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Abstract

Sesquiterpene lactones, a class of natural compounds abundant in the Asteraceae family, have gained attention owing to their
diverse biological activities, and particularly their anti-proliferative effects on human cancer cells. In this study, we systematically
investigated the structure-activity relationship of ten sesquiterpene lactones with the aim of elucidating the structural determinants
for the STAT3 inhibition governing their anti-proliferative effects. Our findings revealed a significant correlation between the STAT3
inhibitory activity and the anti-proliferative effects of sesquiterpene lactones in MDA-MB-231 breast cancer cell lines. Among the
compounds tested, alantolactone and isoalantolactone emerged as the most potent STAT3 inhibitors, highlighting their potential
as candidates for anticancer drug development. Through protein-ligand docking studies, we revealed the structural basis of STAT3
inhibition by sesquiterpene lactones, emphasizing the critical role of hydrogen-bonding interactions with key residues, including
Arg609, Ser611, Glu612, and Ser613, in the SH2 domain of STAT3. Furthermore, our conformational analysis revealed the deci-
sive role of the torsion angle within the geometry-optimized structures of sesquiterpene lactones in their STAT3 inhibitory activity
(R=0.80, p<0.01). These findings not only provide preclinical evidence for sesquiterpene lactones as promising phytomedicines
against diseases associated with abnormal STAT3 activation, but also highlight the importance of stereochemical aspects in their
activity.
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INTRODUCTION fects in MDA-MB-231 human breast cancer cells (Chun et al.,
2015, 2018). Additionally, a range of sesquiterpene lactones,
Sesquiterpene lactones, plant secondary metabolites be- including alantolactone, costunolide, and parthenolide, have
longing to the terpenoid class, are distinctive constituents of demonstrated STAT3 inhibitory activity across diverse con-
the Asteraceae family (Hristozov et al., 2007; Shulha and Zi- texts such as osteosarcoma, pancreatic cancer, cancer ca-
dorn, 2019; Dhyani et al., 2022). These compounds exhibit chexia, and neuroinflammation (Zheng et al., 2019; Jin et al.,
a remarkable spectrum of biological activities, including anti- 2020; Ding et al., 2022; Shen et al., 2022), reinforcing the po-
proliferative, anti-inflammatory, and anti-microbial effects (Ma- tential of these natural compounds in targeting STAT3 (Youn
tos et al., 2021; Dhyani et al., 2022). In our previous studies, et al., 2014; Formisano et al., 2017; Li et al., 2020; Dhyani et
we reported on the potent anticancer activity of Inula helenium al., 2022). Despite these advances, the structure-activity rela-
root extract and alantolactone isolated from the extract (Chun tionship of sesquiterpene lactones in STAT3 inhibition, which
et al.,, 2015, 2018). Alantolactone has been shown to effec- is crucial for developing natural product-based STAT3-inhibi-
tively suppress signal transducer and activator of transcription tory pharmacophores, still needs to be defined.
3 (STATS3) activation, exhibiting significant anti-proliferative ef- STAT3, characterized by its Src homology 2 (SH2) domain,
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is a transcription factor that plays a pivotal role in the regula-
tion of cell survival, differentiation, and apoptosis (Garg et al.,
2020; Zou et al., 2020). However, aberrant and constitutive
activation of STAT3 is a defining feature in the pathogenesis of
numerous human cancers, particularly in malignancies such
as breast cancer (occurring in over 40% of cases) and cervical
cancer (Shukla et al., 2010; Banerjee and Resat, 2016). Con-
sequently, targeting STAT3 activity has gained attention as a
promising and practical approach in breast cancer therapy.
The constitutive activation of STAT3 triggers a series of events
that result in the uncontrolled expression of oncogenes, fuel-
ing the relentless progression of the disease (Banerjee and
Resat, 2016). In the context of breast cancers, triple-negative
breast cancer (TNBC) is particularly challenging to treat due
to its lack of hormone receptors and HER2 expression, which
precludes the use of receptor-targeted therapies. This has led
to the exploring STAT3 as an alternative therapeutic target,
given its significant role in TNBC (Yu et al., 2009; Qin et al.,
2019; Bi et al., 2023). TNBC cell lines are known to exhibit
more pronounced constitutive activation of STAT3 compared
to luminal-type breast cancer cell lines, underscoring the po-
tential therapeutic advantage of targeting STAT3 in TNBC (Ko
et al., 2019; Xie et al., 2019; Kim et al., 2023b). To leverage
this insight, we assessed the anti-proliferative effects of ses-
quiterpene lactones on both TNBC and luminal-type breast
cancer cell lines. The MDA-MB-231 cell line, a representative
TNBC cell line, was chosen to investigate STAT3 inhibitory
activity and the structure-activity relationship of sesquiterpene
lactones.

