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TTI-101 targets STAT3/c-Myc signaling 2

pathway to suppress cervical cancer
progression: an integrated experimental
and computational analysis

Yi Li' and Yuyan Dong?’

Abstract

Background Cervical cancer (CC) is a significant global health concern, demanding the consideration of novel thera-
peutic strategies. The signal transducer and activator of transcription 3 (STAT3) pathway has been implicated in cancer
progression and is a potential target for therapeutic intervention. This study aimed to explore the therapeutic poten-
tial of TTI-101, a small molecule STAT3 inhibitor, in CC and investigate its underlying mechanisms.

Methods Molecular docking studies and molecular dynamics simulations were performed to explore the binding
interaction between TTI-101 and STAT3 and assess the stability of the STAT3-TTI-101 complex. Cell viability assays,
wound healing assays, colony formation assays, flow cytometry analysis, and gene expression analysis were con-
ducted. In vivo xenograft models were used to assess the antitumor efficacy of TTI-101.

Results The in silico analysis shows a stable binding interaction between TTI-101 and STAT3.TTI-101 treatment inhib-
its cell viability, clonogenic ability, and cell migration in CC cells. Furthermore, TTI-101 induces apoptosis and cell cycle
arrest. Analysis of apoptosis-related markers demonstrated dysregulation of Bax, Bcl-2, and Caspase-3 upon TTI-101
treatment. Moreover, TTI-101 caused G2/M phase arrest accompanied by a decrease in CDK1 and Cyclin B1 at mRNA
levels. In the xenograft model, TTI-101 significantly inhibited tumor growth without adverse effects on body weight.

Conclusion TTI-101 exhibited anticancer effects by targeting the STAT3/c-Myc signaling pathway, inducing cell

cycle arrest, and promoting apoptosis in CC cells. These findings provide valuable insights into the development

of novel therapeutic strategies for cervical cancer. Further investigation is warranted to validate the clinical application
of TTI-101.
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Introduction

Cervical cancer (CC) is the fourth most common cancer
and second leading cause of cancer-related death among
women in developing countries, with approximately
604,000 new cases and 342,000 deaths in 2020 [1]. Cur-
rently, surgery and radiotherapy are the main treatments
for CC, but this disease has a high recurrence rate and
drug resistance [2]. Therefore, studies on the pathophysi-
ological mechanism of cervical cancer and the search for
effective therapeutic agents are still crucial.

Cancer involves various signaling pathways, hence, the
treatment should include molecules that target specific
signaling pathways.

The signal transducer and activator of transcription
(STAT) family proteins are a group of transcription fac-
tors that regulate gene expression related to the cell cycle,
cell survival, and the immune response, and among them
STAT3 is a well-known oncogene [3]. In normal cells,
STAT3 was originally identified as a mediator of the acute
phase of the inflammatory response under tight control
[4]. Constitutive activation of STAT3 and its target genes
stimulates cell-cycle progression, epithelial-mesenchy-
mal transition, mediates immune evasion, and promotes
inflammation, angiogenesis, and tumor invasion and
metastasis, contributing to oncogenesis [5, 6].

The activation of receptor tyrosine kinases (RTKs)
or Janus kinases (JAKs) can result in the phosphoryla-
tion of specific tyrosine residues on STAT3 (P-STAT3).
This phosphorylation event leads to the formation

of homo-dimers through the Src homology 2 (SH2)
domains of STAT3. Subsequently, the P-STAT3 homo-
dimers translocate into the nucleus where they regulate
the transcription of target genes [4, 7]. Recent research
suggests that an increased level of phosphorylated STAT3
(pStat3) is associated with a poor prognosis in various
types of human cancers, including head and neck, lung,
colorectal, gastric, breast, ovarian, cervical, and prostate
cancers, as well as leukemia, lymphomas, and multi-
ple myeloma [4, 8, 9]. Additionally, current studies have
demonstrated that STAT3 also plays a significant role in
the proliferation and apoptosis of cervical cancer cells.
Specifically, STAT3 functions as a key oncogene by pro-
moting cell proliferation and inhibiting apoptosis in these
cells [10, 11].

STAT3 appears as an attractive therapeutic, therefore,
several STAT3 inhibitors have been developed. STAT3
inhibitory strategies mainly focus on hindering the
dimerization of STAT3 proteins by employing small mol-
ecules discovered through bioinformatics analysis [12,
13]. Consequently, extensive searches for compounds
that target the STAT3 protein, particularly focusing on
the interaction between the SH2 domain and the phos-
phorylated tyrosine residue, have yielded a multitude of
synthetic small molecules. Notable among them are STA-
21, Stattic, STX-0119, LLL12, BBI608, and OPB-31121,
which exhibit remarkable potency [6, 14—19]. Addition-
ally, other categories of inhibitors encompass peptides
or peptide-memetic, natural products (e.g., resveratrol,
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curcumin, and XYA-2), as well as oligodeoxynucleotide
decoys and antisense oligonucleotides [20—22].

