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ABSTRACT: The ErbB2 signaling pathway plays a crucial role in Q8

cancer stem cells (CSCs), governing cancer aggressiveness and o OH 1{ ErbB2
proliferation. Targeting ErbB2 holds promise for advancing cancer ) \, e
therapeutics. Resveratrol (RES) and its derivatives have been noted 2 [ ) ‘
for their ability to target proteins that are involved in CSCs. In this P ;ﬁ S
investigation, we synthesize novel derivatives of RES, aim at 70
elucidating structure—activity relationships (SARs) that could
enhance the anticancer properties of the RES analogues, and
explore their capacities to suppress CSCs. YI-12, an O-benzyl-
substituted 1,3-diphenylpropane, demonstrated the most potent
anticancer activity against lung cancer cells (AS49 and H460),
showing high potential inhibiting cancer colony formation.
Interestingly, not only does YI-12 suppress CSCs-related proteins,
indicated by decreased expression of CSC-enhancing molecules such as CD133-, OCT4-, and CSC-related protein f-catenin, but it
also induces apoptosis in CSC-rich spheroids after treatment. Additionally, molecular docking and bioinformatic analysis suggest
ErbB2 as a potential target of the compound with a strong binding affinity (—6.709 kcal/mol) compared to the reference compound
TAK-285 (—5.563 kcal/mol). YI-12’s capability to bind and inhibit ErbB2 leads to the suppression of PI3K and AKT. In conclusion,
we highlight the novel resveratrol derivative YI-12 for its ability to inhibit CSCs through the ErbB2 signaling pathway. This
compound represents a promising structure that should be further developed for potential use in anticancer therapy.
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Bl INTRODUCTION Recently, there has been an effort to identify drugs that can
target CSCs by modulating various proteins such as AKT,"”
PI3K,'* and p-catenin,"> which are key components of
different signaling pathways. However, several studies have
shown that drug resistance can develop against these targeted
proteins, necessitating the use of multiple drugs in combina-
tion for effective treatment.'® Nevertheless, developing a single
drug with the efficacy to inhibit CSCs would be a more

Over the past decades and in the foreseeable future, cancer
remains a noninfectious disease widespread globally. Alarm-
ingly, it caused over 10 million people deaths in 2022 and is
projected to rise to 30 million by 2050."” Lung cancer
accounts for nearly 20% of all cancer cases.” Additionally, the
discovery of new drugs significantly lags behind the rate at

which cancer cells develop drug resistance.’ Studies indicate ) g o )
that the failure of cancer treatments is often due to the effective strategy than relying on combination therapies. One

i : isi h involves targeting receptors on the cell
devel t of t lls (CSCs), which contribute t promising approac geting recep
d:; ?Eg;f:ncz i;artlszosre;o;ere;i(on 4,55)’ whieh contiibte fo surface such as EGFR, C-met, and ErbB2 (HER2). However,

CSCs are a unique subset of cancer cells that possess stem nolt all oncogenic diverted proteins, including human

epidermal growth factor receptor 2 (ErbB2/HER2) currently,
have approved targeted therapies. The ErbB family, also known
as epidermal growth factor (EGF) receptors, belongs to
subclass 1 of the receptor tyrosine kinase (RTK) superfamily.

cell-like properties, including self-renewal and the ability to
initiate tumors.® Recent research highlights CSCs as promising
targets for cancer therapy, as targeting the molecular signaling
pathways associated with CSCs could inhibit their activity and
improve treatment outcomes.”™’ Targeting CSCs has shown

promise in recurrence. CSCs are often identified by markers Received: October 15, 2024
like CD133, which is linked to chemotherapy resistance and Revised:  February 18, 2025
poor prognosis in lung cancer.'”"" Other important markers Accepted:  February 20, 2025
include transcription factors such as OCT4, NANOG, SOX2, Published: February 25, 2025

and the glycoprotein CD44, which play crucial roles in CSC
functions.'”
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This family comprises four distinct members: ErbB1 (also
known as EGFR or HER1), ErbB2 (HER2/neu), ErbB3
(HER3), and ErbB4 (HER4)."”'® ErbB2 typically forms
heterodimers with other members of the HER receptor family
or homodimers when overexpressed. This dimerization leads
to the phosphorylation of tyrosine residues and activation of
downstream tumorigenic signaling pathways, such as PI3K-
AKT pathways.'”~"” Additionally, it has been reported that the
stabilization of ErbB2 promotes a stem cell-like phenotype in
lung adenocarcinoma cells,®® making them more resistant to
treatment. Historically, therapies targeting ErbB2 have been
used predominantly in the treatment of breast cancer.
Recently, these therapies have also been applied to lung
cancer treatment. Consequently, current market offerings and
drug development still involve the combined use of ErbB2-
targeted drugs with EGFR-targeted therapies.'””' Unfortu-
nately, previous research has demonstrated that ErbB2-
targeted monoclonal antibodies and traditional pan-HER
tyrosine kinase inhibitors (TKIs) have exhibited limited
antitumor effectiveness in treating non-small-cell lung cancer
(NSCLC) with HER2 alterations.'”*” Consequently, it is
essential to identify and develop new therapeutic agents to
improve treatment outcomes.

Currently, CSC inhibitors are largely derived from natural
sources, such as medicinal plants or marine organisms, and
there is a strong interest in using natural products for
therapeutic purposes. One such compound is resveratrol
trans-3,5,4'-trihydroxystilbene (RES), a natural polyphenol
known for its powerful antioxidant effects, which holds
promise for suppressing CSCs.'>** However, RES faces
challenges such as limited solubility in water and poor
bioavailability.”* An earlier study has demonstrated that
structural modifications of RES can substantially improve its
water solubility and bioavailability."* Due to these challenges,
the study of modifying the structure of RES has garnered
significant interest. Research has shown that replacing hydroxyl
groups with methoxy groups can enhance the compound’s
anticancer properties.' > Additionally, adjusting the hydroxyl
groups on the phenol ring of stilbenes and methylating these
hydroxyl groups not only increases the compound’s bioavail-
ability but also improves its solubility.”**” In a previous study
conducted by our research group, we examined the effects of
various RES analogues on lung cancer cell inhibition. The
study revealed that these analogues could increase binding
affinity."* Additionally, the RES analogues were developed thus
far have shown specificity for proteins such as AKT and
mTOR."**® However, there have been no reports of RES
analogues targeting the ErbB2/HER2 signaling pathway.

In this study, we aim to demonstrate that RES analogue can
effectively inhibit the initiation and growth of CSCs by
targeting ErbB2, a protein that regulates the PI3K signaling
pathway. The effectiveness of the RES analogue YI-12 in
inhibiting growth and suppressing CSC phenotypes was
evaluated and compared across different lung cancer cell
lines. Furthermore, we provided evidence that YI-12 interacts
with ErbB2 through a molecular docking study. We strongly
anticipate that this research will pave the way for future
anticancer therapy and the clinical development of this
compound.

B EXPERIMENTAL SECTION

Reagents and Antibodies. Roswell Park Memorial Institute
(RPMI) 1640 medium, Dulbecco’s modified Eagle’s medium
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(DMEM), i-glutamine, and Antibiotic-Antimycotic (100X) (Anti-
Anti) were procured from Gibco (Grand Island, NY). Fetal bovine
serum (FBS), phosphate-buffered saline (PBS), and 0.25% trypsin-
EDTA were acquired from HyClone (Logan, UT). RES, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), di-
methyl sulfoxide (DMSO), crystal violet, paraformaldehyde, Hoechst
33342, and propidium iodide (PI) were sourced from Sigma-Aldrich
(St. Louis, MO). Radioimmunoprecipitation assay (RIPA) lysis buffer
and Immobilon Western Chemiluminescent HRP Substrate were
obtained from Millipore (Billerica, MA), while the protease inhibitor
cocktail was procured from Roche Molecular Biochemicals (Indian-
apolis, IN).

The primary antibody utilized in this investigation is detailed in
Table S1, and the secondary antibodies, antirabbit IgG (#7074) or
antimouse IgG (#7076), were supplied by Cell Signaling Technology
(Danvers, MA).

Synthesis of Resveratrol Analogue YI. 2-Hydroxy-4-
(methoxymethoxy)benzaldehyde (2).”° A solution of 1 (690.6 mg,
5.0 mmol) in CH,Cl, (16 mL) was added i-Pr,NEt (940 mL, 5.5
mmol, 1.1 equiv) and MOMCI (415 mL, 5.5 mmol, 1.1 equiv) at 0
°C. The reaction mixture was stirred for 1 h at room temperature, and
the reaction mixture was diluted with H,O (10 mL), extracted with
CH,Cl, (20 mL X 3), washed with brine, dried over anhydrous
Na,SO,, and concentrated. The crude product was purified over a
Si0O, column (n-hexane/EtOAc = 7:3) to give 2 (714.0 mg, 78%) as a
yellow solid.

'H NMR (400 MHz, CDCL,) &: 11.37 (1H, s), 9.74 (1H, s), 7.45
(1H, d, ] = 8.5 Hz), 6.65 (1H, dd, J = 2.2, 8.5 Hz), 6.60 (1H, d, ] =
2.2 Hz), 522 (2H, s), 3.49 (3H, s).

