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Lung squamous cell carcinoma (LUSC) is a prevalent and aggressive form of lung cancer with
limited therapeutic options. Sanguinarine (SAG), a prominent benzophenanthridine alkaloid
derived from Zanthoxylum nitidum (Roxb.) DC, exhibits established anti-tumor activity;
however, its molecular mechanisms in LUSC remain incompletely defined. In this study, the
anti-cancer effects and underlying mechanisms of SAG were systematically investigated in
vitro and in vivo. Cell viability and death were evaluated using methyl thiazolyl tetrazolium
(MTT) assays, colony formation assays, flow cytometry, transmission electron microscopy
(TEM), and Western blotting (WB). Drug affinity responsive target stability (DARTS) com-
bined with liquid chromatography-tandem mass spectrometry (LC-MS/MS), molecular dock-
ing, cellular thermal shift assay (CETSA), and surface plasmon resonance (SPR) were em-
ployed to identify and validate molecular targets of SAG. The results demonstrated that SAG
simultaneously induces apoptosis and ferroptosis in LUSC cells by directly targeting the endo-
plasmic reticulum (ER) chaperone binding immunoglobulin protein (BiP). Silencing of BiP
markedly attenuated SAG-induced apoptosis and ferroptosis, confirming its essential role in
this process. Mechanistically, SAG up-regulates BiP expression and activates the protein
kinase R-like endoplasmic reticulum kinase (PERK)/elF2a/C/EBP homologous protein
(CHOP)/GADD34 signaling axis of ER stress (ERS), ultimately leading to dual induction of ap-
optosis and ferroptosis in vitro and in vivo.

1. Introduction

Lung squamous cell carcinoma (LUSC) accounts for 30%-40%
of lung cancer cases and is characterized by high relapse rates,
poor prognosis, and limited therapeutic options . The develop-
ment of targeted therapies for LUSC remains challenging due to
substantial tumor heterogeneity, arelative scarcity of identifi-
able oncogenic driver mutations, and incomplete understanding
of the underlying molecular mechanisms > *. Although advances
in immunotherapy have improved clinical outcomes, a substan-
tial proportion of patients experience immune-related adverse
events (irAEs), which limit therapeutic efficacy and may contrib-
ute to disease progression *. Currently, platinum-based combina-
tion chemotherapy, typically involving cisplatin (DDP) or car-
boplatin paired with docetaxel, gemcitabine, or paclitaxel, re-
mains the standard first-line treatment. However, these regi-
mens are frequently associated with either intrinsic or acquired
drug resistance, as well as significant nephrotoxicity, neurotox-
icity, and ototoxicity °. Consequently, there is an urgent need to
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identify novel therapeutic agents that can improve clinical out-
comes for LUSC patients.

Endoplasmic reticulum stress (ERS) plays a critical role in
regulated cell death (RCD), including apoptosis °, ferroptosis ’,
autophagy °, and pyroptosis . ERS is triggered by cellular
stressors such as hypoxia, nutrient deprivation, and protein mis-
folding, leading to activation of the unfolded protein response
(UPR) to restore cellular homeostasis '°. The UPR is mediated by
the ER chaperone binding immunoglobulin protein (BiP) and
three ER membrane-anchored stress sensors: protein kinase R-
like endoplasmic reticulum kinase (PERK), inositol-requiring en-
zyme 1 (IRE1), and activating transcription factor 6 (ATF6), all of
which bind to BiP under non-stressed conditions '*. Upon ERS in-
duction, BiP dissociates from these sensors, leading to their activ-
ation and initiation of the UPR. Elevated BiP expression has been
associated with poor prognosis ' and resistance to bortezomib in
multiple cancers . For example, the hydroxyquinoline analogue
YUM70 directly targets BiP, inducing ERS-mediated apoptosis
and enhancing cytotoxicity when combined with topotecan or
vorinostat '*, When ERS is excessive or sustained, the UPR from
adaptive to pro-death signaling, ultimately triggering apoptosis
or ferroptosis '~ '°. Recent studies indicate that icetexane diter-
penes enhance the BiP-ATF4-C/EBP homologous protein (CHOP)
axis and strengthen BiP-ATF4 interactions, thereby promoting

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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ERS and apoptosis in colorectal cancer cells . Similarly, ginsen-
oside compound K up-regulates BiP expression, suppresses phos-
phorylated (p)-signal transducer and activator of transcription 3
(STATS3) levels, and triggers ERS-dependent apoptosis in human
liver cancer cells, highlighting BiP as a promising therapeutic tar-
get '°. However, the mechanisms by which BiP mediates the
crosstalk between apoptosis and ferroptosis in the context of ERS
remain largely uncharacterized.