TTI-101 (formerly C188-9) is a small molecule STAT3
inhibitor that possesses several advantageous character-
istics as a chemical genetics probe. It binds to STAT3
with high affinity (Kd=4.7 nM) and effectively hinders
its interaction with receptor-based pY-peptide ligands
[23]. This prevents the activation and nuclear translo-
cation of STAT3, thereby inhibiting its transcriptional
activity. By interfering with STAT3-mediated signal-
ing, TTI-101 disrupts the expression of genes regulated
by STAT3, which are crucial for tumor cell survival and
immune sequestration. Additionally, TTI-101 has been
shown to selectively target canonical STAT3 functions
while sparing non-canonical contributions, such as oxi-
dative phosphorylation. This selectivity contributes to
its favorable safety profile and reduces the potential for
off-target or on-target toxicity [24]. Furthermore, this
small molecule displays excellent oral bioavailability in
various animal models and humans. Utilizing TTI-101
in preclinical studies has provided insights into the role
of STAT3 across different tissues in human and rodent
disease models, including cancer, chronic inflammatory
diseases, and fibrotic diseases [25]. Pharmacology and
toxicology assessments in rats and dogs were conducted
over 28 days to determine the initial dose for human test-
ing in cancer patients and enable a Phase 1 study of TTI-
101 in patients with solid tumors. Due to its ability to
target STAT3, TTI-101 has been studied in several can-
cers types and inflammatory diseases [13, 26]; however,
its role in CC has not been reported.

Therefore, we conducted the present study to evalu-
ate the effects and underlying mechanisms of TTI-101
in HeLa cervical cancer cells. To this end, we performed
molecular docking and molecular dynamics analyses to
explore the interaction between TTI-101 and STATS3.
Moreover, in vitro and in vivo experiments were con-
ducted to investigate the antitumor effects of TTI-101 on
cervical cancer with constitutively activated STAT3 and
the molecular mechanisms of action.

Materials and methods

Molecular docking

Molecular docking studies were performed using Auto-
Dock vina to investigate the binding interaction between
STAT3 protein and TTI-101 ligand [27]. The three-
dimensional crystal structure of STAT3 was obtained
from the RCSB Protein Data Bank (PDB ID: 6QHD). The
TTI-101 ligand structure was retrieved from PubChem
database (CID: 1,324,494) and prepared using Open
Babel [28]. The protein structure was preprocessed by
removing all water molecules, adding hydrogen atoms
and assigning Gasteiger charges. The ligand structure was
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converted to PDBQT format. Grid boxes were centered
on the binding site of the STAT3 protein with dimensions
of 60x60x 60 points and 0.375 A spacing. Docking cal-
culations were performed using the Lamarckian Genetic
Algorithm with 100 runs. The docked conformations
were ranked according to binding energy, and the con-
formation with the lowest binding energy was selected
for further analysis. Molecular graphics visualization and
analysis of protein-ligand interactions were performed
using Discovery Studio Visualizer [29].

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out
using GROMACS 2020.3 package to study the dynamic
stability of the STAT3-TTI-101 complex [30]. The bound
complex obtained from molecular docking was used as
the starting structure. The force field parameters for the
protein were taken from CHARMMS36 force field, while
the ligand topology was generated using the CGenFF
server [31, 32]. The complex was solvated in a cubic
box of TIP3P water molecules and neutralized by add-
ing counter ions. Energy minimization was performed
using the steepest descent algorithm until a tolerance of
1000 kJ/mol. Equilibration was done in two steps—first,
a 100 ps position restrained NV T equilibration and then
a 100 ps NPT equilibration at 300 K temperature and 1
bar pressure. The production MD run was performed
for 100 ns timescale with a time step of 2 fs. The par-
ticle mesh Ewald (PME) method utilized for treating
long-range electrostatic interactions. Temperature and
pressure were maintained using the v-rescale thermo-
stat and Parrinello-Rahman barostat respectively [33].
All bonds were constrained using the LINCS algorithm.
Trajectory analysis was done using built-in GROMACS
utilities.

Inhibitor

TTI-101 (C188-9) was purchased from MCE (Monmouth
Junction, NJ, USA) and dissolved in sterile dimethyl sul-
foxide (DMSO; Merck Millipore, Billerica, MA, USA).
The stock solution was stored at—20 “C until use. The
final concentration of DMSO used as the vehicle control
did not exceed 0.1%.