2-(Benzyloxy)-4-(methoxymethoxy)benzaldehyde (3).°° A solu-
tion of 2 (1.38 g, 7.57 mmol) in acetone (150 mL) was added K,CO,
(2.60 g, 18.93 mmol, 2.5 equiv) and benzyl bromide (990 mL, 8.33
mmol, 1.1 equiv), and the obtained solution was refluxed for 2 h.
After cooling to room temperature, the reaction mixture was filtered,
and the obtained filtrate was evaporated under vacuum. The residue
was purified over a SiO, column (CHCL;) to give 3 (2.06 g, 100%) as
a yellow oil.

'H NMR (400 MHz, CDCL,) &: 10.40 (1H, s), 7.82 (1H, d, ] = 9.3
Hz), 7.33—7.46 (5H, m), 6.68—6.70 (2H, m), 5.21 (2H, s), 5.16 (2H,
s), 348 (3H, s).

Diethyl-(4-hydroxybenzyl)phosphonate (5).>" A solution of 4
(1.00 g, 8.06 mmol) in Et,0 (45 mL) was added to PBr; (990 uL,
10.42 mmol, 1.29 equiv) at 0 °C. The reaction mixture was stirred for
1 h at the same temperature. The reaction mixture was diluted with
H,0 (50 mL), extracted with EtOAc (100 mL X 3), washed with
brine, dried over anhydrous Na,SO, and concentrated to give
bromide solution in EtOAc. Then, P(OFEt), (1750 xL, 10.11 mmol,
1.25 equiv) and crude bromide solution were mixed and concentrated
to remove EtOAc. The reaction mixture was stirred for 3.5 h at 140
°C. The reaction mixture was concentrated in vacuo, and the residue
was purified over a SiO, column (n-Hexane/EtOAc = 1:3) to give §
(1.34 g, 68%) as a pale orange solid.

'H NMR (400 MHz, CDCl,) &: 7.57 (1H, s), 7.05 (2H, dd, ] = 2.7,
8.5 Hz), 6.64 (2H, d, ] = 7.8 Hz), 4.00—4.09 (4H, m), 3.06 (2H, d, J
=21.0 Hz), 1.26 (6H, t, ] = 7.0 Hz).

Diethyl-{4-(methoxymethoxy)benzyliphosphonate (6).>’ A sol-
ution of § (855.6 mg, 3.5 mmol) in CH,Cl, (14 mL) was added i-
Pr,NEt (1.65 mL, 9.7 mmol, 2.8 equiv) and MOMCI (730 mL, 9.7
mmol, 2.8 equiv) at 0 °C. The reaction mixture was stirred for 22 h at
room temperature, and the reaction mixture was diluted with H,O
(35 mL), extracted with CH,Cl, (70 mL X 3), washed with brine,
dried over anhydrous Na,SO,, and concentrated. The crude product
was purified over SiO, column (CHCl;/EtOAc = 1:1) to give 6
(722.9 mg, 72%) as a colorless oil.

'H NMR (400 MHz, CDCl,) &: 7.23 (2H, dd, ] = 2.7, 8.8 Hz),
6.98 (2H, d, J = 8.9 Hz), 5.16 (2H, s), 3.95—4.08 (4H, m), 3.47 (3H,
s), 3.09 (2H, d, J = 21.2 Hz), 1.25 (6H, t, ] = 7.1 Hz).

(E)-2-(Benzyloxy)-4-(methoxymethoxy)- 1-{4-(methoxymethoxy)-
styrylibenzene (7, YI-1). A solution of 6 (127.0 mg, 0.44 mmol, 1.2
equiv) in THF (2.0 mL) was stirred at —78 °C and added t-BuOK

https://doi.org/10.1021/acs.chemrestox.4c00436
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solution in THF (590 uL, 0.59 mmol, 1.6 equiv., 1.0 M) over 30 min.
The reaction mixture was stirred for 20 min at the same temperature
and added 3 (100.5 mg, 0.37 mmol) in THF (2.0 mL) over 20 min,
and the mixture was stirred for 1 h at —78 °C and for 10 min at 0 °C.
Then, the reaction mixture was stirred for 17 h at room temperature.
The reaction mixture was cooled to 0 °C and diluted with saturated
NH,CI solution, extracted with EtOAc (60 mL X 3), washed with
saturated NH,Cl solution and H,O, dried over anhydrous Na,SO,,
and concentrated. The crude product was purified over a SiO, column
(CH,Cl,) to give YI-1 (7) (99.8 mg, 67%) as a pale yellow oil.

'H NMR (400 MHz, CDCL,) &: 7.24—7.50 (9H, m), 7.01 (1H, d, J
= 16.3 Hz), 7.00 (2H, d, ] = 8.7 Hz), 6.65—6.68 (2H, m), 5.17 (2H,
s), 5.16 (2H, s), 5.11 (2H, s), 3.48 (3H, s), 3.47 (3H, s). °C NMR
(100 MHz, CDCl,) é: 157.7 (C), 156.9 (C), 156.5 (C), 136.9 (C),
132.2 (C), 128.6 (CH), 127.9 (CH), 127.5 (CH), 127.4 (CH), 127.2
(CH), 127.0 (CH), 121.7 (CH), 121.1 (CH), 116.4 (CH), 108.3
(CH), 101.8 (CH), 94.5 (CH,), 944 (CH,), 70.5 (CH,), 56.04
(CH,), 55.98 (CH,). IR (KBr): 3020, 1607, 1510, 1217, 1153, 1079,
1014, 772, 669, 494 cm™. HRMS (ESI): calcd for C,;H,sO;Na,
429.1678; found: [M + Na]* 429.1673.

5-(Methoxymethoxy)-2-(4-(methoxymethoxy)phenethyl)phenol
(8). A solution of 7 (366.0 mg, 0.90 mmol) in THF (45 mL) was
hydrogenated over 10% Pd/C (55% water, 191.7 mg) at room
temperature for 3 h. The catalyst was removed by Celite filtration, and
the filtrate was concentrated in vacuo. The crude product was purified
over SiO, column (n-Hexane/EtOAc = 2:1) to give 8 (238.9 mg,
83.0%) as a yellow solid.

'H NMR (400 MHz, CDCL,) &: 7.11 (2H, d, ] = 8.6 Hz), 6.98
(1H, d, ] = 8.0 Hz), 6.96 (2H, d, ] = 8.6 Hz), 6.55 (1H, dd, ] = 2.4,
8.2 Hz), 649 (1H, d, ] = 2.4 Hz), 5.16 (2H, s), 5.12 (2H, s), 5.02
(1H, s), 3.48 (3H, s), 3.47 (3H, s), 2.77-2.85 (4H, s). *C NMR
(100 MHz, CDCl,) &: 156.5 (C), 1554 (C), 154.3 (C), 135.5 (C),
130.7 (CH), 129.4 (CH), 121.5 (C), 116.3 (CH), 108.4 (CH), 103.9
(CH), 94.6 (CH,), 94.5 (CH,), 55.94 (CH,), 5591 (CH,), 35.5
(CH,), 31.8 (CH,). IR (KBr): 3348, 2946, 1617, 1509, 1442, 1231,
1146, 1071, 1028, 901, 837, 560, 506 cm™'. HRMS (ESI): calcd for
C,H,,0.Na, 341.1365; found: [M + Na]* 341.1364.

2-(Benzyloxy)-4-(methoxymethoxy)-1-(4-(methoxymethoxy)-
phenethyl)benzene (9, YI-3). A solution of 8 (10.0 mg, 0.03 mmol)
in acetone (2.0 mL) was added K,CO; (11.0 mg, 0.08 mmol, 2.6
equiv) and benzyl bromide (4.1 mL, 0.035 mmol, 1.1 equiv), and the
obtained solution was refluxed for 23.5 h. After cooling to room
temperature, the reaction mixture was filtered, and the obtained
filtrate was evaporated under vacuum. The crude product was purified
over SiO, column (n-Hexane/EtOAc = 3:1) to give 9 (11.3 mg, 88%)
as a colorless oil.

'H NMR (400 MHz, CDCl;) 8: 7.31-7.46 (5H, m), 7.06 (2H, d, J
= 8.6 Hz), 7.02 (1H, d, ] = 8.2 Hz), 6.92 (2H, d, ] = 8.6 Hz), 6.66
(1H, d, ] = 2.4 Hz), 6.58 (1H, dd, ] = 2.3, 8.1 Hz), 5.14 (4H, s), 5.05
(2H, s), 3.48 (3H, s), 3.47 (3H, s), 2.78—2.88 (4H, m). 3C NMR
(100 MHz, CDCl,) &: 157.3 (C), 156.7 (C), 155.3 (C), 137.2 (C),
136.0 (C), 130.2 (CH), 129.4 (CH), 128.5 (CH), 127.8 (CH), 127.3
(CH), 124.2 (C), 116.1 (CH), 107.4 (CH), 101.3 (CH), 94.7 (CH,),
94.6 (CH,), 69.9 (CH,), 56.0 (CH,), 55.9 (CH,), 35.8 (CH,), 32.5
(CH,). IR (KBr): 2930, 1610, 1588, 1509, 1454, 1381, 1232, 1151,
1078, 1016, 922, 828, 739, 697 cm™". HRMS (ESI): caled for
C,sH,s0.Na, 431.1834; found: [M + Na]* 431.1830.