The activation of STAT3 in both normal and tumor cells
depends heavily on the phosphorylation of tyrosine residues,
and specially Tyr705 (Resetca et al., 2014; ToSi¢ and Frank,
2021; Hua et al., 2022). STAT3, which is recruited from the cy-
tosol, can bind phosphotyrosine residues on activated cell sur-
face receptors through its SH2 domain with nanomolar affinity
(Belo et al., 2019). Subsequently, STAT3 is phosphorylated
on its own tyrosine residues either directly by the receptor or
by receptor-associated Janus kinases (Resetca et al., 2014;
Hu et al., 2021; Tolomeo and Cascio, 2021). This phosphory-
lation leads to homodimerization or heterodimerization with
other STAT family members, which is mediated by reciprocal
interactions between the SH2 domain and the phosphorylat-
ed tyrosine (Zhang et al., 2013). STAT3 dimers then rapidly
translocate from the cytosol to the nucleus, where they bind
to specific promoter sequences in target genes and modulate
the transcription of genes — such as cyclins, c-Myc, survivin,
Bcl-2, and Mcl-1, all of which are involved in cell growth and
apoptosis (Tolomeo and Cascio, 2021). Thus, inhibiting the
SH2 domain-mediated STAT3 activation and dimerization rep-
resents a robust strategy for counteracting its biological activ-
ity (Zhang et al., 2013; Resetca et al., 2014; To$i¢ and Frank,
2021; Hua et al., 2022).

This study profiled the anti-proliferative and STAT3 inhibi-
tory effects of ten sesquiterpene lactones in human breast
cancer cell lines. Additionally, we performed molecular mod-
eling studies to elucidate the structure-activity relationship of
these sesquiterpene lactones, particularly about their capacity
to inhibit STAT3 activation.

https://doi.org/10.4062/biomolther.2023.210

MATERIALS AND METHODS

Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM), penicillin,
streptomycin, fetal bovine serum (FBS), and bovine serum
albumin (BSA) were obtained from GenDepot (Barker, TX,
USA). Dulbecco’s phosphate buffered saline (DPBS), and a
protease inhibitor cocktail were purchased from Sigma Aldrich
(St. Louis, MO, USA). The primary antibodies for p-STAT3
(Tyr705) and STAT3 were from Abcam (Cambridge, MA, USA).
The primary antibody for p-actin and all secondary antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Preparation of sesquiterpene lactones

Alantolactone, isoalantolactone, costunolide, dehydrocos-
tus lactone, parthenolide, atractylenolide |, atractylenolide
I, atractylenolide IIl, and sclareolide, were purchased from
Tauto Biotech (Shanghai, China). Tulipalin A (a-methylene-y-
butyrolactone) was purchased from Santa Cruz Biotechnol-

ogy.

Cell culture

MCF-7 and MDA-MB-231 human breast cancer cell lines
were obtained from the Korean Cell Line Bank (Seoul, Ko-
rea). BT-549 human breast cancer cell line was obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
USA). These cells were maintained in high-glucose DMEM,
supplemented with 10% FBS, penicillin 100 U/mL, and strep-
tomycin 100 pg/mL at 37°C in a humidified atmosphere con-
taining 5% CO..