Cell culture

The human cervical cancer cell line HeLa was obtained
from Shanghai Institute of Cell Biology of the Chinese
Academy of Sciences and grown in RPMI-1640 medium
containing 10% fetal bovine serum (FBS), 100 U/ml peni-
cillin, and 100 pg/ml streptomycin (all reagents were
obtained from Gibco, CA, USA). The cells were incu-
bated at 37 °C in a saturated humidified atmosphere with
5% CO2.
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Cell viability assay

Cell viability assays were carried out using the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide] assay [34]. HeLa cells were seeded in triplicate
at a density of 1x10* cells/well in a 96-well plate with
200 pL/well of standard culture media and incubated
until they reached 85% confluence. The cells were then
treated with either 0.1% DMSO (control) or various con-
centrations of TTI-101 (0-50 uM) and incubated for 24
or 48 h at 37 °C. After that, 20 pL/well MTT (5 g/L) solu-
tion was added to each well followed by incubation for
3 h at 37 °C. The medium was then replaced with 100 pL
of DMSO to dissolve the formed formazan crystal in
each well. Finally, the absorbance of each well was meas-
ured using ELISA plate reader at 570 and 630 nm (Bio-
Rad, USA), and IC50 values were calculated by Prism 8
(GraphPad Software).

Wound healing assay

The wound healing assay was performed to ascertain the
migrate ability of cancer cells according to previously
reported method [35]. HeLa cells were plated in a 12-well
culture dish and grown until confluence. The cells were
then scratched using a 200 pL sterile pipet tip, washed
twice with aseptic PBS to remove debris and non-adher-
ent cells. The cells were treated with TTI-101 (20 and
40 pM) in treatment group and DMSO in control group.
The cells were allowed to migrate into the scratched area
and observed under the microscope and photographed
at different times (0 and 24 h). The percentage of wound
healing was calculated using the formula: (% wound heal-
ing) = average of [(gap area: 0 h) —(gap area: 24 h)]/(gap
area: 0 h) x 100.

Colony formation assay

HeLa cells were seeded in 6-well plates (2000 cells/well)
and treated with DMSO or TTI-101 for 24 h, and then
cultured with drug-free culture medium for 7 days. After
a week, the cells were washed and fixed with paraformal-
dehyde for 15 min. After stained with 0.1% crystal violet
for 10 min, the cells were rinsed, dried, and images cap-
tured under a phase-contrast microscope to quantify the
number of colonies in each well. Data are presented as a
percentage of colonies + SD relative to untreated controls.

Flow cytometry analysis of cell cycle and apoptosis

The HeLa cells were cultured in completed RPMI
medium in a T25 culture flask. After reaching 85% con-
fluence, the culture medium was changed to DMSO or
IC50 dose of TTI-101 (18.7 uM) for an additional 48 h.
After the treatment, the cells were harvested, centri-
fuged at 1000xg for 5 min at room temperature, and
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then washed twice with ice-cold PBS. These cells were
used for cell cycle and apoptosis analysis. To investigate
how cell cycle distribution is influenced by TTI-101, cells
were fixed with 70% alcohol at 4 “C for overnight, then
re-suspended in PI and 1% RNAase A solution for 30 min
at 37 CC in the dark and analyzed using flow cytometry
(BD Biosciences, San Jose, CA, USA). Flowjo software
(v7.6.1, USA) was used to analyze the percentage of cells
in each cell cycle phases.

Apoptotic cell death was detected using Annexin-
V and propidium iodide (PI) staining, using the FITC
Annexin V apoptosis detection kit (BD Biosciences, San
Jose, CA, USA), according to the manufacturer’s instruc-
tions. Briefly, the cell pellet was re-suspended in a bind-
ing buffer solution and incubated with Annexin-V FITC
and PI solutions for 15 min. Then quantification of apop-
tosis of cells was analyzed using flow cytometry, and the
acquisition data were interpreted using Flowjo software
(v7.6.1, USA).

Gene expression by quantitative real-time-PCR

HeLa cells were seeded at 1x10° cells and grown for
24 h, then were treated with lethal concentrations of
TTI-101 for 48 h. The gene expression levels of BAX, Bcl-
2, Caspase 3 (CAS-3), CDK1, Cyclin B1, and c-Myc were
determined in TTI-101-treated and untreated HeLa cells.
After that, total RNA was extracted from cells using TRI-
zol (Invitrogen, Life Technologies). The concentrations
of the RNA samples were measured using the nanodrop
instrument. Then, the reverse transcription polymerase
chain reaction (RT-PCR) experiment was set up with
target genes, and the primer pairs listed in Table 1. The
relative expression level of genes was calculated using the
27A8Ct method with GAPDH as an internal control [36].