1-{4-(Methoxymethoxy)phenyliethan-1-one (11).>? A solution of
10 (408.5 mg, 3.00 mmol) in CH,Cl, (10 mL) was added i-Pr,NEt
(765 mL, 4.50 mmol, 1.5 equiv) and MOMCI (338.6 mL, 4.50 mmol,
1.5 equiv) at 0 °C. The reaction mixture was stirred for 1 h at room
temperature, and the reaction mixture was diluted with H,O (20 mL),
extracted with CH,Cl, (20 mL X 3), washed with brine, dried over
anhydrous Na,SO,, and concentrated. The crude product was purified
over SiO, column (n-hexane/EtOAc = 7:3) to give 11 (449.1 mg,
83%) as a colorless oil.

'H NMR (400 MHz, CDCL,) &: 7.93 (2H, d, J = 8.8 Hz), 7.07
(2H, d, ] = 8.8 Hz), 5.39 (2H, s), 3.48 (3H, s), 2.56 (3H, s).

(E)-3-{2-(Benzyloxy)-4-(methoxymethoxy)phenyl}-1-{4-
(methoxymethoxy)phenyl}prop-2-en-1-one (12). A solution of 3
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(131.3 mg, 0.48 mmol) and 11 (86.5 mg, 0.48 mmol, 1.0 equiv) in
MeOH (3.5 mL) was added to NaOH (38.3 mg, 0.97 mmol, 2.0
equiv), and the obtained solution was stirred for 96 h at the room
temperature. The reaction mixture was diluted with H,0O (20 mL),
extracted with CH,Cl, (30 mL X 3), washed with brine, dried over
anhydrous Na,SO,, and concentrated. The crude product was purified
over SiO, column (n-hexane/EtOAc = 7:3) to give 12 (121.1 mg,
58%) as a yellow solid.

'H NMR (400 MHz, CDCl,;) &: 7.96 (1H, d, ] = 15.8 Hz), 7.80
(2H, d, J = 8.9 Hz), 7.68 (1H, d, ] = 15.5 Hz), 7.51-7.52 (3H, m),
7.41-7.46 (3H, m), 7.00 (2H, d, J = 8.9 Hz), 6.73 (1H, d, ] = 2.0
Hz), 6.70 (1H, dd, J = 2.3, 8.3 Hz), 5.24 (2H, s), 5.24 (2H, s), 5.14
(2H, s), 3.50 (3H, s), 3.49 (3H, s). *C NMR (100 MHz, CDCl,) §:
189.4 (C), 160.6 (C), 160.1 (C), 160.0 (C), 140.2 (CH), 136.2 (C),
132.7 (CH), 132.5 (C), 130.6 (CH), 128.8 (CH), 128.3 (CH), 128.1
(CH), 121.3 (CH), 118.3 (C), 115.6 (CH), 108.2 (CH), 101.2
(CH), 94.3 (CH,), 94.1 (CH,), 70.6 (CH,), 56.25 (CH,), 56.23
(CH,). IR (KBr): 3072, 2901, 2823, 1655, 1604, 1314, 1247, 1173,
1079, 1030 cm™. EI-MS m/z (%): 434 (M*, 3), 272 (43), 180 (25),
91 (100), 45 (53). HRMS (EI): calcd for C,qH,O¢, 434.1729; found:
m/z 434.1731.

(E)-3-(2-(Benzyloxy)-4-hydroxyphenyl)-1-(4-hydroxyphenyl)-
prop-2-en-1-one (26, YI-10). A solution of 12 (43.6 mg, 0.10 mmol)
in EtOH (4.0 mL) was added to HCI (4.0 L), and the obtained
solution was refluxed for 2 h. The reaction mixture was diluted with
sat. NaHCO; (10 mL), extracted with EtOAc (20 mL X 3), washed
with H,O (10 mL), dried over anhydrous Na,SO,, and concentrated.
The crude product was purified over SiO, column (CHCly/EtOAc =
9:1) to give YI-10 (13) (28.1 mg, 81%) as an orange solid.

"H NMR (400 MHz, CD,0D) &: 7.91 (1H, d, ] = 15.6 Hz), 7.69
(1H, d, J = 15.6 Hz), 7.70 (2H, d, J = 9.0 Hz), 7.53=7.56 (2H, m),
749 (1H, d, J = 8.4 Hz), 7.39-7.47 (3H, m), 6.78 (2H, d, ] = 8.8
Hz), 6.59 (1H, d, ] = 2.2 Hz), 6.48 (1H, dd, ] = 2.2, 8.4 Hz), 5.13
(2H, s). *C NMR (100 MHz, CD,0D) é: 191.6 (C), 163.5 (C),
162.9 (C), 161.7 (C), 142.1 (CH), 138.1 (C), 134.1 (CH), 132.0
(CH), 131.3 (C), 129.8 (CH), 129.40 (CH), 129.35 (CH), 120.3
(CH), 117.0 (C), 116.3 (CH), 109.5 (CH), 101.2 (CH), 71,7 (CH,).
IR (KBr): 3317, 1638, 1604, 1551, 1459, 1262, 1212, 1167, 1018,
979, 834, 732 cm™'. HRMS (ESI): caled for C,,H,,0,, 345.1127;
found: [M-H]~ 345.1130.

5-(Methoxymethoxy)-2-[3-{4-(methoxymethoxy)phenyl}propyl]-
phenol (14). A solution of 12 (30.9 mg, 0.07 mmol) in THF (4.0
mL) was hydrogenated over 10% Pd/C (55% water, 15.4 mg) at
room temperature for 26 h. The catalyst was removed by Celite
filtration and the filtrate was concentrated in vacuo. The crude
product was purified over SiO, column (CHCl;/EtOAc = 19:1) to
give 14 (19.0 mg, 83.0%) as a yellow oil.

'H NMR (400 MHz, CDCL) &: 7.11 (2H, d, ] = 8.6 Hz), 6.99
(1H, d, ] = 8.3 Hz), 6.96 (2H, d, ] = 8.3 Hz), 6.55 (1H, dd, ] = 2.3,
8.3 Hz), 6.50 (1H, d, J = 2.0 Hz), S.15 (2H, s), 5.12 (2H, s), 4.94
(1H, s), 3.48 (3H, s), 3.47 (3H, s), 2.61 (2H, t, ] = 7.7 Hz), 2.56 (2H,
t, ] = 7.7 Hz), 1.86—1.92 (2H, m). *C NMR (100 MHz, CDCL,) &:
156.4 (C), 155.3 (C), 154.2 (C), 135.8 (C), 130.6 (CH), 129.3
(CH), 121.7 (C), 116.2 (CH), 108.4 (CH), 103.8 (CH), 94.6 (CH,),
94.6 (CH,), 56.0 (CH3;), 55.9 (CH;), 34.7 (CH,), 31.5 (CH,), 28.8
(CH,). IR (KBr): 3397, 2932, 1615, 1510, 1443, 1279, 1231, 1152,
1077, 1014, 922, 839, 756, 652 cm™ . EI-MS m/z (%): 332 (M*, 100),
256 (86), 167 (22), 123 (27), 45 (63). HRMS (EI): caled for
CoH,,0s, 332.1624; found: m/z 332.1622.

2-(Benzyloxy)-4-(methoxymethoxy)-1-[3-{4-(methoxymethoxy)-
phenylipropyllbenzene (15). A solution of 14 (196.2 mg, 0.59
mmol) in acetone (20 mL) was added K,CO4 (205.5 mg, 1.49 mmol,
2.5 equiv) and benzyl bromide (77 mL, 0.65 mmol, 1.1 equiv), and
the obtained solution was refluxed for 24 h. After cooling to room
temperature, the reaction mixture was filtered, and the obtained
filtrate was evaporated under vacuum. The residue was purified over a
SiO, column (n-hexane/EtOAc = 7:3) to give 15 (225.3 mg, 90%) as
a colorless oil.

'"H NMR (400 MHz, CDCL,) §: 7.31—7.42 (5H, m), 7.07 (2H, d, ]
= 8.3 Hz), 7.03 (1H, d, J = 8.3 Hz), 6.92 (2H, d, ] = 8.0 Hz), 6.64
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(1H, d, J = 1.7 Hz), 6.59 (1H, dd, ] = 1.4, 8.3 Hz), 5.139 (2H, s),
5.136 (2H, s), 5.04 (2H, s), 3.473 (3H, s), 3.472 (3H, s), 2.64 (2H, t,
J=7.7Hz), 259 (2H, t, ] = 7.7 Hz), 1.86—1.92 (2H, m, 2’-H). *C
NMR (100 MHz, CDCl,) 6: 157.3 (C), 156.6 (C), 155.2 (C), 137.3
(C), 136.1 (C), 130.2 (CH), 129.3 (CH), 128.5 (CH), 127.7 (CH),
127.2 (CH), 124.7 (C), 116.1 (CH), 107.4 (CH), 101.4 (CH), 94.7
(CH,), 94.6 (CH,), 69.8 (CH,), 560 (CH,), 559 (CH,), 34.9
(CH,), 31.7 (CH,), 29.5 (CH,). IR (KBr): 3017, 2932, 2853, 1217,
1152, 1118, 1078, 1016 cm™'. EI-MS m/z (%): 423 (M*, 24), 346
(16), 167 (27), 91 (100), 45 (37). HRMS (EI): calcd for C,4H;,0s,
422.2093; found: m/z 422.2095.

