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Abstract: Natural compounds are an invaluable source for bioactive small molecules. Cellular activities modulated
by them are generally achieved by binding specific cellular targets. However, identification of target(s) for a natu-
ral compound is challenging and a hurdle for further development of them as drugs. Sinensetin is derived from
Schisandra sphenanthera and the major component of a traditional medicine. Although Sinensetin possesses phar-
macological activities, including antioxidants, anti-inflammatory, and anticancer, the molecular mechanisms for its
activities remain unclear due to lack of information for its target. In addition, the anticancer effects of sinensetin
against non-small cell lung cancer (NSCLC) have not been studied. Here, we described sinensetin as a specific in-
hibitor of MKK6 with a KD value of 66.27 uM. Sinensetin inhibited the proliferation of NSCLC cells and lung patient-
derived xenograft-derived organoids (LPDX0), and induced G1 phase cell-cycle arrest. Sinensetin attenuated the
MAPK signaling pathway by directly inhibiting MKK6, but not MKK3. In silico molecular docking analysis indicated
that sinensetin was specifically bound near the aG-helix of MKK6, but not MKK3. High MKK6 expression levels were
observed in NSCLC patients. MKK6 knockout abolished the sinensetin-mediated inhibition of NSCLC cell prolifera-
tion. Taken together, sinensetin is a novel MKKG inhibitor with therapeutic potential for NSCLC.

Keywords: Sinensetin, lung patient-derived xenograft-derived organoids, non-small cell lung cancer, MKK6, p38a,
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Introduction

Natural products have long served as a major
source of pharmacotherapy and were recently
revitalized as a source of lead compounds with
advancements in technologies and scientific
knowledge [1, 2]. However, target identification
(ID) of natural products and their derivatives
remains a major hurdle in drug development.
Without target ID, it is difficult to elucidate the
mode of action of natural products and opti-
mize their cellular activities [1, 2].

Prior to the establishment of modern medicine,
traditional medicine, rooted in the geographical

diversity of soil and traditional ethnic foods,
was closely tied to medicine and life through
empirical prescriptions. This foundation signifi-
cantly contributed to the development of mod-
ern pharmaceuticals. Zhuang medicine, a form
of traditional Chinese medicine, has been used
clinically and exhibits anti-inflammatory effects
[3]. Sinensetin, the main component of Zhuang
medicine, is a plant-derived polymethoxylated
flavonoid found in Orthosiphon aristatus var.
aristatus that has been used in traditional folk
medicine [4-7]. It exhibits anti-oxidant, anti-
inflammatory [8], anti-microbial, anti-obesity,
anti-dementia, and vasorelaxant activities [9].
Sinensetin attenuates IL-1B-induced cartilage
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damage and ameliorates osteoarthritis by re-
gulating a-1-antichymotrypsin serpin family A
member 3 (SERPINA3) levels [10]. Moreover,
it induces autophagic cell death through
p53-related AMP-activated kinase (AMPK)/
mammalian target of rapamycin (mTOR) signal-
ing in HepG2 hepatocellular carcinoma cells
[11]. Additionally, sinensetin suppresses an-
giogenesis in liver cancer by targeting the vas-
cular endothelial growth factor (VEGF)/VEGF
receptor 2 (VEGFR2)/AKT signaling pathway
[12]. However, cellular targets for sinensetin
have not been identified yet.