Cell viability assay

Cell viability was evaluated using Cell Counting Kit-8
(CCK-8, Dojindo, Kumamoto, Japan) following the manu-
facturer’s instructions. Breast cancer cells were plated at a
density of 2x10* cells/well at 96-well plates and exposed to
sesquiterpene lactones for 48 and 72 h. Then, 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tet-
razolium solution was added to each well, followed by a 1-h
incubation. The absorbance was measured at a wavelength of
450 nm using a microplate reader (Molecular Devices, Sunny-
vale, CA, USA). The 50% inhibition concentration (ICs) values
were calculated using the four-parameter logistic regression.

Preparation of whole cell and nuclear extracts

Whole cell extracts were prepared using a lysis buffer (20
mM HEPES, pH 7.6, 350 mM NaCl, 20% glycerol, 0.5 mM
EDTA, 0.1 mM EGTA, 1% NP-40, 50 mM NaF, 0.1 mM DTT,
0.1 mM PMSF, protease inhibitor cocktail, and PhosSTOP
phosphatase inhibitor cocktail) for 30 min on ice. The lysates
were centrifuged at 15,000 rpm for 10 min at 4°C. Nuclear
extracts were prepared using a lysis buffer (10 mM HEPES,
pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1mM DTT,
1mM PMSF, and protease inhibitor cocktail) for 15 min on ice.
Then, 10% NP-40 was added and the mixtures were centri-
fuged at 15,000 rpm for 5 min at 4°C. The nuclear pellets were
resuspended in nuclear extraction buffer (20 mM HEPES, pH
7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1
mM PMSF, and protease inhibitor cocktail) and centrifuged at
15,000 rpm for 10 min at 4°C. The concentration of proteins
was determined by the Bradford reagent (Bio-Rad, Hercules,
CA, USA).



Anetal. Structural Basis for STAT3 Inhibitory Sesquiterpene Lactones

Eudesmane skeleton

Germacrane skeleton Guaianeskeleton

Alantolactone Isoalantolactone

H

Dehydrocostus lactone

Atractylenolide |

Atractylenolide Il

Atractylenolide Il

Sclareolide Tulipalin A

Fig. 1. Chemical structure of sesquiterpene lactones.

Western blotting

MDA-MB-231 cells were seeded into 6-well plates at a
density of 4x10° cells/well. The cells were treated with ses-
quiterpene lactones for 4 h. Equal amounts of protein were
separated on SDS-PAGE and transferred to nitrocellulose
membranes. The membrane was blocked with 5% BSA, in-
cubated with primary antibodies overnight, and incubated with
secondary antibodies conjugated with HRP for 2 h. The im-
munoreactive bands were developed using a chemilumines-
cence kit (Intron Biotechnology, Seoul, Korea) and visualized
using a LAS-1000 image analyzer (Fujifilm, Tokyo, Japan).
Quantification of the western blot analysis was performed
using Imaged software (https://imagej.net/ij/) and the relative
protein levels were normalized with those of vehicle control
(Rueden et al., 2017).

Protein-ligand docking study

The three-dimensional (3D) coordinates of sesquiter-
pene lactones were generated and various conformers were
searched using ‘--gen3d’ and ‘--conformer’ options of Open
Babel v2.3.90 (https://openbabel.org/). We manually veri-
fied the absolute configurations, and geometry-optimized
structures were obtained by conducting molecular mechan-
ics simulation in Avogadro software v1.2.0 (https://avogadro.
cc/) (Hanwell et al., 2012). To compare the 3D conformations,
the 3D structures of sesquiterpene lactones were overlaid us-
ing ‘--align’ option in Open Babel with the specified SMARTS
pattern of y-lactone. In molecular docking analysis, we uti-
lized the X-ray crystal structure of pTyr705 STAT3 after ex-
tracting a monomer (PDB ID: 6QHD; Belo et al., 2019). Any
missing residues were filled using the SWISS-MODEL server
(Waterhouse et al., 2018). The docking site was defined as
30x30x30 A3 grid box near the pTyr705 in the original crystal
structure. We employed AutoDock Vina 1.1.2 software (https://
vina.scripps.edu/) for the protein-ligand docking study as pre-
viously described (Trott and Olson, 2010; Kim et al., 2023a),
and the top ten most energy-minimized binding modes were
analyzed. For the analysis of protein-ligand interactions, the
‘show_contacts’ plugin was utilized in PyMOL (Schrodinger,
Inc., New York, NY, USA).