3-(Benzyloxy)-4-{3-(4-hydroxyphenyl)propyl}phenol (16, YI-12).
A solution of 15 (42.7 mg, 0.10 mmol) in EtOH (4.0 mL) was added
to conc HCI (4.0 uL), and the obtained solution was refluxed for 1 h.
The reaction mixture was diluted with sat. NaHCO; (10 mL),
extracted with EtOAc (20 mL X 3), washed with H,O (10 mL), dried
over anhydrous Na,SO,, and concentrated. The crude product was
purified over SiO, column (n-Hexane/EtOAc = 7:3) to give YI-12
(16) (35.5 mg, quant.) as a pale orange solid.

'H NMR (400 MHz, CD,0D) &: 7.26—7.39 (5H, m), 6.93 (2H, d,
J=82Hz), 689 (1H, d, ] = 8.2 Hz), 6.66 (2H, d, ] = 8.4 Hz), 6.44
(1H, d, J = 2.2 Hz), 631 (1H, dd, J = 2.3, 8.1 Hz), 498 (2H, s),
2.47-2.56 (4H, m), 1.76—1.83 (2H, m). *C NMR (100 MHz,
CD;0D) 6: 158.7 (C), 157.6 (C), 156.1 (C), 139.0 (C), 134.8 (C),
130.3 (CH), 129.5 (CH), 128.7 (CH), 1282 (CH), 1232 (C), 116.0
(CH), 108.0 (CH), 101.2 (CH), 70.8 (CH,), 35.9 (CH,), 33.6
(CH,), 30.6 (CH,). IR (KBr): 3252, 2922, 1609, 1512, 1447, 1231,
1173, 1112, 1038, 969, 833, 733 cm™'. HRMS (ESI): calcd for
Cy,H,,05, 333.1491; found: [M-H] ~ 333.1495.

Cell Culture. Human lung cancer cell lines A549 and H460 were
procured from the American Type Culture Collection (Manassas,
VA). H460 cells were propagated in RPMI medium (Gibco), while
AS549 cells were cultured in DMEM (Gibco). The culture media were
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco),
and 1x Anti-Anti (Gibco). Upon reaching 70—80% confluence, the
cells were detached using 0.25% trypsin—EDTA (HyClone) and
subcultured in the same media. Cell cultures were maintained at 37
°C in a humidified atmosphere with 5% CO,.

Preparation of Compounds Solution. Stock solutions of RES
and YI were prepared at a concentration of 50 mM in DMSO (Sigma)
and stored in aliquots at —20 °C. Dilutions of RES and YI to achieve
designated final concentrations ranging from 0 to 200 yM were made
by using cell culture media for subsequent experiments. DMSO served
as the vehicle control in these experiments.

Cell Viability Assay. The impact of RES and YI on cell viability in
lung cancer cells was evaluated via an MTT assay. In brief, lung cancer
cell lines (AS49 and H460) were seeded overnight at a density of 1 X
10* cells/well in 96-well plates. Subsequently, the cells were treated
with various concentrations (0—200 uM) of RES or YI for 24 h.
Following the designated incubation period, an MTT solution (0.5
mg/ mL) was added, and the cells were incubated in darkness for 3 h
at 37 °C in a CO, incubator. The purple formazan crystals formed
were dissolved by adding DMSO (100 uL/well). The absorbance was
then measured at 570 nm using a microplate reader (PerkinElmer,
Waltham, MA). The percentage of cell viability relative to the
nontreated control was determined from the optical density (OD)
ratio of treated to nontreated control cells. ICy, values were obtained
through regression analysis of dose—response curves using GraphPad
Prism9 software (San Diego). The cancer selectivity index (SI) was
computed using the following equation: SI = mean ICy, against
normal cells/mean ICs, against cancer cells.

Nuclear Staining Assay. Apoptosis and necrosis were detected
by co-staining with Hoechst 33342 (Sigma Chemical, St. Louis, MO)
and propidium iodide (PI) (Sigma Chemical, St. Louis, MO,).
Nuclear morphology was assessed by using the DNA dye Hoechst
33342. The lung cancer cell lines (AS49 and H460) were seeded in
96-well plates at 12 X 10* cells/well and treated with various
concentrations (0—50 uM) of RES or YI for 24 h. Then, the treated
cells were stained with 10 uM Hoechst 33342 and 5 M PI at 37 °C
for 10 min. The cells were visualized under a fluorescence microscope
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(Olympus DP70, Melville, NY) and the image analysis was performed
and determined using Image].**

Proliferation Assay. An MTT assay was employed to evaluate the
antiproliferative impact of RES analogue, YI-12, over a period of three
consecutive days. The NSCLC cell lines A549 and H460 were seeded
at a cell density of 1 X 10* cells per well in a 96-well plate. The cells
were exposed to low concentrations (0—50 yM) of YI-12 or RES at
various time points (0, 24, 48, and 72 h) and then incubated under
5% CO, at 37 °C. Subsequently, the cell viability was assessed using
an MTT assay at 0, 24, 48, and 72 h. The percentage of cell
proliferation was determined by dividing the OD of the cells at each
time point by the OD of the nontreated control cells.

Colony Formation Assay. NSCLC cell lines were seeded in
triplicate into 6-well plates at a density of 300 cells per well. After
overnight attachment, cells were exposed to varying concentrations
(0—50 uM) of YI-12 or RES for 24 h. Following treatment, the
medium containing YI-12 was replaced with a fresh medium. Colonies
were allowed to form over a period of 7 days, with the medium
refreshed every 2 days. For colony staining, colonies were washed
once with PBS, fixed by adding fixative (methanol:acetic acid (3:1, v/
v)) for S min, and then stained with crystal violet (0.05% (w/v)) in
4% paraformaldehyde for 30 min. Excess crystal violet was removed
by washing with distilled water multiple times, and the colonies were
allowed to air-dry at room temperature. Digital images of the colonies
were captured using a digital camera, and the acquired images were
analyzed using Image]J software (National Institutes of Health (NIH),
Bethesda, MD).

Western Blot Analysis. NSCLC cell lines were planted overnight.
The cells were treated with YI-12 at 0—50 uM for 24 h. The following
cells were lysed and prepared for Western blotting. Nonspecific
binding was blocked with 5% skim milk before incubation with the
primary antibody (CD133, OCT4, ALDH1A1, PI3K, p-PI3K, AKT,
p-AKT, and GAPDH) at dilution 1:1000 overnight at 4 °C. The
appropriate secondary antibody (goat antirabbit IgG (HRP) or rabbit
antimouse IgG (HRP)) was diluted at dilution 1:5000 and incubated
for 1 h at room temperature (RT). The enhanced chemiluminescence
(Immobilon Western HRP Substrate, Millipore) was used to detect
protein bands and analyzed by Image] (NIH, Bethesda, MD).

Immunofluorescence Assay. For staining of cell monolayers,
AS549 and H460 cells were seeded at a density of 1 X 10* cells per well
in 96-well plates overnight. The cells were then treated with YI-12 or
RES at 0—50 uM for 24 h. Following fixation with 4%
paraformaldehyde for 15 min, cells were permeabilized with 0.2%
(v/v) Triton X-100 and blocked with 10% (v/v) FBS for 20 min at
RT. The cells were incubated overnight at 4 °C in the presence of
CD44, CD133, OCT4, SOX2, ALDH1A1, PI3K, or p-PI3K primary
antibodies at a dilution of 1:400 in 4% FBS. After incubation, Alexa
Fluor 488 or Alexa Fluor 594 conjugated with goat antirabbit IgG
secondary antibody at a ratio of 1:500 in 4% FBS was added and
incubated for 1 h at RT in the dark. Cell nuclei were stained with
Hoechst 33342 (10 pg/mL) for 15 min at RT and then photographed
under confocal microscopy (Zeiss, Jena, Germany). The fluorescence
intensity was measured using Image] software.

For staining spheroid (3D), AS49 and H460 cells were allowed to
form primary and secondary spheroids, as described before. At day 14
of secondary spheroid development, CSC-rich populations were
treated with 0—50 M YI-12 for 6 h, and then the cells were stained
following the same procedure as described previously for cell
monolayer staining.