MAPK signaling pathways play a key role in cell
proliferation, survival, and invasion [13]. The
MKK3/6-p38 signaling pathway is a key MAPK
signaling pathway involved in various patholo-
gies, including inflammation, immune respons-
es to cancer, heart disease, and neurodegen-
erative diseases [14]. Previous studies have
suggested that p38 MAPK contributes to path-
ways promoting apoptosis and cancer progres-
sion [15]. Additionally, p38 has been implicat-
ed in an oncogenic role in NSCLC [16].
Importantly, phosphorylated p38 is markedly
activated in lung cancer, and selective p38
inhibitors can suppress lung cancer progres-
sion [17, 18]. MKK3 and MKK6 are highly spe-
cific for p38 MAPKs [19]. Specific p38 isoforms
are activated through MKK3/6-catalyzed phos-
phorylation of the conserved Thr-Gly-Tyr (TGY)
motif in their activation loop [20]. The roles of
MKK3 and MKK®6 in p38a activation were illus-
trated in studies using fibroblasts isolated from
Mkk3- and/or Mkk6-deficient mice, combined
with siRNA techniques [21]. Specifically, MKK6
activates the p38y isoform in response to
TNFa, while MKK3 activates p380 in response
to ultraviolet radiation, hyperosmotic shock,
anisomycin, or TNFa exposure [22]. MKK6
phosphorylates all four p38 MAPK family mem-
bers, whereas MKK3 activates p38a, p38y,
and p389, but not p38 [19]. A key limitation in
distinguishing MKK6 from MKK3 is the absen-
ce of a crystal structure for MKK3. Recently, a
molecular model of the dynamic MKK6-p38a
complex structure revealed two major contact
points (axC-helix and aG-helix of MKK6) [23].
The selective activation of p38 MAPKs by
MKK3 and MKK6 might contribute to the spe-
cificity of p38 MAPK signal transduction [21].
Moreover, p38a deletion upregulates MKK6
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expression, while leaving MKK3 and MKK4
unaffected [24]. Despite efforts to develop
selective MAPK inhibitors, no selective inhibitor
for MKK6 over MKK3 has been identified.

Here, we describ sinensetin as a selective
inhibitor of MKK6, but not MKK3, with antican-
cer activity against NSCLC cell lines and patient-
derived xenograft-derived organoids (LPDXO) in
an MKK6-dependent manner.

Materials and methods
Cell lines

Cell lines were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai,
China). Human NSCLC cell lines A549 (G12S
KRAS, WT EGFR, WT TP53, WT PIK2CA, mu-
tant KEAP1), H1299 (WT KRAS, Q61K NRAS,
WT EGFR, R273H TP53, null KEAP1), and H460
(G12C KRAS, WT EGFR, 4AA deletion mutant
TP53, E545K PIK3CA, mutant KEAP1) were
cultured with RPMI-1640 medium, 10% fetal
bovine serum (FBS; Biological Industries,
Cromwell, CT, USA), and 1% antibiotic-antimy-
cotic. NL20 lung cells were cultured in com-
plete growth medium (Ham’s F12 medium with
1.5 g/L sodium bicarbonate, 2.7 g/L glucose,
2.0 mM L-glutamine, 0.1 mM nonessential
amino acids, 5 pg/ml insulin, 10 ng/ml epider-
mal growth factor, 1 yg/ml transferrin, 500 ng/
ml hydrocortisone, and 4% FBS) at 37°C in a
5% CO, environment. Cells were cytogenetically
tested and authenticated before freezing and
each culture was maintained for a maximum of
8 weeks.

Reagents and antibodies

Sinensetin (purity: > 98% by HPLC) was pur-
chased from ChemFaces (Wuhan, Hunan,
China). Antibodies for detecting phosphorylat-
ed GSK3B (S9), ERK1/2 (T185/Y187), JNK
(T183/T185), MKK3/6 (S189/S207), p38
(T180/Y182), AKT (S473), MKKG, and p21 we-
re purchased from Cell Signaling Technology
(Beverly, MA, USA). The GAPDH antibody was
purchased from Proteintech (Wuhan, Hunan,
China). Recombinant proteins such as MKK3,
MKK6, and p38 for kinase assays were pur-
chased from SignalChem (Richmond, BC,
Canada).
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MTT assay

A549, H1299 (1.5 x 10° cells per well), and
H460 cells (0.8 x 108 cells per well) were seed-
ed in 96-well plates and incubated for 24 h.
Cells were treated with sinensetin for 72 h, fol-
lowed by the addition of 20 uL MTT solution
(Solarbio, Beijing, China) for 2 h at 37°C in a
5% CO, incubator. The cell culture medium was
discarded and 150 ul of DMSO was added to
dissolve formazan crystals via gentle agitation.
Finally, cell growth was analyzed by measuring
absorbance at 570 nm using a Thermo Mul-
tiskan plate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

Soft agar assay

A549 and H460 cells (8 x 10° cells per well),
suspended in growth medium (RPMI 1640)
supplemented with 10% FBS, were mixed with
0.3% agar with or without sinensetin at various
concentrations and added as the top layer over
a base layer of 0.6% agar with or without
sinensetin at the same concentration under
each experimental condition. Cultures were
incubated at 37°C in a 5% CO, incubator for 2
weeks. Colonies were then imaged using an
inverted microscope and quantified using
Image-Pro Plus software (v.6) (Media Cyber-
netics, Rockville, MD, USA).