Protein expression analysis

Western blot analysis was performed according to previ-
ously reported methods [37]. HeLa cells from the con-
trol and TTI-101 treated groups were rinsed in cold
PBS. Total protein was extracted using the RIPA buffer
(Beyotime, Shanghai, China) and its concentration deter-
mined using the bicinchoninic acid (BCA) assay. Cell
lysate was resolved by SDS-PAGE and transferred to the
PVDF membranes. The blots were probed with antibod-
ies against Bcl-2, Bax, GAPDH (Santa Cruz Biotechnol-
ogy, CA, USA), STAT3, p-STAT3 (Y705), survivin (Cell
Signaling Technology), c-Myc and Cyclin Bl (Thermo
Scientific, MA USA) followed by incubation in the cor-
responding horseradish peroxidase (HRP)-conjugated
secondary antibody. Finally, protein bands were detected
using chemiluminescence (ECL) kit and the relative pro-
tein expression was quantified using the software ImageJ.
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Table 1 Primers for RT-gPCR analysis
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Gene Forward primer Reverse primer

Bax 5’-GCGTCCACCAAGAAGCTGAG- 3’ 5"-ACCACCCTGGTCTTGGATCC- 3

Bcl2 5"-ATCGCCCTGTGGATGACTGAGT- 3’ 5"-GCCAGGAGAAATCAAACAGAGGC- 3’
Caspase-3 5'-ACATGGAAGCGAATCAATGGACTC- 37 5" -AAGGACTCAAATTCTGTTGCCACC- 37
c-Myc 5"-CACAGCAAACCTCCTCACAG-3’ 5" -GGTGCATTTTCGGTTGTTGC- 3
CDK1 5’-GGGTCAGCTCGCTACTCAAC- 3" 5" -AAGTTTTTGACGTGGGATGC- 3
Cyclin B1 5"-GAAACATGAGAGCCATCCT- 3 5"- TTCTGCATGAACCGATCAAT- 3
GAPDH 5’-GTCTCCTCTGACTTCAACAGCG- 37 5’-ACCACCCTGTTGCTGTAGCCAA- 3’

Mouse xenograft models

The animal experiment was approved by the Animal
Experiment Ethics Committee of Shandong Provincial
Third Hospital (AWE-2019-047). Female athymic nude
mice, aged 4-5 weeks (weighing, 20-25 g), were pur-
chased from Vital River Laboratory. HeLa cells (5x 10°
cells) in 200 uL. PBS were injected subcutaneously into
the right flank region of nude mice. When the tumor vol-
ume reached about 100 mm?, the animals were divided
into two groups (n=6), randomly. Mice in the treat-
ment group received TTI-101 (100 mg/kg, three times a
week) for a duration of 3 weeks, while the control group
received vehicle injections.

To assess the impact of STAT3 knockout on cervi-
cal cancer, the Human STAT3 knockout HeLa cell line
(ab255436) was cultured in DMEM (High Glucose) sup-
plemented with 10% FBS and 1% antibiotic medium and
maintained at 37 °C in a humidified atmosphere with 5%
CO2. Similar to the aforementioned procedure, STAT3
KO HeLa cells (5x 10° cells) were injected into the nude
mice (n=6), and tumor growth was assessed in com-
pared to the control group. Tumor volume was measured
in all groups every 3 days using calipers and calculated
using the formula: 0.5 (lengthxwidthz) [38]. All mice
were mercy sacrificed at the end of the research by cervi-
cal dislocation and tumors were harvested from them.

Statistical analysis

Student’s unpaired t-test and One-way analysis of vari-
ance (ANOVA) followed by Tukey’s posttest were used
to analyze statistical significance between groups. A
P-value<0.05 was considered statistically significant.
*P<0.05 **P<0.01 and ***P<0.001 vs. the control
group. Data are expressed as the means + SD. GraphPad
Prism (version 8.0; GraphPad Soft-ware) was used for all
calculations.

Results

TTI-101 interaction with STAT3

Molecular docking was performed to investigate the
binding mode of the TTI-101 ligand within the SH2

domain of STAT3. The best pose of TTI-101 achieved a
binding energy of — 8.5 kcal/mol. Figure 1 shows the 2D
interaction diagram with important contacts highlighted.

As shown in Table 2, TTI-101 formed two conventional
hydrogen bonds with distances of 2.57 A and 2.07 A to
the GIn63 and Ile634 residues, respectively. Addition-
ally, TTI-101 engaged in pi-alkyl hydrophobic inter-
actions with Lys591 at distances of 4.90 A and 3.93 A.
Key interactions stabilizing the pose included the two
hydrogen bonds and hydrophobic contacts with Lys591.
These results provide insights into TTI-101’s inhibi-
tory mechanism against STAT3 through specific residue
interactions. The computed binding mode, supported by
interaction details from the table, offers a structural basis
to guide development of analogous STAT3 inhibitors tar-
geting this binding site.