Three-Dimensional (3D) CSC Spheroid Formation. Cells were
seeded and treated with YI-12 or RES (0—50 M) and then they were
plated at a density of S X 10° cells per well in a 24-well ultralow
attachment plate. Primary tumor spheroids were captured after
incubation for 3 and 7 days with a phase-contrast microscope (Nikon
ECLIPSE Ts2; Tokyo, Japan). Then, the spheroids were trypsinized
and resuspended into a single cell. The 5 X 10° cells/mL were seeded
onto 24-well ultralow attachment plates for 10 days to form secondary
CSC-enriched spheroids and photographed on day 3, day 7, and day
10. The secondary spheroids were then transferred to a 96-well
ultralow attachment plate, with one spheroid per well, and treated
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Figure 1. Derivatives of Resveratrol (RES): YI-1, YI-3, YI-10, and YI-12. (a) Core structure of RES. (b) Step-by-step synthesis for derivatives of
RES (YI-1, YI-3, YI-10, and YI-12).

with various concentrations of YI-12. The survival of cells was spheroids were stained with Hoechst 33342 and PI for 15 min after 2
monitored at 0, 0.5, and 2 h using an inverted microscope. The single h, to assess their viability and proliferation, and imaged using a
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Figure 2. Screening of RES derivatives YI-1, YI-3, YI-10, and YI-12 for their effect on cell viability in lung cancer cells (AS49, H460) and a
nontumorigenic epithelial cell line derived from human bronchial epithelium (BEAS-2B) was conducted. (a) NSCLC cells were seeded and treated
with RES and its derivatives (0—200 M) for 24 h. An MTT assay was performed to determine the ICj, values for the RES derivatives in treating
NSCLC cells. The selectivity index values were calculated relative to the parent RES compound, used as a positive control. (b, c) NSCLC cells were
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Figure 2. continued

seeded and treated with YI-12 (0—S0 uM) for 24 h. Apoptotic and necrotic cells were evaluated by co-staining with Hoechst 33342 and PI, and
images were captured using a fluorescence microscope. The percentages of apoptotic and necrotic cells were calculated. (d) Lung cancer cells were
seeded and treated with YI-12 (0—50 uM) for 72 h. Colonies were allowed to grow for 7 days, stained with crystal violet, and counted to measure
colony formation and area. (e) Percentages of colony numbers were calculated. (f) Relative colony area shown in the violin plot. Data are presented
as the mean = SD (n = 3). Significance is indicated by *, **, and *** representing statistically significant differences between treated and

nontreated control cells at p < 0.0S, p < 0.01, and p < 0.001, respectively.

fluorescence microscope (Olympus IX S1 with DP70; Olympus
America, Inc,, Center Valley, PA) or a confocal microscope (Zeiss,
Jena, Germany).**

Network Pharmacology Analysis to Identify Potential
Target of YI12. In this study, “Cancer stem cells” or “non-small-
cell lung cancer” was used as a keyword to search to identify CSCs-
related genes and NSCLCs-related genes in the GeneCards database
(https://www.genecards.org/). Genes categorized as “Protein Cod-
ing” with a relevance score exceeding 5.0 were considered for further
analysis. Finally, we built an NSCLCs/CSCs-related gene set by
intersecting target genes of NSCLCs and CSCs.

To build a YI-12-related gene set, the pharmacological targets of
Y—I12 were collected from Swiss Target Prediction (http://www.
swisstargetprediction.ch/). A set of targets was obtained by
intersecting the YI-12-related gene set and the NSCLCs/CSCs-
related target genes (https://bioinfogp.cnb.csic.es/tools/venny/).
The 67 targets were analyzed using the ShinyGO 0.80 for KEGG
pathway.”> The KEGG pathway analyses were considered to be
significantly enriched with a false discovery rate (FDR) cutoff of 0.0S.
The STRING database (http://string-db.org/) was used to construct
the protein—protein interaction (PPI) network. The parameter was
specified as Homo sapiens, with a confidence level threshold set at 0.90
for higher reliability in STRING analysis. The PPI network was
exported to the TSV format file and imported into the CytoHubba
plugin within Cytoscape V3.9.1 (The Cytoscape Consortium, San
Diego, CA) to identify the top 10 core targets. The DMNC algorithm
was used as the primary parameter for ranking.*®

Molecular Docking. Molecular docking of ligand(s) and proteins
was conducted using AutoDock Vinal.2.5.””*® The ligand YI-12 was
constructed and optimized by using Gaussian 16 at the B3LYP/6-
31G(p) level of theory. Protein PDB files were obtained from the
Protein Data Bank, with their respective PDB IDs listed in Table S2.
Each protein was prepared by removing crystallized water molecules,
ions, and other ligands, followed by proper protonation using
PROPKA™ to ensure accurate protonation states at physiological pH.

The center and size of the grid box for docking each protein were
determined based on the known active site coordinates and are
detailed in Table S2. Docking exhaustiveness was set to 32 (56 for
PDB ID 3RCD), providing a thorough exploration of the binding site,
and the number of ligand poses was set to 20 (S0 for PDB ID 3RCD)
to capture a diverse range of potential binding conformations. The
pose with the lowest binding affinity, indicative of the highest binding
strength, was selected for further analysis.

To visualize the results, two-dimensional (2D) and three-
dimensional (3D) representations of the ligand-protein complexes
were generated using Discovery Studio Visualizer 2020. Validation of
the docking protocol was performed by redocking the cocrystallized
ligand of each protein into their respective binding sites and
comparing the predicted binding modes with experimental data,
ensuring the reliability of the docking results.

Molecular Dynamic (MD) Simulation. Molecular dynamics
(MD) simulations were performed using AMBER to evaluate the
stability of the ligand-ErBb2 complex, as obtained from molecular
docking. The protein was parametrized with the AMBER ff19SB force
field, while the ligand was parametrized using the GAFF2 force field,
based on RESP charges calculated from its geometry-optimized
structure. The OPC water model was employed. The protein—ligand
complex was solvated in a truncated octahedron box, neutralized with
Na* or CI” ions, and NaCl was added to reach a concentration of 150
mM. The system was energy-minimized, heated to 310 K under NVT
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ensemble, and equilibrated under NPT conditions for 600 ps with a 2
fs time step. Production MD was conducted for 100 ns with a 2 fs
time step, applying a 1.2 nm cutoff for nonbonded interactions and
the Particle Mesh Ewald (PME) method for long-range electrostatics.
Post simulation, trajectory analysis was performed to calculate
backbone and ligand RMSD, RMSF, radius of gyration (Rg), and
hydrogen bond count. The final 1S ns of the simulation was used to
compute the solvated interaction energy.*>*'

Statistical Analysis. All experiments were conducted with a
minimum of three biological replicates, and the results are presented
as the mean + standard deviation. Statistical analyses were carried out
using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA). The
unpaired t test was used to compare statistical differences between
two groups, while ANOVA was employed for comparisons among
more than two groups. A significance level of P < 0.05 was considered
statistically significant.

B RESULTS

Synthesis of Resveratrol Derivative YI. In this present
study, we investigated the anticancer activity of RES analogue
YI against NSCLCs. The chemical structure of RES and its
analogue is shown in Figure la. The RES analogues in this
study were classified as stilbenes (7; YI-1), bibenzyl (9; YI-3),
chalcones (13; YI-10), and diphenylpropane (16; YI-12). YI-3
and YI-12 were synthesized from the reduction of YI-1 and YI-
10, respectively. YI-1 was synthesized from Horner—Wads-
worth—Emmons reaction of f-resorcylaldehyde (2,4-dihydrox-
ybenzaldehyde) derivative 3 and phosphonate of gastrodigenin
(4-hydroxybenzyl alcohol) 6, similar to our reported synthesis
of moscatilin.'> Meanwhile, YI-10 was synthesized through the
Claisen-Schmidt condensation of 3 with MOM-protected 4-
hydroxyacetophenone 11. The MOM protecting group was
kept in the structure for YI-1 and YI-3, while deprotection was
performed for YI-10 and YI-12. The MOM protecting group
was found to remain intact after catalytic hydrogenation using
Pd/C, whereas the benzyl group was cleaved.

The synthesis successfully synthesized YI-1, YI-3, YI-10, and
YI-12 with yields up to, respectively, 67, 88, 81, and 99.9%.
The successful synthesis of YI-1 and YI-10 was characterized
by the appearance of doublet peak in proton NMR with J-
coupling value around 15—16 Hz, indicating the vicinal, trans
proton. While the disappearance of those protons in YI-3 and
YI-12 indicated the successful reduction of the vinyl group of
YI-1 and YI-10. The full synthesis pathway of the compounds
is shown in Scheme (Figure 1b)

Evaluation of Cytotoxicity through MTT Assay during
Screening of Resveratrol Derivatives YI. The MTT assay
was utilized to evaluate the cytotoxic ability of RES derivatives
in AS49 and H460 cancer cells at various concentrations over
24 h. The results indicated that compounds YI-1, YI-3, and YI-
10 exhibited ICs, values of >200 yM for both A549 and H460
cells. In contrast, YI-12 demonstrated ICy, values of 96.9 +
8.95 and 1079 + 10.28 uM for AS49 and H460 cells,
respectively. The results showed that YI-12 had the greatest
efficacy among the RES analogues in lung cancer cell lines,
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Figure 3. Effects of YI-12 on the expression levels of stem cell-related proteins, stem cell markers, and stem cell transcription factors. (a, b) Cells
were treated with YI-12 (0—50 uM) for 24 h, and the protein expression levels of stem cell-related proteins (f-catenin), stem cell markers (CD133
and ALDHI1AL1), and stem cell transcription factors (OCT4) were determined by Western blot analysis. The blot was reprobed with GAPDH to
confirm equal protein loading. (c—f) Fluorescence intensity of stem-cell-related proteins (f-catenin), stem cell markers (CD133, CD44, and
ALDHI1A1), and stem cell transcription factors (OCT4 and SOX2) was captured using a fluorescence microscope and quantified with Image]

software. Data are presented as mean +
control cells.