Focus forming assay

A549 and H1299 cells (8 x 102 cells per well)
were suspended in a growth medium (RPMI
1640) supplemented with 10% FBS and sub-
sequently seeded into 6-well plates. Then, cells
were maintained at 37°C in a 5% CO,, incuba-
tor for 1 week. Foci were subsequently stained
with 0.4% crystal violet.

In vitro kinase assay

The kinase assay was performed following the
instructions provided by Upstate Biotechnology
(Billerica, MA, USA). Recombinant MKK3 or
MKK6 (300 ng) protein was incubated with
sinensetin at various concentrations at room
temperature for 15 min. Then, p38 recombi-
nant protein, ATP, and 1x buffer were added
and incubated at 30°C for 30 min. The reac-
tion was stopped by adding 10 pl of protein
loading buffer, and samples were separated
via SDS-PAGE. MKK3 or MKK6 activity was
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determined using an antibody specific to phos-
phorylated p38 (T180/Y182).

Cell cycle analysis

A549 and H1299 cells (2.5 x 10* or 4 x 10*
cells per dish) were seeded in 60-mm culture
dishes and incubated for 24 h. Cells were treat-
ed with sinensetin for 48 h in a growth medium
with 10% FBS, harvested, and fixed in 1 ml of
70% cold ethanol. After rehydration, cells were
digested with RNase (100 pg/ml) and stained
with propidium iodide (20 pg/ml). Finally, cells
were analyzed via flow cytometry.

Establish MKK6 knockout cell lines

A549 and H1299 MKK6 knockout (KO) cell
lines were generated using the CRISPR/Cas9
system. gRNA sequences targeting MKK6 exon
were designed (sg#3: forward: caccgataggcaa-
gaagcgaaaccc, reverse: aaacgggtttcgettettgec-
tatc; sg#4: forward: caccgttcaccctacatgaatc-
caa, reverse: aaacttggattcatgtagggtgaac). The
Lenti-CRISPR-V2 vector was linearized with
ESP3I and ligated with gRNAs using T4 DNA
ligase. Lentiviral particles containing the CR-
ISPR/Cas9 and gRNA constructs were used to
transduce cells. Puromycin (5 ug/mL) selection
was applied 48 h post-infection. Monoclonal
cell lines were established via limiting dilution.
KO clones were screened through Western
blotting and confirmed via DNA sequencing of
the targeted genomic region.

Surface plasmon resonance

The surface plasmon resonance (SPR) assay
was performed according to the instructions
provided with the Biacore T200 (GE Healthcare,
England, UK) instrument. MKK6 protein was
immobilized onto a CM5 sensor chip. Next, the
chip was equilibrated with PBS. A concentra-
tion series of sinensetin, dissolved in 5% DMSO
in PBS, was perfused over the CM5 chip at a
flow rate of 30 yL/min to assess the binding
affinity between sinensetin and MKK6. The
T200 evaluation state model was utilized to
analyze binding affinity data and representative
data were re-plotted.

Western blotting

Proteins were quantified using a BCA kit
(Solarbio) following the manufacturer’s proto-

Am J Cancer Res 2025;15(1):113-126



Sinensetin exhibits anticancer activity by targeting MKK6 in NSCLC

col. Proteins were separated by SDS-PAGE and
transferred to polyvinylidene difluoride mem-
branes (Amersham Biosciences, Piscataway,
NJ, USA). Membranes were blocked with 5%
nonfat dry milk (Solarbio) in TBST (TBS with 1%
Tween 20) for 1 h at room temperature. After
blocking, the membranes were washed three
times with TBST and incubated overnight at
4°C with primary antibodies. The next day, the
membranes were washed three times with
TBST and then incubated with a horseradish
peroxidase-linked secondary antibody for 1 h.
Finally, the membranes were washed three
times with TBST, and the immunoreactive pro-
teins were detected using the Thermo Scienti-
fic SuperSignal West Pico PLUS Chemilumin-
escent Substrate (Thermo Fisher Scientific)
and the ImageQuant LAS4000 system (GE
Healthcare, Piscataway, NJ, USA).

