C) p-STAT3 was inhibited in four cell lines, the p-Jak1l
was only inhibited in A2780, the expression of Jak2 and Jak 1 in the other 3 cell lines were not
detectable under the same protein concentration and treatment time. The results indicated
that inhibition of p-STAT3 was the main function of LLL12B. That is, LLL12B isa STAT3
inhibitor nor a Jak inhibitor. Of couse, LLL12B might function a dual inhibitor of STAT3 and
Jakl in certain cell lines just like a few other STAT3 inhibitors [27].

LLL12B exerted potent inhibition of cell viability, migration and growth. When cisplatin or
paclitaxel was combined with LLL12B, inhibition of these parameters was enhanced relative to
monotherapy and, importantly, greater than that of paclitaxel with cisplatin, which currently
represents the standard of care.
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Paclitaxel is a microtubule-stabilizing drug and one of the main mechanisms that paclitaxel
kills cancer cells is by a consequence of mitotic arrest. Cisplatin is a cytotoxic drug which kills
cancer cells by damaging DNA and inhibiting DNA synthesis. The persistent activation of
STATS3 signaling have been reported to confer resistance to paclitaxel and cisplatin in cancer
cells including ovarian cancer cells [33-35]. STAT3 may confer the resistance to paclitaxel and
cisplatin by inducing its downstream targets such as Survivin, C-Myc, Cyclin D1, and others.

Therefore, WB assay was performed by us, compared to the combination of LLL12B with
cisplatin or/and paclitaxel or LLL12B alone, cisplatin or paclitaxel alone are in general not able
to significantly inhibit Survivin, C-Myc, Cyclin D1 as shown in Fig 2B. Inhibiting downstream
targets such as Survivin, C-Myc, Cyclin D1, and others by LLL12B, is likely one of the main
mechanisms of sensitizing ovarian cancer cells to cisplatin or paclitaxel and likely one the
main mechanisms of synergism by drug combination. Additional study in the future will be
needed to further elucidate the more detailed mechanism of action of synergism by LLL12B
+ cisplatin or LLL12B + paclitaxel in ovarian cancer cells.

In conclusion, the novel small molecule STAT3 inhibitor, LLL12B, designed by AMLSD
methodology shows excellent therapeutic potential in ovarian cancer cell lines. Our results
suggest that LLL12B is a potent STAT3 inhibitor in ovarian cancer, and that LLL12B in combi-
nation with the current front-line chemotherapeutic drugs cisplatin and paclitaxel may repre-
sent a promising approach for ovarian cancer therapy that warrants further study.

Supporting information

S1 Raw images.
(PDF)

Acknowledgments

We thank Dr. Richard Eckert at the Department of Biochemistry and Molecular Biology at the
University of Maryland (Baltimore, MD, USA) for providing the microscope used to evaluate
the wound healing assay.

Author Contributions

Data curation: Ruijie Zhang.

Formal analysis: Ruijie Zhang, Jiayuh Lin.

Funding acquisition: Jiayuh Lin.

Investigation: Ruijie Zhang, Xiaozhi Yang.

Methodology: Ruijie Zhang, Jiayuh Lin.

Resources: Jiayuh Lin.

Supervision: Chenglong Li, Jiayuh Lin.

Writing - original draft: Ruijie Zhang.

Writing - review & editing: Dana M. Roque, Chenglong Li, Jiayuh Lin.

References

1. Armstrong DK, Alvarez RD, Bakkum-Gamez JN, Barroilhet L, Behbakht K, Berchuck A, et al. NCCN
Guidelines Insights: Ovarian Cancer, Version 1.2019. J Natl Compr Canc Netw. 2019; 17(8):896—909.
Epub 2019/08/08. https://doi.org/10.6004/jnccn.2019.0039 PMID: 31390583.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240145  April 28, 2021 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240145.s001
https://doi.org/10.6004/jnccn.2019.0039
http://www.ncbi.nlm.nih.gov/pubmed/31390583
https://doi.org/10.1371/journal.pone.0240145

PLOS ONE

A novel small molecule targets STAT3 in ovarian cancer cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Salomon-Perzynski A, Salomon-Perzynska M, Michalski B, Skrzypulec-Plinta V. High-grade serous
ovarian cancer: the clone wars. Archives of Gynecology and Obstetrics. 2017; 295(3):569-76. https://
doi.org/10.1007/s00404-017-4292-1 PMID: 28154920

Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al. Ovarian cancer statistics,
2018. CA Cancer J Clin. 2018; 68(4):284—96. Epub 2018/05/29. https://doi.org/10.3322/caac.21456
PMID: 29809280.