SD (n = 3). Significance is indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001 versus nontreated

AS549 and H460. Additionally, when compared to RES, which
has ICy, values of 176.1 + 9.64 uM and >200 uM for AS49
and H460 cells, respectively. Therefore, YI-12 demonstrated
superior efficacy compared to other RES derivatives (Figure
2a).

To assess the cancer selectivity of YI-12, experiments were
conducted using the nontumorigenic human bronchial
epithelial cell line (BEAS-2B). Following treatment with YI-
12, the ICy, value for BEAS-2B was determined to be 128.5 +
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12.89 uM (Figure 2a), whereas for RES, the ICy, value was
measured at 145.9 + 15.55 uM. These results suggest that YI-
12 has comparable toxicity to resveratrol against normal
epithelial cells. Additionally, the selectivity index (SI) values of
BEAS-2B cells treated with YI-12 were calculated to be 1.33
and 1.19 for A549 and H460 lung cancer cells, respectively. A
selectivity index greater than 1.0 indicates preferential efficacy

against tumor cells over normal cells** (Figure 2a).
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Structure—activity relationship (SAR) analysis is a widely
adopted approach for predicting the biological activity of
compounds based on their molecular structure in drug design
and discovery. SAR aids in the synthesis of compounds by
optimizing potency, minimizing toxicity, and enhancing
bioavailability.”> When the structures of the four compounds
were compared, several key differences were found when
compared to RES. YI-1 and YI-3, with the substitution of a
hydroxyl group (OH) by a methoxymethyl ether group
(OMOM), show that this modification does not significantly
affect the efficacy, similar to the addition of single or double
bonds in the structure. Furthermore, the incorporation of a
carbonyl group within the structure, as seen in YI-10, did not
enhance the biological efficacy of the compound. However, it
was observed that modifying the RES structure by extending
the carbon chain length and adding an O-benzyl group resulted
in improved cytotoxicity.

Apoptosis was evaluated using Hoechst 33342 nuclear
staining. Apoptotic cells are indicated by the presence of
condensed nuclei or fragmented chromatin stained by the
bright blue fluorescence of Hoechst 33342 dye. Co-staining
with PI could detect accidental necrotic dead cells. Upon
treatment with 0—50 uM YI-12 for 24 h, lung cancer cells
(AS49 and H460) exhibited varying degrees of apoptosis
induction. Specifically, YI-12 treatment led to higher
percentages of apoptotic cells in both cell lines compared to
the nontreated control cells. The percentages of apoptotic cells
were 0.85 + 0.07 and 0.39 + 0.18% at 0 M, 4.20 + 0.89 (p <
0.05) and 5.81 + 1.55% (p < 0.01) at 25 uM, and 6.38 + 1.62
(p < 0.01) and 11.37 + 2.00% (p < 0.001) at SO uM for AS49
and H460, respectively (Figure 2b,c).

Furthermore, YI-12-treated lung cancer cells exhibited
increased PI staining, indicating a higher number of necrotic
cell deaths. The percentages of necrotic cells were 0.09 + 0.01
and 0.09 + 0.16% at 0 M, 0.32 = 0.34 and 1.28 + 0.10% (p <
0.01) at 25 uM, and 1.36 = 0.41 (p < 0.05) and 1.62 + 0.49%
(p < 0.01) at SO uM for AS49 and H460, respectively (Figure
2b,c). As a result, YI-12 was selected for further investigation.

YI-12 Inhibits the Proliferation and Decreases the
Colony Formation. The antiproliferative effect of YI-12 was
examined in NSCLC cells ranging from 0 to 50 yM. Lung
cancer cells were cultured in a growth medium with or without
YI-12 for 72 h, and cell viability was assessed every 24 h. The
proliferation assay demonstrated that after 48 h of treatment
with YI-12, the proliferation rate in H460 cells was significantly
reduced at SO uM (p < 0.01). After 72 h of YI-12 treatment,
the proliferation rate in AS549 cells was also significantly
inhibited at SO M (p < 0.01). Interestingly, in H460 cells,
proliferation was inhibited at both 25 uM (p < 0.05) and SO
uM (p < 0.01) (Figure s21). Thus, the proliferation rate of
lung cancer cells treated with YI-12 significantly diminished in
a dose-dependent manner, particularly at a concentration of 50
uM, starting at 72 h for A549 and 48 h for H460.

The colony formation assay serves as a widely used method
for assessing an individual cell's ability to form colonies,
specifically focusing on growth cancer cells. Following a 48 h
treatment with YI-12 (at concentrations of 0, 25, and 50, uM)
on NSCLC A549 and H460 cells, YI-12 was subsequently
removed, and the cells were permitted to undergo colony
growth for an additional 7 days (Figure 2d). The colony
formation, as indicated by crystal violet staining, exhibited a
markedly lower number of colonies at 25.88 + 3.77% for H460
cells treated with S0 uM YI-12 compared to 100% for control
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(p < 0.001). The AS49 cells treated with YI-12 showed a
greater suppression in the percentage of colony formation at
7.16 = 3.61% (p < 0.001), when exposed to SO uM YI-12
compared to control (Figure 2e). Additionally, the colony area
of both cell types significantly decreased upon treatment with
YI-12 at concentrations of 25 and SO uM (p < 0.001), as
illustrated by the distribution shown in the Violin plot (Figure
2f). In summary, YI-12 significantly suppressed colony
formation across all cell lines compared to the control, as
illustrated in Figure 2d.

YI-12 Inhibits Stem Cell-like Properties in Human
Lung Cancer Cell Lines. Cancer stem cells (CSCs) lead to
tumorigenicity, progression, and resistance to treatment. Cell
surface markers, such as CD44 and CD133 are commonly used
to identify CSCs. CD133, in particular, is a key CSCs marker
for lung cancer.'' CD133-positive cancer cells possess self-
renewal properties and the ability to generate new tumors,
while CD133-negative cancer cells lack these capabilities.”*
OCT4 is a crucial transcription factor present in both CSCs
and normal stem cells as it plays a key role in regulating
embryogenesis and pluripotency. In CSCs, OCT4 is overex-
pressed and contributes to drug resistance.””> ALDHIAI is a
key component of ALDH1, which is prominently expressed in
CSCs but has low expression in normal cells. ALDHI is
involved in maintaining CSC characteristics, altering metabo-
lism, promoting DNA repair, and driving tumor metastasis.*’
P-catenin is a key protein in the Wnt signaling pathway, which
regulates the development of CSCs. During their self-renewal
process, stem cells depend on f-catenin to respond to Wnt
signals, which are crucial for maintaining and transitioning
from a pluripotent state.**” Additionally, inhibiting -catenin
has bl%en shown to reduce stem cell markers in lung cancer
cells.™

After 24 h of treatment with YI-12 (0—50 M), Western
blot analysis was performed to examine the levels of cancer
stem cell-related proteins, including CD133, OCT4, ALDHI1A,
and f-catenin in AS49 and H460 cells. The results showed that
in A549 cells, CD133 significantly decreased by approximately
2-fold at both 25 yM and 50 uM (p < 0.01). The self-renewal
protein ALDHIA significantly decreased by approximately 1.5-
fold at SO uM (p < 0.05), similar to OCT4, which also
decreased by 1.5fold (p < 0.01). Interestingly, f-catenin
significantly decreased by 1.6 and 1.8-fold at 25 uM (p < 0.05)
and S0 uM (p < 0.05), respectively (Figure 3a). In H460 cells,
CD133 expression decreased by 1.2-fold at 25 M and
significantly decreased by 1.7-fold at S0 uM (p < 0.0S).
ALDHIA expression was reduced by 2-fold at S0 uM (p <
0.01). OCT4 decreased by 1.5-fold at 50 uM (p < 0.05). In
contrast, ff-catenin levels decreased by 1.5-fold at 25 uM (p <
0.05) (Figure 3b).