In silico molecular docking analysis of sinense-
tin with MKK6 and MKK3

To study the molecular docking of sinensetin
with MKK6 and MKK3, in silico analysis was
performed using the DiffDock-L web server.
The MKKG6 crystal structure (5eti.pdb) was
obtained from the PDB Bank and the predicted
crystal structure of MKK3 was obtained from
AlphaFold (http://alphafold.ebi.ac.uk) [25, 26].
Information regarding these structures was
downloaded and analyzed. The results of the
top five docking models for sinensetin with
MKK6 or MKK3 are presented.

Patient-derived lung tumor xenografts (PDX)

Severe combined immunodeficiency (SCID) fe-
male mice (6-9 weeks old) (Cyagen Bioscienc-
es Lnc., Suzhou, China) were maintained under
“specific pathogen-free” conditions based on
the guidelines established by the Zhengzhou
University Institutional Animal Care and Use
Committee (SYXK 2021-0011, 2021-07-03~
2026-07-29). Human lung tumor specimens
were obtained from the Affiliated Cancer
Hospital in Zhengzhou University. The anony-
mized clinical information of the participant is
provided in Supplementary Table 1. LG70
NSCLC patient tissues were cut into small piec-
es and inoculated into the back of the neck of
each mouse (n = 3). Mice were monitored until
tumors reached approximately 1.5 cm? total
volume, at which time the mice were eutha-
nized, and the tumor tissues were extracted.
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Organoid culture and analysis

LPDXOs were generated from lung patient-
derived xenograft models according to proto-
cols outlined by Shi et al. [36]. The dissociation
procedure involved transferring and mincing
LG70 PDX tumor tissue, followed by incubation
with HBSS-DF, collagenase IV (Thermo, 1710-
4019), and Y-27632 (MCE, HY-10071) additives
to enhance single-cell yields. Subsequently, tis-
sue fragments were filtered, and the collected
cell suspension was centrifuged and resus-
pended. For LPDXO initiation, cells were seeded
after the thawing of matrigel and pre-warming
of the plate and organoid medium. Organoid
generation was performed in a 96-well plate,
where cells were transferred, centrifuged, and
resuspended in matrigel before being dis-
pensed into the wells. After solidification, the
organoid medium containing different doses of
sinensetin was added, and organoids were cul-
tivated for 16 d. Photographs of the organoids
were taken during organoid cultivation. On day
16, MTT solution was added, photographs were
captured, and the optical density was mea-
sured at 570 nm using a Thermo Multiskan
plate reader.

Statistical analysis

All quantitative results are expressed as mean
values * standard deviation (SD) or + standard
error (SE). Significant differences (P < 0.05)
were compared using the Student’s t-test or
one-way analysis of variance (ANOVA).

Results

Sinensetin inhibits anchorage-dependent
and -independent NSCLC cell growth

Sinensetin, a flavonoid compound (Figure 1A)
derived from Orthosiphon species, is employed
in traditional medicine [8]. To determine the
potential cytotoxic effects of sinensetin, hu-
man normal NL20 lung cells were treated with
increasing concentrations of sinensetin. Si-
nensetin had little or no cytotoxic effects on
healthy lung cells. Only limited cytotoxicity on
NL20 cells was observed at 100 yM (Figure
1B). The effect of sinensetin on NSCLC cell
growth was investigated. Cells were treated
with different doses and incubated for 72 h,
and the viable cells were analyzed via the MTT
assay. Sinensetin significantly suppressed the
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Figure 1. Sinensetin inhibits growth of NSCLC cells. (A) Chemical structure of sinensetin. (B) Effects of sinensetin
on the viability of human normal NL20 lung cells, analyzed using the MTT assay. (C) Effects of sinensetin on NSCLC
cell growth were also assessed using the MTT assay. (D) Effects of sinensetin on focus formation, evaluated using
the focus formation assay. (E) Effects of sinensetin on anchorage-independent NSCLC cell growth, with colonies
counted using microscopy and Image-Pro PLUS (v.6) software. For (B-E), data represent means + SD values from
three independent experiments, each with triplicate samples, analyzed using one-way ANOVA with Tukey’s honestly
significant difference (HSD) post hoc test. Asterisks (*, **) indicate significant (P < 0.05, P < 0.01) differences.