Oronsky B, Ray CM, Spira Al, Trepel JB, Carter CA, Cottrill HW. A brief review of the management of
platinum-resistant-platinum-refractory ovarian cancer. Med Oncol. 2017; 34(6):103. Epub 2017/04/27.
https://doi.org/10.1007/s12032-017-0960-z PMID: 28444622.

Chien J, Poole EM. Ovarian Cancer Prevention, Screening, and Early Detection: Report From the 11th
Biennial Ovarian Cancer Research Symposium. Int J Gynecol Cancer. 2017; 27(9S Suppl 5):S20-S2.
Epub 2017/12/27. https://doi.org/10.1097/IGC.0000000000001118 PMID: 29278600.

Jazaeri AA, Awtrey CS, Chandramouli GV, Chuang YE, Khan J, Sotiriou C, et al. Gene expression pro-
files associated with response to chemotherapy in epithelial ovarian cancers. Clin Cancer Res. 2005;
11(17):6300-10. Epub 2005/09/08. https://doi.org/10.1158/1078-0432.CCR-04-2682 PMID: 16144934.

Sueblinvong T, Ghebre R, lizuka Y, Pambuccian SE, Isaksson Vogel R, Skubitz AP, et al. Establish-
ment, characterization and downstream application of primary ovarian cancer cells derived from solid
tumors. PLoS One. 2012; 7(11):e50519. Epub 2012/12/12. https://doi.org/10.1371/journal.pone.
0050519 PMID: 23226302.

YuY, Gaillard S, Phillip JM, Huang TC, Pinto SM, Tessarollo NG, et al. Inhibition of Spleen Tyrosine
Kinase Potentiates Paclitaxel-Induced Cytotoxicity in Ovarian Cancer Cells by Stabilizing Microtubules.
Cancer Cell. 2015; 28(1):82—96. Epub 2015/06/23. https://doi.org/10.1016/j.ccell.2015.05.009 PMID:
26096845.

Coleman RL, Monk BJ, Sood AK, Herzog TJ. Latest research and treatment of advanced-stage epithe-
lial ovarian cancer. Nat Rev Clin Oncol. 2013; 10(4):211-24. Epub 2013/02/06. https://doi.org/10.1038/
nrclinonc.2013.5 PMID: 23381004.

McGrail DJ, Khambhati NN, Qi MX, Patel KS, Ravikumar N, Brandenburg CP, et al. Alterations in ovar-
ian cancer cell adhesion drive taxol resistance by increasing microtubule dynamics in a FAK-dependent
manner. Sci Rep. 2015; 5:9529. Epub 2015/04/18. https://doi.org/10.1038/srep09529 PMID:
25886093.

Kurman RJ, Shih le M. The Dualistic Model of Ovarian Carcinogenesis: Revisited, Revised, and
Expanded. Am J Pathol. 2016; 186(4):733—47. Epub 2016/03/26. https://doi.org/10.1016/j.ajpath.2015.
11.011 PMID: 27012190.

Zhou J, Alfraidi A, Zhang S, Santiago-O’Farrill JM, Yerramreddy Reddy VK, Alsaadi A, et al. A Novel
Compound ARN-3236 Inhibits Salt-Inducible Kinase 2 and Sensitizes Ovarian Cancer Cell Lines and
Xenografts to Paclitaxel. Clin Cancer Res. 2017; 23(8):1945-54. Epub 2016/09/30. https://doi.org/10.
1158/1078-0432.CCR-16-1562 PMID: 27678456.

Nimmagadda S, Penet MF. Ovarian Cancer Targeted Theranostics. Front Oncol. 2019; 9:1537. Epub
2020/02/11. https://doi.org/10.3389/fonc.2019.01537 PMID: 32039018.

Wang W, Liu JR, Zou W. Immunotherapy in Ovarian Cancer. Surg Oncol Clin N Am. 2019; 28(3):447—
64. Epub 2019/05/14. https://doi.org/10.1016/j.s0c.2019.02.002 PMID: 31079799.

Keyvani V, Farshchian M, Esmaeili SA, Yari H, Moghbeli M, Nezhad SK, et al. Ovarian cancer stem
cells and targeted therapy. J Ovarian Res. 2019; 12(1):120. Epub 2019/12/08. https://doi.org/10.1186/
$13048-019-0588-z PMID: 31810474.