To further investigate the suppression of cancer stem cells,
AS549 and HA460 cell lines were treated with YI-12. The
expression levels of stem cell markers (CD133, CD44, and
ALDHI1A1) and stem cell transcription factors (OCT4 and
SOX2) were analyzed by using immunofluorescence assays.
The results indicated that YI-12 treatment significantly
reduced the levels of stem cell markers and transcription
factors in AS49 cells (Figure 3ce) and slightly reduced
spheroid marker in H460 cells (Figure 3d,f). Notably,
following treatment, f-catenin showed a significant reduction
in the level of AS49. showed a significant reduction in the
number of A549 cells. Additionally, imaging analysis revealed
substantial clustering near the nucleus in H460 cells treated
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Figure 4. YI-12 suppresses cancer stem cell-like phenotypes in AS49 and H460 cells. (a, e) AS49 and (b, f) H460 cells were treated with YI-12 (0—
50 uM) and allowed to form primary spheroids for 7 days. Primary tumor spheroids were imaged after 3 and 7 days using a phase-contrast
microscope. These primary spheroids were then seeded and incubated for 10 days to form secondary CSC-enriched spheroids, with images
captured on days 3, 7, and 10. The relative areas of (c, d) primary and (g, h) secondary spheroids were measured. Data are presented as mean = SD
(n = 3). Significance is indicated as **** p < 0.0001 versus nontreated control cells.

with 50 #M. The downregulation of these stemness markers
suggests that YI-12 treatment could potentially inhibit the self-
renewal and tumorigenicity of lung cancer stem-like cells.
These findings imply that YI-12 might have therapeutic

potential as an anticancer agent in NSCLC.
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YI-12 Suppresses Cancer Stem Cell Spheroid For-
mation in Human Lung Cancer Cell Line. After
investigating a two-dimensional (2D) cell culture model, we
assessed the ability of YI-12 to inhibit CSC-like phenotypes in
NSCLC by using a three-dimensional (3D) tumor spheroid
formation assay. AS49 and H460 cells were first treated with
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Figure S. YI-12 induces apoptosis in CSC-rich populations of AS49 and H460 cells. (a) AS49 and (b) H460 cells: Single CSC-rich secondary
spheroids were exposed to YI-12 (0—50 uM) for 0.5 and 2 h. Phase-contrast images of these spheroids and nontreated control cells were captured.
At 2 h, a single spheroid was stained with Hoechst 33342/PIL. Immunofluorescence staining of (c, e, g) AS549 and (d, f, h) H460 cells was performed
to assess the levels and distributions of CD133, CD44, OCT4, f-catenin, and p-PI3K. The cell nuclei were stained with Hoechst 33342, while
CD44 and OCT4 were specifically labeled with an Alexa Fluor 488-labeled secondary antibody. Additionally, CD133, S-catenin, and p-PI3K were
stained using an Alexa Fluor 594-labeled secondary antibody. Scale bar: 100 um.

YI-12 (0—50 uM) for 24 h. Subsequently, the cells were
cultured at a low density to form first-generation spheres over
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derived from primary spheroids over 10 days.

7 days. Secondary spheroids were then formed from single cells
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Figure 6. Venn diagram of the potential anti-NSCLC/CSC targets of YI-12 and KEGG analysis. (a) Venn diagram illustrating the overlap between
NSCLC-related CSC targets and YI-12 targets. (b) KEGG pathway analysis was conducted with an FDR cutoff of 0.05. In this analysis, the y-axis
represents a biological network, and the x-axis indicates the number of genes enriched in each term. The color gradient from blue to red represents
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Figure 6. continued

the p-value, with smaller FDR values indicating higher credibility and significance. (c) Endocrine resistance was found to be enriched in 14 genes:
PIK3CA, BRAF, ERBB2, AKT1, mTOR, ARAF, ESR1, ESR2, MAP2K1, RAF, IGFIR, MMP9, MMP2, MAPK14, and MAPK3. (d) Binding
affinities of YI-12 to its target proteins were compared to a reference compound. (e) Among the 14 targets, the potential targets were ranked based
on their degree of interaction, visualized using the CytoHubba plugin. The ErbB2/HER2 (PDB ID 3RCD) interaction with the reference molecule
(TAK-28S; green) and YI-12 (pink). (f) Hydrophobicity surface map of ErbB2 shows that the reference molecule and YI-12 occupy the
hydrophobic pocket of the protein, which is also the ATP-binding pocket of the protein. (g) YI-12, the 2D interaction diagram shows that YI-12
interacts with some of the key residues quite similar to the reference molecule (TAK-28S). Graphical results from the molecular dynamics
simulation of the ErBb2 — YI-12 complex, showing (h) RMSD of the protein backbone, (i) ligand RMSD, (j) radius of gyration, (k) RMSF per
residue, and (1) the number of hydrogen bonds between the ligand and protein.
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Figure 7. Effects of YI-12 on the protein levels downstream regulated by ErbB2. (a, b) Cells were treated with YI-12 (0—50 uM) for 24 h, and the
protein expression levels of PI3K, p-PI3K were determined by fluorescence microscope. (c, d) Protein expression levels of PI3K, p-PI3K, AKT, and
p-AKT determined by Western blot analysis. Data are presented as mean =+ SD (n = 3). Significance is indicated as * p < 0.05, ** p < 0.01, and ***
p < 0.001 versus untreated control cells.

The results showed that control cells had a high capacity for YI-12 treatment significantly inhibited the CSC populations

tumor spheroid formation, while cells treated with YI-12 and increased the death of CSC spheres in both cell lines
exhibited a decreased ability to form these spheroids (Figure (Figure Sa,b).
4a,b,e,f). This suggests that YI-12 had a suppressive effect on Furthermore, YI-12 reduced the expression of CSC markers,

the CSC populations in these cells. Specifically, at 25 (p < such as CD44 and CD133 (Figure Sc,d), and significantly
0.0001) and SO uM (p < 0.0001), YI-12 significantly reduced inhibited the expression of OCT4, p-PI3k (Figure Se,f), and f-
the number and size of both primary and secondary spheroids catenin (Figure Sgh), in CSC spheroids of both A549 and
compared to the control in both A549 (Figure 4c,g) and H460 H460 cells. These findings suggest that YI-12 effectively

cells (Figure 4d,h). suppresses the CSC-like properties of NSCLC cells under 3D
After 10 days, secondary spheroids from AS49 and H460 culture conditions.

cells, which had comparable dimensions and shapes, were YI-12 Suppresses Human Lung CSCs via the ErbB2-
selected for further treatment. These spheroids were treated Downregulated PI3K/AKT Pathway. To investigate the
with 0—50 M YI-12, and their responses were monitored at 0, properties of YI-12 on NSCLC target genes, gene enrichment
1.5, and 2 h. Individual CSC spheroids were visible in both the analysis was performed for YI-12-target genes and NSCLC
control and YI-12-treated cells at these time points. At 50 uM, target genes. In this study, we focused on genes associated with
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cancer stem cells in NSCLCs. As shown in the Venn diagram
in Figure 6a, the 4481 genes were identified as targets of
NSCLCs/CSCs, and 100 genes were identified as targets of YI-
12. There are 67 intersecting genes that were obtained as
potential anti-NSCLC/CSC targets.

To explore the biological functions of the 67 target genes,
KEGG pathway analyses were performed with an FDR cutoff
of 0.05. According to KEGG pathway analysis, the network was
involved in “Endocrine resistance”, “Prostate cancer”, “EGFR
tyrosine kinase inhibitor resistance”, “ErbB signaling pathway”,
and “Bladder cancer”, “Progesterone-mediated oocyte matura-
tion”, Prolactin signaling pathway”, Central carbon metabolism
in cancer”, “non-small-cell lung cancer”, Endometrial cancer”
(Figure 6b). The first pathway, Endocrine resistance (Figure
6¢c), was enriched for 14 genes, namely, PIK3CA, BRAF,
ErbB2, AKT1, mTOR, ARAF, ESR1, ESR2, MAP2K1, RAF,
IGF1R, MMP9, MMP2, MAPK14, and MAPKS3. Interestingly,
S out of the 14 target genes, IGFIR, ERBB2, PIK3 AKT1,
mTOR were mainly involved in PI3K-AKT signaling pathway.
Therefore, the 4 gene targets were selected to compare with
reference compound for molecular docking with 7compounds,
namely, CID135538635, CID11620908, CIDS56649450,
CID135565159, CID321710, CID91933883, and
CID135565638. In comparison to reference drugs, YI-12
(Figure 6d) showed better interactions with HER2/ERBB2,
PIK3CB, and mTOR and had docking scores of —6.709, —
8.851, and —7.295 kcal/mol, respectively.

To confirm the potential for further target identification,
protein—protein interactions were performed. The top 10 hub
genes were evaluated by the DMNM method and are shown in
Figure 6e. The network analysis revealed mTOR, HER2/
ErbB2, JAK3, GNAIL, PIK3R2, PIK3R3, PIK3CA, PIK3CD,
PIK3CB, and GSK3A as the top key targets.

The functional enrichment analysis showed that the 67 key
targets were enriched in various signaling pathways, including
the “PI3K-AKT signaling pathway”; therefore, expression levels
of PI3K and AKT protein were performed to verify the effect
of YI-12 on these targets and pathways (Figure 7).

Binding Interaction of YI-12 with ErbB2. The further
analysis of ErbB2-ligand docking focused on their interactions.
Figure 6f shows that both YI-12 and TAK-285 (as the
reference molecule) occupy the same hydrophobic pocket in
ErbB2, which is also the ATP-binding pocket of the protein.
This pocket is crucial for the kinase activity of ErbB2, as it
binds ATDP, facilitating phosphorylation events that drive signal
transduction pathways.** However, due to differences in length
and structural geometry between TAK-28S and YI-12, their
overall interactions are not identical. TAK-28S5 has a less bent
geometry, allowing it to adopt a suitable conformation to
occupy the deep lipophilic pocket of ErbB2. In contrast, YI-12,
due to its substituted meta-dihydroxyl side group, exhibits a
more bent geometry.