anchorage-dependent growth of NSCLC cells in
a dose-dependent manner (Figure 1C). Next,
we investigated the effect of sinensetin on foci
formation (Figure 1D) and anchorage-inde-
pendent growth (Figure 1E) in NSCLC cells.
Treatment with sinensetin strongly inhibited
both foci and anchorage-independent growth
compared to untreated controls in a dose-
dependent manner (Figure 1D, 1E).

Sinensetin increases G1-phase cell cycle ar-
rest in NSCLC cells

Flow cytometry analysis was performed to
determine the effect of 48-hour sinensetin
treatment on cell cycle progression. Sinensetin
weakly but significantly induced G1-phase cell
cycle arrest in NSCLC cells (Figure 2A, 2B).
Furthermore, the effect of sinensetin on the
expression levels of p21, a mediator of G1-
phase cell cycle arrest, was assessed. Treat-
ment with sinensetin for 48 h strongly induced
p21 expression in NSCLC cells (Figure 2C).

Sinensetin inhibits LPDXO growth

LPDXOs expressed relatively high levels of
MKK6 compared to normal NL20 cells (Supp-
lementary Figure 1). LPDXOs were treated with
varying concentrations of sinensetin and incu-
bated for 16 d to investigate its effect on the
growth of NSCLC patient-derived xenograft
organoids. LPDXO growth was significantly
suppressed with sinensetin treatment (Figure
3A). Similarly, the MTT assay confirmed that
sinensetin reduced LPDXO growth (Figure
3B). LPDXOs treated with sinensetin exhibited
strong growth inhibition compared to untreated
controls (Figure 3C).

Sinensetin is a novel MKK6 inhibitor

To identify potential molecular targets of si-
nensetin, we assessed its effects on various
signaling molecules in NSCLC cells following
a 12-hour treatment of A549 and H1299
cells with sinensetin. Sinensetin substantially
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reduced the levels of phospho (p)-p38 in both
NSCLC cell lines, while the levels of other
phosphorylated proteins remained unchanged
(Figure 4A). Additionally, p-AKT levels were
reduced in H1299 cells but not in A549 cells,
indicating that sinensetin could inhibit the
Kinase activities of MKK3 and/or MKK6. To test
this hypothesis, in vitro kinase assays were
performed using recombinant active MKK6 or
MKK3 with an inactive (unphosphorylated) p38
protein as a substrate of MKK3/6. Notably,
sinensetin reduced MKK6-mediated p38a ph-
osphorylation in a dose-dependent manner
(Figure 4B), while it did not affect MKK3-
mediated p38a phosphorylation (Figure 4C).
Furthermore, SPR analysis confirmed the direct
binding of sinensetin with MKKG, revealing an
affinity of 66.27 uM (Figure 4D). To gain deeper
insight into the differential inhibition of MKK6
activity by sinensetin, we performed in silico
molecular docking analyses with MKK3 or
MKK6. The top five docking models were se-
lected based on molecular docking scores. The
findings indicated that sinensetin was docked
at the aC-helix and aG-helix of MKK6 (Figure
4E, upper panel), whereas it interacted only
with the aC-helix of MKK3 (Figure 4E, lower
panel). These results suggest that sinensetin
specifically binds to the oaG-helix of MKKG,
thereby inhibiting its catalytic activity. Since
aG-helix residues are crucial in interactions
with p38a, and mutations in this region result
in reduced p38a signaling [23], the selective
binding of sinensetin to the aG-helix may inhi-
bit the MKK6-p38a interaction without affect-
ing MKK3-p38a signaling. Further validation
is necessary to elucidate the mechanism of
selectivity of sinensetin for MKK6 over MKK3.
Overall, these results suggest that sinensetin
functions as a selective inhibitor of MKK6.