Ayen A, Jimenez Martinez Y, Marchal JA, Boulaiz H. Recent Progress in Gene Therapy for Ovarian
Cancer. Int J Mol Sci. 2018; 19(7). Epub 2018/07/04. https://doi.org/10.3390/ijms19071930 PMID:
29966369.

Lin L, Hutzen B, Li PK, Ball S, Zuo M, DeAngelis S, et al. A novel small molecule, LLL12, inhibits STAT3
phosphorylation and activities and exhibits potent growth-suppressive activity in human cancer cells.
Neoplasia. 2010; 12(1):39-50. Epub 2010/01/15. https://doi.org/10.1593/ne0.91196 PMID: 20072652.

Laudisi F, Cherubini F, Monteleone G, Stolfi C. STAT3 Interactors as Potential Therapeutic Targets for
Cancer Treatment. Int J Mol Sci. 2018; 19(6). Epub 2018/06/20. https://doi.org/10.3390/ijms19061787
PMID: 29914167.

Sheng WJ, Jiang H, Wu DL, Zheng JH. Early responses of the STAT3 pathway to platinum drugs are
associated with cisplatin resistance in epithelial ovarian cancer. Braz J Med Biol Res. 2013; 46(8):650—
8. Epub 2013/08/24. https://doi.org/10.1590/1414-431X20133003 PMID: 23969971.

Aqgel SI, Yang X, Kraus EE, Song J, Farinas MF, Zhao EY, et al. A STAT3 inhibitor ameliorates CNS
autoimmunity by restoring Teff:Treg balance. JCI Insight. 2021; 6(4). Epub 2021/01/08. https://doi.org/
10.1172/jci.insight. 142376 PMID: 33411696.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240145  April 28, 2021 12/14


https://doi.org/10.1007/s00404-017-4292-1
https://doi.org/10.1007/s00404-017-4292-1
http://www.ncbi.nlm.nih.gov/pubmed/28154920
https://doi.org/10.3322/caac.21456
http://www.ncbi.nlm.nih.gov/pubmed/29809280
https://doi.org/10.1007/s12032-017-0960-z
http://www.ncbi.nlm.nih.gov/pubmed/28444622
https://doi.org/10.1097/IGC.0000000000001118
http://www.ncbi.nlm.nih.gov/pubmed/29278600
https://doi.org/10.1158/1078-0432.CCR-04-2682
http://www.ncbi.nlm.nih.gov/pubmed/16144934
https://doi.org/10.1371/journal.pone.0050519
https://doi.org/10.1371/journal.pone.0050519
http://www.ncbi.nlm.nih.gov/pubmed/23226302
https://doi.org/10.1016/j.ccell.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26096845
https://doi.org/10.1038/nrclinonc.2013.5
https://doi.org/10.1038/nrclinonc.2013.5
http://www.ncbi.nlm.nih.gov/pubmed/23381004
https://doi.org/10.1038/srep09529
http://www.ncbi.nlm.nih.gov/pubmed/25886093
https://doi.org/10.1016/j.ajpath.2015.11.011
https://doi.org/10.1016/j.ajpath.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/27012190
https://doi.org/10.1158/1078-0432.CCR-16-1562
https://doi.org/10.1158/1078-0432.CCR-16-1562
http://www.ncbi.nlm.nih.gov/pubmed/27678456
https://doi.org/10.3389/fonc.2019.01537
http://www.ncbi.nlm.nih.gov/pubmed/32039018
https://doi.org/10.1016/j.soc.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/31079799
https://doi.org/10.1186/s13048-019-0588-z
https://doi.org/10.1186/s13048-019-0588-z
http://www.ncbi.nlm.nih.gov/pubmed/31810474
https://doi.org/10.3390/ijms19071930
http://www.ncbi.nlm.nih.gov/pubmed/29966369
https://doi.org/10.1593/neo.91196
http://www.ncbi.nlm.nih.gov/pubmed/20072652
https://doi.org/10.3390/ijms19061787
http://www.ncbi.nlm.nih.gov/pubmed/29914167
https://doi.org/10.1590/1414-431X20133003
http://www.ncbi.nlm.nih.gov/pubmed/23969971
https://doi.org/10.1172/jci.insight.142376
https://doi.org/10.1172/jci.insight.142376
http://www.ncbi.nlm.nih.gov/pubmed/33411696
https://doi.org/10.1371/journal.pone.0240145

PLOS ONE

A novel small molecule targets STAT3 in ovarian cancer cells

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chou TC. Theoretical basis, experimental design, and computerized simulation of synergism and
antagonism in drug combination studies. Pharmacol Rev. 2006; 58(3):621-81. Epub 2006/09/14.
https://doi.org/10.1124/pr.58.3.10 PMID: 16968952.