The 2D interaction diagram (Figures 6g and S25) shows
that TAK-285 uses its 3-hydroxy-3-methylbutanamide sub-
stituent to interact with Gly727, a residue located near the
opening of the hydrophobic pocket of ErbB2. Meanwhile, YI-
12 interacts with Gly727 through its 4-hydroxyl group on the
benzyl-substituted moiety. In accordance with the reported
crystallized structure,”” the redocking of TAK-285 to ErbB2
shows that its 4-anilino group interacts with residues in the
back lipophilic pocket of the ATP-binding pocket of ErbB2,
notably with Phe864 of ErbB2’s DFG motif. This interaction is
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significant as the DFG motif is involved in the activation of the
kinase domain.>’

In contrast, YI-12 does not interact directly with the DFG
motif but still engages with residues in the deep lipophilic
pocket such as Val734, Ala751, and Lys753, which also interact
with TAK-285. The lack of hydrogen bond acceptors or
donors in YI-12, compared to TAK-28S, results in fewer
hydrogen bond interactions between the molecule and the
protein. However, since the docking score of YI-12 is more
negative than that of TAK-285, it appears that the hydrophobic
interaction between YI-12 and the ATP-binding pocket is
more favorable. These findings suggest that YI-12 might induce
a different conformational change in ErbB2, potentially leading
to altered inhibitory effects. This information could be valuable
for the design of new inhibitors targeting the ATP-binding
pocket of ErbB2, offering insight into the structural require-
ments for effective binding and inhibition.

Molecular dynamics simulations were performed on the
ErbB2 — YI-12 complex to evaluate the stability of the
interaction. The results of the simulation are presented in
Figure 6h,l. The RMSD of the protein backbone increases up
to 20 ns, after which it stabilizes, suggesting initial structural
rearrangements before reaching a relatively stable conforma-
tion. Beyond 20 ns, the RMSD remains between 2.5 and 3.5 A,
indicating that the protein maintains a consistent structure
with only minor deviations in backbone conformation. The
radius of gyration (Rg) remains stable between 20 and 21 A,
indicating that the protein retains its compact structure
throughout the simulation (Figure 6j).

The RMSF per residue highlights that the region
contributing most to the conformational changes is the
random coil near the C-terminus of ErbB2. Importantly, the
DFG motif remains in the DFG-in conformation, which is
typically associated with the active state of kinases,”
suggesting that YI-12 inhibits the active form of ErbB2 rather
than stabilizing its inactive form, similar to TAK-285.%"

The ligand RMSD (Figure 6i) shows an increase around 20
ns, stabilizing after 22 ns. Analysis of the trajectory reveals that
this conformational change is due to the flipping of the carbon
chain penetrating the hydrophobic pocket of ErbB2, which
reorients the resorcinol bridge of YI-12 (Figure S24). Despite
this shift, the ligand remains in the binding pocket after 100 ns,
with no indication of dissociation. The number of hydrogen
bonds between the ligand and protein fluctuates, averaging 1—
2 bonds over the simulation. The solvated interaction energy,
calculated over the last 15 ns of the simulation, was —8.05 +
0.37 kcal/mol, indicating a moderately stable binding affinity
between the ligand and the protein. Given the limited number
of hydrogen bonds, hydrophobic interactions likely play a
dominant role in stabilizing the protein—ligand interaction
(Figure 6k)l).

Previous studies have demonstrated that inhibitors targeting
ErbB2/HER2 can reduce the phosphorylation of PI3K and
AKT.*'S% In this study, we investigated the downstream
proteins of ErbB2, specifically PI3K and AKT. Our findings
revealed that p-PI3K expression significantly decreased in both
AS549 and H460 cells following SO M YI-12 treatment (Figure
7a,b). Furthermore, Western blot analysis confirmed the
reduction in the levels of p-PI3K and AKT (Figure 7c,d).

B DISCUSSION

In the next decade, it is anticipated that up to 40% of people
will suffer from lung cancer. Unfortunately, the success rate of
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treatment remains low due to resistance to chemotherapy.
There is an urgent need for novel therapeutic compounds.
CSCs are a specialized group of cancer cells with enhanced
abilities for self-renewal and differentiation into various cell
types. It has been reported that CSCs are responsible for
driving aggressive cancer behaviors and resisting chemo-
therapy.” RES is a well-known compound derived from natural
sources with anticancer properties, as a potential agent for
targeting CSCs. Evidence supports that RES exhibits
anticancer properties. For instance, it has been shown to be
effective against human carcinomas, including bladder (RT4,
T24), breast (SW620), colon (HT29), and lung (AS49, H460)
cancer cells.”” ™ Several reports have suggested that many
RES derivatives, such as moscatilin and pterostilbene, have the
ability to inhibit CSCs.”"® Therefore, this study modifying the
chemical structure of RES to create RES analogue YI-12, has
been found to enhance the suppression of CSCs such as
CD133, ALDHI1ALI, and OCT4. Our results showed that YI-12
is more effective in suppressing the viability of lung cancer cells
compared to RES (Figure 2a). Furthermore, YI-12 effectively
inhibits colony formation, as demonstrated by a significant
reduction in cell numbers at 25 and 50 uM. These findings
align with previous studies on RES analogues in pancreatic
cancer cells, which reported a decrease in cell numbers after 72
h of treatment.>® Notably, our study also observed a significant
reduction in cell size in addition to the reduction in cell
numbers. Additionally, nuclear staining results confirm that the
highest concentration used did not cause immediate necrosis
after treatment. Thus, YI-12 effectively reduces cell viability in
lung cancer cell lines AS49 and H460, with an ICs of less than
100 uM, lower than the ICs, of RES, suggesting that YI-12
could be a promising anticancer agent for treating lung cancer.
Moreover, YI-12 demonstrates low toxicity to normal cells
(Figure 2b), indicating a selective therapeutic index (Figure
2¢).

Various treatment strategies have been investigated for
NSCLCs, with a particular focus on targeting CSCs and
modulating self-renewal pathways as a central approach in lung
cancer therapy.*” There is also evidence that the process of
self-renewal and the overexpression of CSCs transcriptional
factors contribute to drug resistance and invasion in cancer
cells, making treatment more challenging.” Therefore, three-
dimensional spheroids, which simulate cancer cells in vivo, are
an effective method for in vitro drug screening and led to the
discovery of new anticancer compounds.’”*® Additionally, the
formation of spheroids is associated with a significant increase
in the expression of stem cell markers (CD133, CD44, and
ALDHI1A1) and stem cell transcription factors (OCT4 and
SOX2), which plays a crucial role in the self-renewal and
proliferation of these spheroids.'” In our experiment, we
observed that stemness markers, including CD133, CD44,
ALDHI1ALI, and OCT4, were downregulated following treat-
ment with YI-12 in both A549 and H460 cells. Additionally,
the CSCs-related protein f-catenin, which regulates these
markers, was also diminished (Figures 3 and 5). Furthermore,
our study on spheroid formation inhibition demonstrated that
YI-12 could effectively inhibit spheroid formation starting from
day 3 of the experiment in both cell lines (Figure 4).
Therefore, the YI-12 compound shows promise as a targeted
treatment for CSC-rich subpopulations in lung cancer.

The human epidermal growth receptor (HER) family, also
known as ErbB, consists of a group of proteins that function as
receptors on the cell membrane with tyrosine kinase
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activity.lg’zz’él This family includes HER1, HER2, HER3,
and HER4. HERI is commonly known as EGFR. ErbB2/
HER2 is a proto-oncogene located on the long arm of
chromosome 17.°° HER2 normally forms homodimers or
heterodimers with other HER proteins and is involved in
signaling to other proteins such as the PI3K/AKT pathway and
the RAS/RAF/MEK/ERK pathway, which influence cell
proliferation processes.'®*"*” Additionally, PI3K and AKT
are crucial proteins responsible for regulating CSCs.®>%
Moreover, PI3K/AKT signaling stimulates the activation of
CD133/p85 interaction, which is associated with tumor-
igenicity in cancer cells.”* Based on the results from
immunofluorescence and Western blot analysis, it was found
that treatment with YI-12 in human lung cancer cells led to a
reduction in proteins regulated by the ERBB2/HER2 pathway,
specifically PI3K and AKT. Our findings indicate that the
decrease in p-PI3K levels in both adherent (monolayer) cells
and CSC-rich spheroids (Figures 3, S, and 7) is a direct result
of YI-12 treatment. Thus, we can connect the dots that the
reduction in PI3K signaling is due to the suppression of ErbB2
receptor activity. Similar to previous research by Son et al,, it
was observed that p-AKT levels decreased following the
inhibition of ErbB2/HER? after treatment.”” This inhibition
consequently leads to a decrease in the number of proteins
associated with CSCs, including p-catenin, OCT4, SOX2,
CD133, CD44, and ALDHIAL (Figure 3). Additionally,
molecular docking studies have shown that the RES analogue
YI-12 binds effectively to the binding site of ErbB2, compared
to the reference compound TAK-285 (Figures 6 and 7).

B CONCLUSIONS

we have uncovered the anticancer activity of RES-modified
analogue YI-12 against CSCs in lung cancer cells. YI-12 was
found to be more potent than its parent compound in terms of
both cytotoxicity and selectivity. Our research demonstrated
that YI-12 suppresses human lung CSCs via the ErbB2-
downregulated PI3K/AKT pathway. Furthermore, molecular
docking revealed that YI-12 interacts with the ErbB2 receptor,
showing a greater binding affinity to the ErbB2 binding pocket
compared with the reference compound. These findings
highlight the potential of YI-12 as an alternative therapeutic
agent for targeting lung CSCs through the ErbB2 receptor.
Overall, this research paves the way for future studies and
clinical development of this compound.
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