MKK6 knockout suppresses NSCLC cell growth

To examine the clinical relevance of MKK6 in
lung cancer, RNA-seq data from the Cancer
Genome Atlas Program (TCGA) was used to
analyze MKK6 mMRNA expression levels in

Am J Cancer Res 2025;15(1):113-126



Sinensetin exhibits anticancer activity by targeting MKK6 in NSCLC

A Sinensetin (M) B Sinensetin (uM)
0 40 60 0 40 60

nnnnn

2 | ]
288

o ]
8
onl
o
388
“ge
o

R

Number
20 00 60 B0 1000 120 1400
Numbe
F) o 0
3
Numoer
0 20 a0 &0 &0 00 10
g
] "2
Number
0 0 000 1200

Number
om
8

0 W w0 &0 0 100 120 140

8
H
8
H
g
H
H
H
H
§
H
8
8
H
8
H
8
g
H

c 80 ; x * AS49 pm o pM c

2 60 . ] 40 uM 2 60 |
= =

2 40 BN 60 uM 2 40

"J; * % "J; |
220 2 20
S G1 S G2 S

C A549
Sinensetin (uM) - 40 60 Sinensetin (uM) - 40 60

p21

GAPDH | S — GAPDH S

1.0 1.0 1.1 1.0 1.0 0.9

Figure 2. Sinensetin induces G1-phase cell cycle arrest. A, B. Effects of sinensetin on the cell cycle distribution of A549 and H1299 NSCLC cells, as examined by flu-
orescence-activated cell sorting (FACS). Data are indicated as means + SD values from three independent experiments, with one-way ANOVA and Dunnett’s post hoc
test used for statistical analysis. The asterisk (*) indicates a significant (P < 0.05) differences. C. Effects of sinensetin on p21 protein expression levels, examined
via Western blotting. Similar results were observed from three independent experiments and band density was measured using the Image J (NIH) software program.

119 Am J Cancer Res 2025;15(1):113-126



Sinensetin exhibits anticancer activity by targeting MKK6 in NSCLC

A C
Sinensetin (uM) 60 Cs0 = 6141 1M
T 120, —
Sl Tel e
0 day ~ t 3% =100 *
& 5% ) g =) I
s 2B E gp
T v B D--? 5 60
8 days &% o 21 03Pl
B SN o S o 40
T N g’é 20
16 days (o 0
= 7 “sa Sinensetin (uM) - 20 40 60
B
Sinensetin (uM) 0 20 40 60

MTT staining

Figure 3. Sinensetin suppresses LPDXO growth. (A, B) Representative images after sinensetin treatment (A) are shown. Relative growth of LPDXOs, measured us-
ing the MTT assay (B). (C) Effect of sinensetin on the growth of LPDXOs. LPDXO growth was analyzed using the MTT assay, with data shown as means * SD values
derived from three independent experiments. Asterisks (*, **) indicate significant (P < 0.05, P < 0.01) differences.

120 Am J Cancer Res 2025;15(1):113-126



Sinensetin exhibits anticancer activity by targeting MKK6 in NSCLC

A A549 H1299
Sinensetin (uM) - 40 60 - 40 60 (12 h)
P-GSK3P e

(S9) b

1.0 1.0 1.0 1.0 1.0 1.0

1.0 1.0 1.1 1.0 1.0 1.0

>

1.0 1.0 09 1.0 0.8 0.9

p-ERK1/2
(T185/Y187)

p-JNK
(T183/T185)

p-MKK3/6

(5189/S207) .
1.0 1.0 1.0 1.0 0.9 1.0

(T180/Y182) -
1.0 0.8 06 1.0 0.8 0.6

p-AKT

(8473)
1.0 1.0 1.0 1.0 0.7 0.6

GAPDH S —

1.0 1.0 1.0 1.0 1.0 1.0

B ActiveMKKE - + + + +
Inactive p38ac + + + + +
Sinensetin (uM) - - 10 20 40
p-p38
(T180/Y182) e -
2= ok %
S s 160
££120 F' *
o8 80 |
]
2% 40
[ =]
g 0
C Active MKK3 - + + + +