Fu S, Chen X, Lin HJ, Lin J. Inhibition of interleukin 8/CX-C chemokine receptor 1,/2 signaling reduces
malignant features in human pancreatic cancer cells. Int J Oncol. 2018; 53(1):349-57. Epub 2018/05/
12. https://doi.org/10.3892/ij0.2018.4389 PMID: 29749433.

Warren CFA, Wong-Brown MW, Bowden NA. BCL-2 family isoforms in apoptosis and cancer. Cell
Death Dis. 2019; 10(3):177. Epub 2019/02/283. https://doi.org/10.1038/s41419-019-1407-6 PMID:
30792387.

Miller DM, Thomas SD, Islam A, Muench D, Sedoris K. c-Myc and cancer metabolism. Clin Cancer
Res. 2012; 18(20):5546-53. Epub 2012/10/17. https://doi.org/10.1158/1078-0432.CCR-12-0977
PMID: 23071356.

Alao JP. The regulation of cyclin D1 degradation: roles in cancer development and the potential for ther-
apeutic invention. Mol Cancer. 2007; 6:24. Epub 2007/04/05. https://doi.org/10.1186/1476-4598-6-24
PMID: 17407548.

Bernard A, Chevrier S, Beltjens F, Dosset M, Viltard E, Lagrange A, et al. Cleaved Caspase-3 Tran-
scriptionally Regulates Angiogenesis-Promoting Chemotherapy Resistance. Cancer Res. 2019; 79
(23):5958-70. Epub 2019/10/16. https://doi.org/10.1158/0008-5472.CAN-19-0840 PMID: 31611309.

Lin L, Hutzen B, Zuo M, Ball S, Deangelis S, Foust E, et al. Novel STAT3 phosphorylation inhibitors
exhibit potent growth-suppressive activity in pancreatic and breast cancer cells. Cancer Res. 2010; 70
(6):2445-54. Epub 2010/03/11. https://doi.org/10.1158/0008-5472.CAN-09-2468 PMID: 20215512.

Xiao H, Bid HK, Jou D, Wu X, Yu W, Li C, et al. A novel small molecular STAT3 inhibitor, LY5, inhibits
cell viability, cell migration, and angiogenesis in medulloblastoma cells. J Biol Chem. 2015; 290
(6):3418-29. Epub 2014/10/15. https://doi.org/10.1074/jbc.M114.616748 PMID: 25313399.

Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular mechanisms of action. Eur J Pharma-
col. 2014; 740:364—78. Epub 2014/07/25. https://doi.org/10.1016/j.ejphar.2014.07.025 PMID:
25058905.

Wu M, Song D, LiH, Yang Y, Ma X, Deng S, et al. Negative regulators of STAT3 signaling pathway in
cancers. Cancer Manag Res. 2019; 11:4957-69. Epub 2019/06/20. https://doi.org/10.2147/CMAR.
S206175 PMID: 31213912.

Buettner R, Mora LB, Jove R. Activated STAT signaling in human tumors provides novel molecular tar-
gets for therapeutic intervention. Clin Cancer Res. 2002; 8(4):945-54. Epub 2002/04/12. PMID:
11948098.

Turkson J, Jove R. STAT proteins: novel molecular targets for cancer drug discovery. Oncogene. 2000;
19(56):6613—26. Epub 2001/06/28. https://doi.org/10.1038/sj.onc.1204086 PMID: 11426647.

Duan Z, Foster R, Bell DA, Mahoney J, Wolak K, Vaidya A, et al. Signal transducers and activators of
transcription 3 pathway activation in drug-resistant ovarian cancer. Clin Cancer Res. 2006; 12
(17):5055—-63. Epub 2006/09/05. https://doi.org/10.1158/1078-0432.CCR-06-0861 PMID: 16951221.

Silver DL, Naora H, Liu J, Cheng W, Montell DJ. Activated signal transducer and activator of transcrip-
tion (STAT) 3: localization in focal adhesions and function in ovarian cancer cell motility. Cancer Res.
2004; 64(10):3550-8. Epub 2004/05/20. https://doi.org/10.1158/0008-5472.CAN-03-3959 PMID:
15150111.