Molecular dynamics analysis

MD simulation of the STAT3-TTI-101 complex revealed
its stability and conformational changes. The RMSD
analysis showed that the protein complex maintained a
relatively low RMSD between 0.2 and 0.33 A, indicating
preservation of its structure and fold throughout the sim-
ulation (Fig. 2A). A slight initial increase in RMSD during
the first 50 ns was followed by stabilization. The root-
mean-square fluctuation (RMSF) analysis indicated over-
all limited flexibility, with most residues exhibiting RMSF
values below 0.3 A. However, residues 152—165 displayed
higher fluctuations up to 0.5 A, suggesting localized
dynamics within the protein structure (Fig. 2B). No sig-
nificant domain movements or subunit separation were
observed, confirming the structural integrity of the pro-
tein complex during the simulation. The trajectories cap-
tured appropriate internal dynamics without disrupting
the overall fold, validating the simulation’s reliability for
studying ligand binding mechanisms and conformational
rearrangements. Analysis of protein-ligand interactions
revealed intermittent hydrogen bonding throughout the
simulation. Hydrogen bonds formed and broke quickly,
with an average presence of 30-40% within each 10-s
interval. Further analysis of longer time frames is needed
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Fig. 1 2D interaction diagram highlighting key interactions between TTI-101 and STAT3 residues

Table 2 Key interactions between TTI-101 and STAT3 residues
Interactions Distance Category Type
AGLN633—TTI-101 257 Hydrogen bond Conventional hydrogen bond
TTI-101—ILE634 207 Hydrogen bond Conventional hydrogen bond
TTI-101—LYS591 4.90 Hydrophobic Pi-Alky!
TTI-101—LYS591 393 Hydrophobic Pi-Alkyl

to explore the stability and lifetimes of these non-cova-
lent bonds (Fig. 2C).

TTI-101 decreases viability and clonogenic ability

of cervical cancer cells

To test whether TTI-101 affects cell viability, we meas-
ured the proliferation of cervical cancer cells after
24 and 48 h treatments with TTI-101 by performing
MTT assays. As shown in Fig. 3A, TTI-101 caused a
dose- and time dependent reduction in cell viability of
HeLa cells, which became significant at doses higher
than 10 pM. After 24 h of treatment, the IC50 value of

TTI-101 was 32.4 pM and further decreased to 18.7 uyM
after 48 h.

The percentage of colonies produced in clonogenic
assays was measured to determine the effect of TTI-101
on the survival ability of cervical cancer cells. As illus-
trated in Fig. 3B. TTI-101 remarkably reduced the colony
formation capacity in HeLa cervical cancer cell line to
44% compared to untreated control group.

TTI-101 suppresses cervical cancer cell migration
We then conducted wound healing assays to determine
whether TTI-101 could inhibit cervical cancer cells
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the intermittent nature of protein-ligand interactions over time

migration. Our results showed that TTI-101 markedly
inhibited the migratory ability of HeLa cells in a man-
ner relying on concentration. The mean percentage of
wound healing in the control group was 82% +3.4% that
decreased to 25% +5.7% and 16% + 1.8% at concentrations
of 20 uM and 40 uM TTI-101, respectively (Fig. 3C).

TTI-101 induces apoptosis process and triggers G2/M cell
cycle arrest

We then performed apoptosis analysis to better under-
stand the mechanism involved in the antiproliferative
activity of TTI-101. The apoptosis rate in the control
group was 3.4+0.06%. When the HeLa cells underwent
treatment with TTI-101, the apoptosis rate consider-
ably rose to 30.3 +£0.14% (Fig. 4A). Meanwhile, the results
of flow cytometry showed a significant increase in the
number of cells in the G2/M phase and a decrease in the
number of cells in the GO/G1 phase following TTI-101
treatment, while no significant difference was observed
regarding the cell cycle distribution of HeLa cells in the
S phases. As shown in Fig. 4B, the number of HeLa cells

accumulated in the G2/M phase dramatically increased
from 5.1+0.16% in the control group to 12.5+0.18%
in the TTI-101-treated group and reduced from
42.7 £0.06% to 38.5+0.1% in the GO/G1 phase 48 h after
treatment. These results showed that the growth inhibi-
tion of HeLa cells was mediated by G2/M cell cycle arrest
by TTI-101 and consequently STAT3 inhibition. To fur-
ther validate this observation, we probed for key proteins
and genes responsible for G2/M arrest and checked the
expressions of Bax, bcl-2, c-Myc, Cyclin B1, and CDK1
genes.