+ + + + +

10 20 40

Inactive p38a

Sinensetin (uM)

P-P38 s - - - -
(T180/Y182)
£5160,
££120 | !
T3 80
2% 40
g2 0
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levels were significantly increased in NSCLC
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(Figure 5A). Furthermore, Kaplan-Meier analy-
sis (http://kmplot.com/analysis) showed that
NSCLC patients with elevated MKK6 expres-
sion levels exhibited poorer overall survival
than patients with low MKK6 expression le-
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while it interacts primarily with MKK3 at the aC-helix (lower
panel). The structures of MKK6 or MKK3 are shown in green,
and sinensetin is represented using stick models.

vels (Figure 5B). To determine the effect of
MKK6 depletion on NSCLC growth, we estab-
lished MKK6 knockout cells (sgMKK6 #3 and
#4) and validated MKK6 depletion in compari-
son to the control (sgC) via Western blotting
(Figure 5C). MKK6 depletion inhibited NSCLC
cell growth (Figure 5D) and foci formation
(Figure 5E).
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Figure 5. Role of MKK6 as a therapeutic target in NSCLC cells. (A) MKK6 expression levels in lung adenocarci-
noma and lung squamous cell carcinoma cells, based on data obtained from the TCGA database. (B) Prognostic
significance of MKK6 expression in lung cancer, analyzed using the Kaplan-Meier plotter. (C) Efficacy of MKK6
knockdown, determined using Western blotting. (D) Effect of MKK6 knockdown on NSCLC cell growth, determined
using the MTT assay. (E) Effect of MKK6 knockdown on focus formation in NSCLC cells. Cells were incubated for 1
week, and the number of foci was counted. For (D and E), data are shown as means + SD values derived from three
independent experiments. Asterisks (**, ***) indicate significant (P < 0.01, P < 0.001) differences.

Inhibitory effects of sinensetin are dependent
on MKK6 expression levels

To validate the dependency of MKK6 on the
effects of sinensetin, sgC or sgMKK®6 cells were
treated with sinensetin and NSCLC cell growth
was evaluated using MTT or foci formation
assays. sgMKK6 cells were more resistant to
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the inhibitory effect of sinensetin on cell growth
and foci formation compared to sgControl cells
(Figure 6A, 6B).

Discussion

Small molecule natural products have been a
major source of medicine for several years. For
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Figure 6. MKK6-dependent anticancer activity of sinensetin. (A, B) MKK6-dependent inhibitory effect of sinensetin
on NSCLC cell growth (A) and foci formation ability (B). Treatment of sgMKK6 or sgControl cells with or without
sinensetin, respectively. Data for both panels are shown as means + SD values derived from three independent
experiments. Asterisks (*) indicate significant (P < 0.05) differences.

example, aspirin (acetylsalicylic acid) precur-
sors have been used as medicine for millennia
[27]. However, the primary target for acetylsali-
cylic acid was not identified until the 1970s
[28], and research on aspirin target ID has
been continued [29]. Target ID is a key step
toward developing new drug entities in modern
medicine, enabling the structure-action rela-
tionship (SAR)-based modification of chemicals
that accelerate the optimization of their phar-
macological activities. Despite advances in
technology, target ID remains a significant bar-
rier to developing drugs using natural
compounds.