Drimane skeleton

Statistical analysis

All of the data are presented as the means + standard de-
viations (SD) from at least three independent experiments.
An analysis of variance (ANOVA) with the Dunnett's t-test
was used for the statistical analysis of multiple comparisons.
Pearson’s correlation coefficient (R) was determined for the
correlation analysis. A value of p<0.05 was considered to be
statistically significant.

RESULTS

Anti-proliferative effects of sesquiterpene lactones in
breast cancer cell lines

To investigate the structure-activity relationships of vari-
ous sesquiterpene lactones in STAT3 activation, we selected
ten representative sesquiterpene lactones characterized by
their eudesmane (including alantolactone, isoalantolactone,
atractylenolide |, atractylenolide Il, and atractylenolide III),
germacrane (parthenolide and costunolide), guaiane (de-
hydrocostus lactone), and drimane (sclareolide) skeletons
(Fig. 1). In addition, we included tulipalin A, also known as
o-methylene-y-butyrolactone, for comparison because it
shares a lactone ring with other sesquiterpene lactones.

We initially assessed the anti-proliferative effects of sesqui-
terpene lactones on human breast cancer cell lines, including
MDA-MB-231, BT-549, and MCF-7 (Fig. 2). Cell viability was
evaluated after treating the cells with various concentrations
of sesquiterpene lactones for both 48 h and 72 h, from which
ICso values were derived. Notably, in MDA-MB-231 cells treat-
ed for 48 h, alantolactone (ICs=13.3 uM), isoalantolactone
(24.6 uM), parthenolide (13.7 uM), costunolide (27.1 uM), and
dehydrocostus lactone (46.9 puM) exhibited dose-dependent
anti-proliferative effects (Fig. 2A, 2B). In contrast, compounds
such as atractylenolide I, atractylenolide Il, atractylenolide I,
sclareolide, and tulipalin A did not achieve more than 50%
inhibition at the highest tested concentration of 50 uM, thus
precluding the calculation of their ICs, values. In BT-549 cells,
the anti-proliferative effects of alantolactone, isoalantolactone,
parthenolide, costunolide, and dehydrocostus lactone were
more potent than in MDA-MB-231 cells. Conversely, their ef-
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Fig. 2. Anti-proliferative effects of sesquiterpene lactones in human breast cancer cell lines. (A) Anti-proliferative effects of sesquiterpene
lactones in MDA-MB-231 cells after 48 h. (B) The IC4, values for anti-proliferative effects of sesquiterpene lactones in MDA-MB-231, BT-
549, and MCF-7 cells. The cells were treated with varying concentrations of sesquiterpene lactones (ranging from 0 to 50 uM) for 48 h and
72 h, and the effects of sesquiterpene lactones on cell viability were measured. The results are presented as the mean + SD of three inde-

pendent experiments. *p<0.05 and **p<0.01 indicate the statistical
N.D., not determined.

significance compared to the IC;, value determined in MCF-7 cell line.
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Fig. 3. Inhibitory effects of sesquiterpene lactones on STAT3 activation in MDA-MB-231 cells. (A, B) The cells were treated with sesquiter-
pene lactones for 4 h. Cell lysates were subjected to western blot analysis to determine the p-STAT3 (Tyr705) and STAT3 protein levels.
B-actin was used as a loading control. (C) The western blot analysis quantified the levels of p-STAT3 and STAT3 proteins at 10 uM of ses-
quiterpene lactone. (D) Correlation analysis between relative p-STAT3 at 10 uM and 48-h anti-proliferative effects at 50 uM in MDA-MB-231

cells of sesquiterpene lactones.

fects in MCF-7 cells were significantly less potent (Fig. 2B).
Consequently, 1Cs, values for the anti-proliferative effects
were determined for only four sesquiterpene lactones, with
dehydrocostus lactone excluded.