TTI-101 changes the expression of apoptosis-related
markers to induce apoptosis in HelLa cells

To understand the cytotoxicity mechanism of the TTI-
101, we further checked the expression of the anti-apop-
totic gene (Bcl-2) and Caspase-3, and one proapoptotic
gene (Bax) after TTI-101 treatment by RT-PCR. We
observed the efficient overexpression of the Bax
(1.6 £0.09) and dysregulation of Bcl-2 (0.7+0.1). Moreo-
ver, after treatment of HeLa cells with the IC50 value of
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and then subjected to an MTT assay. TTI-101impaired cell viability in a dose-and time-dependent manner compared with the control (untreated
group). B The effect of TTI-101 on colony formation of Hela cells. TTI-101 inhibited colony formation of these cells, significantly. C The effect

of TTI-101 on migration of Hel a cells. Representative images from the wound healing assay of Hela cells treated with TTI-101 at 0, 20, and 40 uM
concentrations. D Data values are presented as a percentage of migration variation between starting (0 h) and ending (24 h) time points. Wound
healing assay showing significant inhibition of cell migration after 24 h of exposure to TTI-101. All experiments were performed in triplicate

and every independent experiment was performed three times. Data are represented as mean+SD (n=3),* P<0.05;* * P<0.01;* ** P<0.001

TTI-101, the mRNA expression level of Caspase-3 sig-
nificantly increased, while the expression level of c-Myc
markedly decreased. The obtained expressions were nor-
malized to the reference gene GAPDH, and Log2 values
were taken to determine the fold changes in expression
(Fig. 4C).

Effect of TTI-101 on STAT3 target genes expression

and STAT3 phosphorylation

To investigate the molecular mechanism of anti-pro-
liferation and cell cycle arrest of TTI-101 in HeLa cells,
the effect of TTI-101 on the STAT3 target gene expres-
sion was analyzed. As shown in Fig. 4C, the expression
of cyclin B1 and c¢-Myc genes were obviously decreased
in response to TTI-101 compared with the control group.
Consistent with the above results, western blotting
results demonstrated that following TTI-101 treatment,

the protein levels of survivin, cyclin B1, c-Myc, and Bcl-2
in HeLa cells were obviously decreased, whereas the
expression level of Bax was increased (Fig. 5A, B). More-
over, the expression level of STAT3 and p-STAT3 was
significantly downregulated in TTI-101-treatead cells
(Fig. 5C, D).

We found that TTI-101 inhibited expression of the
oncogene c-Myc through STAT3 in HeLa cells. These
data indicated that TTI-101 suppresses cell proliferation
and promotes cell cycle arrest in HeLa cells via inhibit-
ing the STAT3 pathway and reducing the expression of its
downstream target genes.

TTI-101 significantly inhibited tumor growth in vivo

Next, to test whether TTI-101 had an impact on cervi-
cal tumors in vivo, subcutaneous tumor growth xeno-
graft models using HeLa was established. After 3 weeks
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of treatment, tumor volume in the vehicle control group
and TTI-101 treated group were determined (Fig. 5E).
According to Fig. 5F TTI-101 significantly reduced
tumor growth, while no significant difference in the
mice’s body weight was observed (Fig. 5G).

To further investigate the role of STAT3 in cervical can-
cer, STAT3 knockout HeLa cells were injected into nude
mice to study the impact of STAT3 deficiency on tumor
growth compared to TTI-101 treatment. As expected,
the tumor growth in the STAT3 knockout group was sig-
nificantly decreased compared to the control group, and
it was even lower than that in the TTI-101 treated group
(Fig. 5E). Specifically, the tumor volume in the STAT3
knockout group measured 233+58.6 mm3, compared
to 406.6+70.3 mm3 in the TTI-101 treated group and
680.4+ 106 mm3 in the vehicle control group (Fig. 5F).
This finding suggests that the genetically inhibition of
STATS3 have a greater impact on reducing cervical tumor
growth than treatment with TTI-101.

Discussion

STAT3, a transcription factor with important roles in
oncogenesis and cancer progression, is activated, phos-
phorylated, dimerized, and subsequently translocated
into the nucleus in response to cytokines, growth fac-
tors, and other extracellular signals [39, 40]. Upon bind-
ing to sequence-specific DNA elements known as STAT3

response elements (SREs), p-STAT3 acts as a transcrip-
tion factor, modulating the expression of numerous
downstream target genes crucial for tumor growth and
progression, such as cyclin B1, c-Myc, Bcl-xl, and Bcl-2
[6, 41, 42]. The significant involvement of STAT3 in can-
cer progression and tumorigenesis makes it a compelling
molecular target for cancer therapy. A plethora of stud-
ies has shown demonstrated abnormal upregulation of
STAT3 in various tumors, including cervical cancer [10,
43]. Until now, numerous small-molecule inhibitors have
been developed to specifically target the SH2 domain
of STAT3, crucial for STAT3 dimerization, resulting in
reduced tumor cell viability, proliferation, and induction
of apoptosis [44—47].