Sinensetin, a plant-derived polymethoxylated
flavonoid, exhibits various biological activities,
though its molecular targets and potential ther-
apeutic effects in NSCLC remain unexplored.
Here, we demonstrate that sinensetin inhibits
NSCLC growth by directly targeting MKK6. Our
signaling pathway analyses and in vitro kinase
assay results revealed that sinensetin signifi-
cantly suppressed MKK6-p38a signaling path-
way and selectively inhibited MKK6 kinase
activity without affecting MKK3 activity (Figure
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4A-C). SPR analysis further confirmed the bind-
ing of sinensetin to MKK6 with an affinity of
66.27 uM (Figure 4D). Importantly, we investi-
gated how sinensetin affects only MKK6 activi-
ty. Our top five in silico molecular docking analy-
ses showed that sinensetin was effectively
docked at the aG-helix of MKKG, but not MKK3
(Figure 4E). However, these findings could not
elucidate the molecular basis of differential
interactions between sinensetin and the «C-
helix of MKK6 and MKK3. Further studies are
needed to explore the binding dynamics be-
tween sinensetin and «C and a«G-helix of MKKs.
Since the aG-helix motif is indispensable for
the binding of MKK6 to p38a [23], our results
suggest that the binding of sinensetin to the
aG-helix of MKK6 may inhibit MKK6-p38a
interactions. MKK3 and MKKG6 are essential for
classical p38 activation via the phosphoryla-
tion of threonine (T180) and tyrosine (Y182)
residues within the active loop of p38 [30].
Both MKK3 and MKK®6 are essential for activat-
ing p38y and p38p in response to different cel-
lular stresses, and for p38d activation during
hyperosmotic stress. However, MKK6 plays a
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primary role in activating p38y in response to
TNFa and anisomycin treatment [22]. Until now,
there are no known inhibitors that selectively
target MKK6 and MKK3. Developing isoform-
selective inhibitors is critical for both basic
research and new drug development. Although
the molecular mechanism underlying the selec-
tive targeting of MKK6 over MKK3 by sinense-
tin needs to be elucidated in future studies, our
findings suggest that sinensetin could serve
as a specific MKK6 inhibitor. This selectivity
offers potential for therapeutic strategies in
NSCLC when combined with other treatment
modalities.

Compelling evidence supports the dual role of
p38 in cancer, acting as both a tumor suppres-
sor (by regulating proliferation, differentiation,
and apoptosis) and a tumor promoter (by induc-
ing cell survival, proliferation, and angiogene-
sis) in a cellular context-dependent manner
[31]. In NSCLC, p38 isoforms were significantly
upregulated, with only p38a expression sig-
nificantly associated with tumor stages [32]. In
addition, elevated p38a expression levels were
correlated with higher malignancy and poorer
prognosis in lung adenocarcinoma patients,
further promoting Kras®?'-driven lung tumor
progression [33]. While the oncogenic role of
the p38a signaling pathway in NSCLC is well
established, the clinical implications of MKK6
in NSCLC have not been fully investigated due
to the lack of specific inhibitors for MKK6.
Here, we first discovered sinensetin the first
selective inhibitor of MKK6, and identified the
negative correlation between high MKK6 ex-
pression levels and low survival rates in lung
cancer patients (Figure 5A and 5B).

The finding that sinensetin induces cell cycle
arrest in NSCLC cells through MKKG inhibition
is unsurprising. Specifically, p38 modulates
the phosphorylation of several proteins in the
CDK-RB-E2F axis, thereby affecting G1 arrest
[34]. The MAPK pathway promotes oncogenic
MYC protein stability to enhance inhibitory
effects by modulating p21 expression [35]. Our
results showed that sinensetin upregulates
p21 expression, which increases levels of
Gl-phase cell cycle arrest in lung cancer cells
(Figure 2C). Overall, we suggest that sinensetin
induces Gl-phase cell cycle arrest by directly
targeting MKK6 activity to reduce p38 activa-
tion in NSCLC cells.
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In conclusion, this study establishes sinensetin
as a selective MKKG6 inhibitor that suppresses
NSCLC growth and induces G1-phase cell cycle
arrest. Further investigation into its inhibition of
MKK6-p38 pathways could reveal novel strate-
gies for targeted therapy and chemoprevention
in NSCLC.
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Supplementary Table 1. Clinical information of LG70 NSCLC tissue

Sample Name Gender Age Pathological Pattern T N M EGFR mutation
LG70 Female 60 squamous cell lung carcinoma 2b 1 0 Null
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Supplementary Figure 1. The expression levels of MKK6 protein. MKK6 protein expression in human normal NL20

cells, LG70 organoid, and LG70 PDX tissue was analyzed by Western blotting. Band density was measured using
the Image J (NIH) software program.