Inhibitory effect of sesquiterpene lactones on STAT3
activation in MDA-MB-231 cells

Next, we quantified the STAT3 inhibitory activity of sesqui-
terpene lactones to understand their structure-activity relation-
ship. As illustrated in Fig. 3, the three out of ten sesquiterpene

https://doi.org/10.4062/biomolther.2023.210

lactones — alantolactone, isoalantolactone, and parthenolide
— effectively repressed the constitutive activation of STAT3,
and specifically its phosphorylation of Tyr705 residue, without
affecting the expression of total STAT3 proteins (Fig. 3A-3C).
Costunolide and actractylenolide Il exhibited mild inhibitory
effects on p-STAT3, whereas the others had no impact on
p-STAT3. Among the sesquiterpene lactones tested, alanto-
lactone and isoalantolactone demonstrated the most potent
inhibitory activities. Notably, we observed a significant cor-
relation (R=0.77, p<0.01) between their inhibitory effects on
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Fig. 4. Protein-ligand docking study of sesquiterpene lactones in STAT3. (A) Domain structured of STAT3. SH2, Src homology 2; TAD,
transactivation domain. (B) X-ray crystal structure of p-STAT3 homodimer. (C) Key interacting amino acid residues of pTyr705 in SH2 do-
main binding pocket. Hydrogen bonds were shown in black dashes. (D) The location of SH2 domain binding pocket. Selected docking pos-
es of sesquiterpene lactones; (E) alantolactone, (F) isoalantolactone, (G) parthenolide, (H) costunolide, (l) atractylenoide |, and (J) sclare-
olide. Top ten most energy-minimized binding modes of (K) dehydrocostus lactone, and (L) tulipalin A were compared with those of

alantolactone.

STAT3 activation and their anti-proliferative effects (Fig. 3D),
which strongly suggests that sesquiterpene lactones hinder
the proliferation of MDA-MB-231 cells by modulating STAT3
phosphorylation.

Structural basis of STAT3 inhibition of sesquiterpene
lactones

Despite their shared structural frameworks, sesquiterpene
lactones exhibit notably different levels of STAT3 inhibition and
anti-proliferative activities. Therefore, we performed a protein-
ligand docking study to explore the structural basis of sesqui-
terpene lactones interact with STAT3 protein. STAT3 initiates
downstream signaling by forming dimers through interactions
between the SH2 domain of one monomer and the phosphor-
ylated tyrosine residues of the other (Resetca et al., 2014).

Several compounds interfering with this process have been
identified as STAT3 inhibitors (Debnath et al., 2012; Ren et al.,
2021). By analyzing the X-ray crystal structure of the STAT3
homodimer, whose dimerization is mediated by the pTyr705-
SH2 interaction (Fig. 4A, 4B), we identified the key amino acid
residues interacting between pTyr705 and the SH2 domain
(Fig. 4C). We found that pTyr705 forms a hydrogen-bonding
network with Arg609, Ser611, Glu612, and Ser613 in the SH2
domain of STAT3 (Shao et al., 2004). Consequently, the cen-
troid of pTyr705 was designated as the docking site (Fig. 4D).

Alantolactone and isoalantolactone, identified as the most
potent STAT3 inhibitors, engage in hydrogen-bonding inter-
actions with specific residues — including Arg609, Ser611,
Glu612, Ser613, and Lys591 — through their lactone rings
(Fig. 4E, 4F). These interactions may competitively inhibit

www.biomolther.org
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namely alantolactone, isoalantolactone, and parthenolide, which demonstrated over 50% inhibitory effects on STAT3 activation, are shown
in green. (G) Correlation between S-L torsion angles and relative p-STAT3 at 10 uM of nine sesquiterpene lactones.