TTI-101 (c188-9) was discovered as a specific inhibi-
tor targeting the phosphotyrosine peptide-binding site
within the STAT3 SH2 domain with high affinity. Recent
studies have increasingly focused on the potential of
TTI-101 as an anti-tumor agent [48]. Experimental stud-
ies have revealed that TTI-101 enhances the therapeutic
effectiveness of 5-Aza-2’-deoxycytidine (DAC) against
pancreatic cancer through its regulation of demethyla-
tion [49]. Additionally, TTI-101 treatment demonstrated
inhibition of hepatocellular carcinoma growth and pro-
tection of liver function in mice with hepatocyte-spe-
cific Pten deficiency [50]. Currently, several phase I/
II clinical trial (e.g., NCT05440708, NCT05671835 and
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NCT05384119) have been launched to assess the safety
and efficacy of TTI-101 in cancer patients. In a phase I
clinical study (NCT03195699), TTI-101 demonstrated
good tolerability in patients with solid tumors, with no
severe side effects observed. Encouragingly, this treat-
ment elicited an antitumor response, with 13% of patients
showing partial responses and 41% experiencing stable
disease. Particularly positive outcomes were noted in
hepatocellular carcinoma (HCC), where 20% of patients
achieved a partial response. Building on these promising
results, Phase 2 studies are currently underway to further
investigate the efficacy of TTI-101 in patients with HCC
and metastatic breast cancer [51]. Subsequently, we con-
ducted a comprehensive investigation into the anticancer
effects of TTI-101 on cervical cancer through a multi-
faceted approach encompassing in vitro and in vivo
experiments, alongside molecular docking analysis.
Initially, utilizing molecular docking techniques, we
elucidated a plausible binding mode of TTI-101 within
the STAT3 SH2 domain, involving key interactions such
as hydrogen bonds and pi-alkyl contacts. Molecular
dynamics simulations validated the structural integrity
of the STAT3-TTI-101 complex, exhibiting appropriate

internal dynamics. Analysis of protein-ligand interac-
tions provided insights into the intermittent nature of
hydrogen bonding interactions between TTI-101 and
STATS3 residues.

Subsequent in vitro experiments confirmed the inhibi-
tory effects of TTI-101 on the viability, proliferation, and
clonogenic ability of cervical cancer cells. MTT assay
results revealed a dose- and time-dependent reduction in
cell viability of HeLa cells following treatment with TTI-
101. The IC50 value of TTI-101 decreased from 32.4 uM
after 24 h of treatment to 18.7 uM after 48 h. Moreover,
clonogenic assays demonstrated a notable decrease in the
colony formation capacity of TTI-101-treated HeLa cells
compared to the untreated control group.

In vivo studies have highlighted that STAT3 knock-
down diminishes tumor growth and metastatic poten-
tial, underscoring the essential role of STAT3 activation
in cancer progression and metastasis [52, 53]. Cervical
cancer, known for its invasive and metastatic proper-
ties, poses challenges, making it imperative to explore
compounds that suppress migration. Thus, we evaluated
the effect of TTI-101 on cervical cancer cell migration
through wound healing assays.
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Our results revealed that TTI-101, along with its anti-
proliferative properties, exhibited substantial anti-migra-
tory activity in HeLa cells in a concentration-dependent
fashion. The percentage of wound healing significantly
decreased at TTI-101 concentrations of 20 pM and
40 pM, illustrating its efficacy in curtailing migration
compared to the control group.

To gain insights into the mechanisms underlying the
antiproliferative activity of TTI-101, we performed
apoptosis analysis and cell cycle distribution assays. Our
results indicated that TTI-101 treatment significantly
increased the apoptosis rate in HeLa cells compared to
the control group.

In line with these findings, there was a noteworthy
decrease in Bcl-2 expression at both the gene and protein
levels, accompanied by an increase in Bax and Caspase-3
levels. These genes are pivotal in apoptosis, with Bax and
Caspase-3 promoting cell death, while Bcl-2 acts as an
inhibitor of apoptosis [54, 55].

In the present project, we verified that the cell cycle
in TTI-101-treated HeLa cells was arrested at the G2/M
phase (Fig. 4B). Proper cell cycle regulation is pivotal in
preventing uncontrolled cell growth and proliferation
[56]. The cell cycle checkpoint serves as a crucial regula-
tory point in controlling the progression of the cell cycle.
It acts as a gatekeeper, allowing the cell to proceed to the
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next phase of the cycle only after successfully passing the
checkpoint examination. Disrupted control of the cell
cycle is a significant factor in the development of tumors.
One significant regulatory factor in governing the check-
point process is the CDK1/cyclin B complex [57]. At the
end of the S phase, the activated CDK1/cyclin B complex
triggers entry into mitosis [58]. Our findings indicate
that following TTI-101 treatment, the expression levels
of STAT3 and its target genes, including survivin, CDK1,
cyclin B1, and c-Myc were notably reduced in HeLa cells.