Rosen DG, Mercado-Uribe |, Yang G, Bast RC, Amin HM, Lai R, et al. The role of constitutively active
signal transducer and activator of transcription 3 in ovarian tumorigenesis and prognosis. Cancer. 2006;
107(11):2730-40. Epub 2006/10/26. https://doi.org/10.1002/cncr.22293 PMID: 17063503.

Yue P, Zhang X, Paladino D, Sengupta B, Ahmad S, Holloway RW, et al. Hyperactive EGF receptor,
Jaks and Stat3 signaling promote enhanced colony-forming ability, motility and migration of cisplatin-
resistant ovarian cancer cells. Oncogene. 2012; 31(18):2309-22. Epub 2011/09/13. https://doi.org/10.
1038/onc.2011.409 PMID: 21909139.

Kandala PK, Srivastava SK. Diindolylmethane suppresses ovarian cancer growth and potentiates the
effect of cisplatin in tumor mouse model by targeting signal transducer and activator of transcription 3
(STAT3). BMC Med. 2012; 10:9. Epub 2012/01/28. https://doi.org/10.1186/1741-7015-10-9 PMID:
22280969.

Colomiere M, Findlay J, Ackland L, Ahmed N. Epidermal growth factor-induced ovarian carcinoma cell
migration is associated with JAK2/STAT3 signals and changes in the abundance and localization of
alphaébetat integrin. Int J Biochem Cell Biol. 2009; 41(5):1034—45. Epub 2008/10/22. https://doi.org/
10.1016/j.biocel.2008.09.018 PMID: 18930836.

Huang M, Page C, Reynolds RK, Lin J. Constitutive activation of stat 3 oncogene product in human
ovarian carcinoma cells. Gynecol Oncol. 2000; 79(1):67—-73. Epub 2000/09/28. https://doi.org/10.1006/
gyno.2000.5931 PMID: 11006034.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240145  April 28, 2021 13/14


https://doi.org/10.1124/pr.58.3.10
http://www.ncbi.nlm.nih.gov/pubmed/16968952
https://doi.org/10.3892/ijo.2018.4389
http://www.ncbi.nlm.nih.gov/pubmed/29749433
https://doi.org/10.1038/s41419-019-1407-6
http://www.ncbi.nlm.nih.gov/pubmed/30792387
https://doi.org/10.1158/1078-0432.CCR-12-0977
http://www.ncbi.nlm.nih.gov/pubmed/23071356
https://doi.org/10.1186/1476-4598-6-24
http://www.ncbi.nlm.nih.gov/pubmed/17407548
https://doi.org/10.1158/0008-5472.CAN-19-0840
http://www.ncbi.nlm.nih.gov/pubmed/31611309
https://doi.org/10.1158/0008-5472.CAN-09-2468
http://www.ncbi.nlm.nih.gov/pubmed/20215512
https://doi.org/10.1074/jbc.M114.616748
http://www.ncbi.nlm.nih.gov/pubmed/25313399
https://doi.org/10.1016/j.ejphar.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25058905
https://doi.org/10.2147/CMAR.S206175
https://doi.org/10.2147/CMAR.S206175
http://www.ncbi.nlm.nih.gov/pubmed/31213912
http://www.ncbi.nlm.nih.gov/pubmed/11948098
https://doi.org/10.1038/sj.onc.1204086
http://www.ncbi.nlm.nih.gov/pubmed/11426647
https://doi.org/10.1158/1078-0432.CCR-06-0861
http://www.ncbi.nlm.nih.gov/pubmed/16951221
https://doi.org/10.1158/0008-5472.CAN-03-3959
http://www.ncbi.nlm.nih.gov/pubmed/15150111
https://doi.org/10.1002/cncr.22293
http://www.ncbi.nlm.nih.gov/pubmed/17063503
https://doi.org/10.1038/onc.2011.409
https://doi.org/10.1038/onc.2011.409
http://www.ncbi.nlm.nih.gov/pubmed/21909139
https://doi.org/10.1186/1741-7015-10-9
http://www.ncbi.nlm.nih.gov/pubmed/22280969
https://doi.org/10.1016/j.biocel.2008.09.018
https://doi.org/10.1016/j.biocel.2008.09.018
http://www.ncbi.nlm.nih.gov/pubmed/18930836
https://doi.org/10.1006/gyno.2000.5931
https://doi.org/10.1006/gyno.2000.5931
http://www.ncbi.nlm.nih.gov/pubmed/11006034
https://doi.org/10.1371/journal.pone.0240145

PLOS ONE

A novel small molecule targets STAT3 in ovarian cancer cells

40.