STAT3 dimerization through pTyr705. Parthenolide, which
also exhibited STAT3 inhibitory and potent anti-proliferative
activities, formed hydrogen bonds with Arg609 and Ser611
(Fig. 4G). The structural distinction between the potent par-
thenolide and the inactive costunolide lies in the double bond
and the oxide moiety. Parthenolide formed hydrogen bonds
through its oxide and amide carbonyl groups between the
Val637 and Glu638 residues. Conversely, costunolide lacked
these additional hydrogen bonds and was unable to form hy-
drogen bonds with Arg609 (Fig. 4G, 4H).

Actractylenolides display a structural difference at the C-8
position; specifically, the C-8 hydrogen of atractylenolide Il is
oxidized to a C-8 hydroxyl group, resulting in atractylenolide
Ill, which transforms into atractylenolide | upon dehydration
(Kim et al., 2018). Because this structural difference does
not significantly affect STAT3 inhibition (Fig. 3C), we selected
atractylenolide | among the actractylenolides to analyze the
docking pose in the STAT3 SH2 domain. Notably, actractyle-
nolide | and sclareolide, which showed low STAT3 inhibition
activity, shared a protein-ligand interaction pattern similar to
that of costunolide (Fig. 4l, 4J). Dehydrocostus lactone, with
its bulkier seven-membered ring (instead of the six-membered
ring in other sesquiterpene lactones), could not access the
pTyr705 binding pocket (Fig. 4K). Tulipalin A, characterized
by a smaller molecular structure, may exhibit a lower STAT3
inhibition potency because of nonspecific binding outside the
binding pocket (Fig. 4L).
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Critical stereochemical features of sesquiterpene lactones
in STAT3 inhibition

Despite sharing the eudesmane skeleton, (iso)alantolac-
tone and atractylenolides exhibited substantial differences
in STAT3 inhibitory and anti-proliferative activities (Fig. 5A).
Therefore, we performed a conformational analysis of these
sesquiterpene lactones to uncover the structural basis behind
these variations, using the geometry-optimized 3D conforma-
tions of sesquiterpene lactones. When these two compounds
were aligned based on their lactone ring, which is crucial for
binding to the STAT3 SH2 domain, we observed a significant
difference in the orientation of their sesquiterpene skeletons
(Fig. 5B). To quantitatively assess their conformational dispari-
ties, we determined the torsion angle between the sesquiter-
pene skeleton and lactone ring (S-L torsion angle) for each
sesquiterpene lactone, as depicted in Fig. 5C. Notably, the S-L
torsion angles were 122.3° for alantolactone and 176.8° for
atractylenolide | (Fig. 5B). When comparing the binding mode
in which the lactone ring aligns within the pTyr705 binding
pocket, we noted Van der Waals (VdW) strains of 11.8 kcal/
mol for alantolactone and 67.8 kcal/mol for atractylenolide |
(Fig. 5D, 5E). In essence, in a scenario where the lactone ring
interacts with Arg609, Ser611, and Ser613, a 3D conformation
similar to that of atractylenolide | appears to disrupt the opti-
mal interaction and binding of these compounds to the SH2
domain owing to significant steric repulsion with Lys591 and
Ser636 residues (Fig. 5E).

When we compared the 3D conformations of all other ses-
quiterpene lactones and aligned them based on the lactone
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rings, it became evident that the S-L torsion angles between
compounds with STAT3 inhibitory activity and those with no
effect were markedly different (Fig. 5F). Furthermore, the S-L
torsion angles exhibited a significant and strong correlation
(R=0.80, p<0.01) with the STAT3 inhibitory activity (Fig. 5G).
These findings underscore the critical role of the stereochem-
istry and geometry-optimized 3D conformation in the devel-
opment of anti-proliferative sesquiterpene lactones that target
STAT3 phosphorylation.