Survivin is typically undetectable in most adult tissues,
but its expression is significantly upregulated in a wide
range of cancers [59]. It is cell cycle-regulated, with peak
expression during the G2/M phase and lower levels dur-
ing the G1 phase [60]. c-Myc is another STAT3 down-
stream gene that plays a crucial role in regulating CDK1/
cyclin Bl-dependent G2/M cell cycle progression [61,
62].

We speculated that inducing cell cycle arrest by tar-
geting cell checkpoints and the STAT3 pathway may be
another mechanism through which TTI-101 combats
cervical cancer cells.

Finally, to validate the relevance of our findings in a
physiologically relevant setting, we conducted in vivo
experiments using a well-established subcutaneous cer-
vical cancer xenograft models. It is worth noting that
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the concentrations of TTI-101 utilized in this study
were selected based on prior research [24, 49, 63]. For
instance, Kong et al. reported that TTI-101 (100 mg/
kg) can augment the anti-metastasis effect of DAC in
mouse pancreatic cancer models by inhibiting EMT [49].
In addition, Bharadwaj et al. showed that there were no
observed clinical, anatomical, histological, or labora-
tory abnormalities in rats when they administered daily
doses of up to 200 mg/kg/day for a duration of 28 days
[24]. Thus, in present study, TTI-101 was tested on cer-
vical cancer model in 100 mg/kg concentration. Consist-
ent with previous studies, our results demonstrated that
TTI-101 noticeably hindered tumor growth compared to
the vehicle control group, indicating its potent antitumor
efficacy. Notably, the treatment with TTI-101 did not
result in significant changes in body weight, showing its
potential as a well-tolerated therapeutic option for cervi-
cal cancer.

We also found that STAT3 knockout significantly inhib-
ited the tumor growth in xenograph animal model. These
observations highlight the potential efficacy of targeting
STAT3 as a therapeutic strategy for cervical tumors, war-
ranting further investigation into the underlying mecha-
nisms of STAT3 inhibition in tumor suppression.

The docking results, corroborating the direct binding
of TTI-101 to STATS3, align with our experimental find-
ings, highlighting the anticancer effects of TTI-101 in
cervical cancer through STAT3/c-Myc signaling inhibi-
tion (Fig. 6). The results emphasized that TTI-101 has
the ability to modulate multiple intracellular pathways
involved in cellular proliferation, apoptosis, and migra-
tion. This underscores TTI-101 as a promising therapeu-
tic candidate and emphasizes the significance of targeting
STATS3 in cervical cancer treatment.

The lack of direct comparison data between cancer and
normal cells is a limitation of the current study. Ideally,
future studies should include the evaluation of TTI-101’s
effects on normal cervical epithelial cells to further dem-
onstrate the therapeutic window and selectivity of this
compound. However, we can discuss the potential selec-
tivity of TTI-101 based on the in vivo xenograft experi-
ments performed. In these studies, we did not observe
any significant adverse effects on the body weight of the
mice treated with TTI-101. This suggests that the com-
pound may have a preferential cytotoxic effect on the
tumor cells without causing major systemic toxicity.

Conclusion

In summary, this study has confirmed the critical role
of STAT3 in the progression of cervical cancer and
highlighted the capacity of TTI-101 in the treatment
of the disease. It was found that TTI-101 exerts anti-
cancer functions by specifically targeting STAT3. The
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combination of in vitro and in vivo experiments, along
with the molecular docking analysis, suggests the poten-
tial of TTI-101 as a promising therapeutic agent for cervi-
cal cancer treatment. Our results show that the inhibition
of STAT3 by TTI-101 leads to the downregulation of
c-Myc expression. The reduced c-Myc levels then impact
the expression of cell cycle regulatory proteins, such as
CDK1 and Cyclin B1, thereby inducing G2/M cell cycle
arrest. Additionally, the suppression of the STAT3/c-Myc
axis leads to the dysregulation of apoptosis-related pro-
teins, including the upregulation of the pro-apoptotic Bax
and the downregulation of the anti-apoptotic Bcl-2, ulti-
mately promoting apoptosis in the cervical cancer cells.
These findings pave the way for future investigations to
evaluate the clinical potential of TTI-101 or explore its
synergistic effects in combination with other anticancer
agents for the treatment of cervical cancer.
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