M.

42,

43.

44,

45.

46.

47.

de Araujo ED, Orlova A, Neubauer HA, Bajusz D, Seo HS, Dhe-Paganon S, et al. Structural Implications
of STAT3 and STAT5 SH2 Domain Mutations. Cancers (Basel). 2019; 11(11). Epub 2019/11/14.
https://doi.org/10.3390/cancers11111757 PMID: 31717342.

Furtek SL, Matheson CJ, Backos DS, Reigan P. Evaluation of quantitative assays for the identification
of direct signal transducer and activator of transcription 3 (STAT3) inhibitors. Oncotarget. 2016; 7
(47):77998-8008. Epub 2016/10/30. https://doi.org/10.18632/oncotarget. 12868 PMID: 277930083.

Turkson J, Ryan D, Kim JS, Zhang Y, Chen Z, Haura E, et al. Phosphotyrosyl peptides block Stat3-
mediated DNA binding activity, gene regulation, and cell transformation. J Biol Chem. 2001; 276
(48):45443-55. Epub 2001/10/02. https://doi.org/10.1074/jbc.M107527200 PMID: 11579100.

lwamaru A, Szymanski S, Iwado E, Aoki H, Yokoyama T, Fokt |, et al. A novel inhibitor of the STAT3
pathway induces apoptosis in malignant glioma cells both in vitro and in vivo. Oncogene. 2007; 26
(17):2435—-44. Epub 2006/10/18. https://doi.org/10.1038/sj.onc.1210031 PMID: 17043651.

Siddiquee KZS, Guida WC, Blaskovich MA, Greedy B, Lawrence HR, Yip ML, et al. Selective chemical
probe inhibitor of Stat3, identified through structure-based virtual screening, induces antitumor activity.
pnas. 2007; 104(18):7391-6. https://doi.org/10.1073/pnas.0609757104 PMID: 17463090

Wu X, Xiao H, Wang R, Liu L, Li C, Lin J. Persistent GP130/STAT3 Signaling Contributes to the Resis-
tance of Doxorubicin, Cisplatin, and MEK Inhibitor in Human Rhabdomyosarcoma Cells. Curr Cancer
Drug Targets. 2016; 16(7):631-8. Epub 2015/09/17. https://doi.org/10.2174/
1568009615666150916093110 PMID: 26373715.

Couto JI, Bear MD, Lin J, Pennel M, Kulp SK, Kisseberth WC, et al. Biologic activity of the novel small
molecule STAT3 inhibitor LLL12 against canine osteosarcoma cell lines. BMC Vet Res. 2012; 8:244.
Epub 2012/12/19. https://doi.org/10.1186/1746-6148-8-244 PMID: 23244668.

Wei CCB S, LinL, Liu A, Fuchs JR, Li PK, Li C, et al. Two small molecule compounds, LLL12 and
FLLL32, exhibit potent inhibitory activity on STAT3 in human rhabdomyosarcoma cells. International
Journal of Oncology. 2010; 38(1). https://doi.org/10.3892/ijo_00000848

PLOS ONE | https://doi.org/10.1371/journal.pone.0240145  April 28, 2021 14/14


https://doi.org/10.3390/cancers11111757
http://www.ncbi.nlm.nih.gov/pubmed/31717342
https://doi.org/10.18632/oncotarget.12868
http://www.ncbi.nlm.nih.gov/pubmed/27793003
https://doi.org/10.1074/jbc.M107527200
http://www.ncbi.nlm.nih.gov/pubmed/11579100
https://doi.org/10.1038/sj.onc.1210031
http://www.ncbi.nlm.nih.gov/pubmed/17043651
https://doi.org/10.1073/pnas.0609757104
http://www.ncbi.nlm.nih.gov/pubmed/17463090
https://doi.org/10.2174/1568009615666150916093110
https://doi.org/10.2174/1568009615666150916093110
http://www.ncbi.nlm.nih.gov/pubmed/26373715
https://doi.org/10.1186/1746-6148-8-244
http://www.ncbi.nlm.nih.gov/pubmed/23244668
https://doi.org/10.3892/ijo%5F00000848
https://doi.org/10.1371/journal.pone.0240145