DISCUSSION

Aberrant STAT3 activation is frequently observed in vari-
ous human diseases, including breast and cervical cancers
(Shukla et al., 2010; Banerjee and Resat, 2016). Many studies
have suggested that STAT3 is a potential molecular target for
the treatment and prevention of TNBC, which is both more
aggressive and more difficult to treat because of the absence
of receptors commonly found in other types of breast cancer
(Qin et al., 2019; Bi et al., 2023). Therefore, the discovery of
new potent and selective agents that can suppress STAT3
activation may be a promising approach for the treatment of
breast cancer.

Sesquiterpene lactones constitute a significant group of
natural products with a wide range of biological activities.
Among these, their potent inhibitory effect on STAT3 has been
observed in various cancer models, including osteosarcoma,
breast and pancreatic cancer, and conditions like cancer ca-
chexia (Chun et al., 2015, 2018; Zheng et al., 2019; Jin et al.,
2020; Ding et al., 2022). Despite the established impact of
sesquiterpene lactones on STAT3 activation, it remains to be
fully elucidated. Alantolactone, in particular, has been noted
for its pronounced inhibitory effect on STAT3 activation, under-
scoring its therapeutic promise in TNBC (Chun et al., 2015).
Elevated levels of STAT3 phosphorylation have been docu-
mented in TNBC cell lines such as MDA-MB-231, BT-549, and
BT-20, contrasting with low levels in luminal breast cancer cell
lines like MCF-7 and T-47D (Ko et al., 2019; Xie et al., 2019;
Kim et al., 2023b). This distinction has led to the selection of
the MDA-MB-231 cell line as a suitable model for exploring
the structure-activity relationship of sesquiterpene lactones in
STATS3 inhibitory activity.

This study revealed that sesquiterpene lactones, including
alantolactone, isoalantolactone, parthenolide, and costuno-
lide, exert significant anti-proliferative effects in human breast
cancer cell lines, notably in MDA-MB-231 and BT-549. In con-
trast, their effects were somewhat diminished in the luminal
MCEF-7 cell line, with ICs values ranging between 19.4 to 39.6
uM, as opposed to the more pronounced effects observed in
TNBC cell lines MDA-MB-231 and BT-549, which exhibited
ICso values between 9.9 to 27.1 uM and 4.5 to 17.1 uM, re-
spectively. These findings highlight the critical role of aberrant
STAT3 activation in the anti-proliferative activity of sesquiter-
pene lactones. Moreover, the strong correlation (R=0.77) be-
tween the inhibition of STAT3 activity and the reduction in cell
proliferation further illustrates the essential function of STAT3
phosphorylation in regulating cellular growth.

This study further illuminated the structural foundation of
STAT3 inhibition mediated by sesquiterpene lactones through
comprehensive molecular modeling analyses. Protein-ligand
docking study revealed that the most effective STAT3 inhibi-

tors, namely alantolactone and isoalantolactone, establish
hydrogen bonds with crucial amino acid residues within the
SH2 domain of STAT3, including Arg609, Ser611, Glu612, and
Ser613. Such interactions will likely interfere with STAT3 di-
merization, a critical process for activating downstream signal-
ing pathways. Moreover, our analysis highlighted the signifi-
cance of the torsion angles between the lactone ring and the
sesquiterpene backbone in determining the inhibitory potency
of sesquiterpene lactones against STAT3. These findings
contribute to a more nuanced understanding of the molecular
mechanisms of sesquiterpene lactone-mediated STAT3 inhibi-
tion, and lay the groundwork for the structure-based develop-
ment of new compounds with improved efficacy in inhibiting
STATS.

In conclusion, this study highlighted the potential of sesqui-
terpene lactones as promising candidates for targeting STAT3
in cancers involving constitutive STAT3 activation. Further-
more, structural insights gained through protein-ligand dock-
ing studies will pave the way for the development of novel
compounds optimized for STAT3 inhibitory activity.
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