As a traditional Chinese medicinal material, Zanthoxylum
nitidum (Roxb.) DC is commonly used in clinical practice to treat
cough, pneumonia, asthma, and other respiratory conditions ow-
ing to its analgesic, anti-tussive, anti-bacterial, diuretic, and anti-
inflammatory properties . Sanguinarine (SAG) is a natural qua-
ternary benzophenanthridine alkaloid isolated from Zanthoxylum
nitidum (Roxb.) DC. Accumulating evidence demonstrates that
SAG exhibits potent anti-tumor activity. For instance, SAG sup-
presses gastric tumor growth by modulating the TOX/DNA-
PKcs/KU70/80 pathway *°, inhibits melanoma invasion and mi-
gration via the FAK/PI3K/AKT/mTOR signaling axis *', and
blocks proliferation and metastasis in non-small cell lung cancer
(NSCLC) by regulating STUB1/glutathione peroxidase 4 (GPX4)-
mediated ferroptosis **. Despite these findings, the precise mo-
lecular targets and mechanisms underlying SAG-mediated anti-
tumor effects in LUSC remain unclear.

In the present study, we investigated the anti-tumor efficacy,
molecular targets, and underlying mechanisms of SAG in LUSC
using both in vitro and in vivo models. We demonstrate that SAG
potently induces both apoptosis and ferroptosis in LUSC cells and
xenograft models. Mechanistically, SAG directly binds to BiP, up-
regulates its expression, and activates the PERK/elF2a/CHOP/
GADD34 signaling pathway of ERS. These findings provide new
mechanistic insights into SAG-mediated anti-tumor activity and
support the development of BiP-targeted therapeutic strategies
for LUSC.

2. Materials and methods

2.1. Reagents and antibodies

SAG (Fig. 1A) (2 98% purity) was purchased from Solarbio
(Beijing, China). DDP was obtained from Qilu Pharmaceutical Co.,
Ltd. (Jinan, China). Z-VAD-FMK (Z-VAD), ferrostatin-1 (Fer-1),
liproxstatin-1 (Lipro-1), deferoxamine (DFO), disulfiram (DSF),
necrosulfonamide (Nec), and chloroquine (CQ) were acquired
from MedChemExpress (NJ, USA). Assay kits for Fe**, glutathione
(GSH), malondialdehyde (MDA), and superoxide dismutase (SOD)
were sourced from Solarbio (Beijing, China).

2.2. Cell culture and treatment

BEAS-2B cells (Cell Bank of the Chinese Academy of Sciences,
Kunming, China) were maintained in LHC basal medium (Thermo
Scientific, USA) supplemented with 1% penicillin-streptomycin
solution (Solarbio, Beijing, China) and 10% fetal bovine serum
(FBS) (Oricell Biotechnology, Guangzhou, China). SK-MES-1 and
NCI-H226 cells (Cell Bank of the Chinese Academy of Sciences,
Shanghai, China), along with NCI-H1703 and NCI-H2170 cells
(National Collection of Authenticated Cell Cultures, Shanghai,
China), were cultured in complete RPMI-1640 medium (Gibco,
USA) containing 1% penicillin-streptomycin and 10% FBS. All cell
were incubated at 37 °C in a humidified incubator with 5% CO,.

2.3. Cell viability assay

Cell viability was assessed using the methyl thiazolyl tet-
razolium (MTT) assay (Solarbio, Beijing, China). Cells were
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seeded in 96-well plates at a density of 1.5 x 10* cells/mL (200 pL
per well).

Following SAG treatment, 20 pL of MTT reagent (5 mg-mL™)
was added to each well and incubated for 4 h at 37 °C. The medi-
um was then removed, and the resulting formazan crystals were
dissolved in 200 pL of dimethyl sulfoxide (DMSO, Aladdin, Shang-
hai, China). Absorbance was measured at 490 nm using a micro-
plate reader (BioTek, Vermont, USA). Data are presented as mean
+ SD. The half maximal inhibitory concentration (ICsy) value was
determined by non-linear regression analysis, and the selectivity
index (SI) was calculated as follows: SI = [IC5, (normal cells) /
ICs (cancer cells)] x 100.

2.4. Colony formation assay

SK-MES-1 and H1703 cells were seeded in 6-well plates (400
cells per well) and treated with SAG or DDP for 14 days. Colonies
were fixed with formalin, stained with 0.25% crystal violet, and
counted when containing more than 50 cells. Colony formation
efficiency was calculated as: (number of colonies formed / num-
ber of cells seeded) x 100%.

2.5. Cell cycle and apoptosis assays

SK-MES-1 and H1703 cells were seeded in 6-well plates at a
density of 1 x 10° cells per well and exposed to SAG or DDP for
24 h. For cell cycle analysis, cells were fixed in ice-cold 70% eth-
anol overnight at 4 °C, stained with propidium iodide (PI) using
the Cell Cycle Staining Kit (MultiSciences, Hangzhou, China), and
analyzed by flow cytometry (BD, New Jersey, USA). For apoptosis
detection, cells were harvested using EDTA-free trypsin, resus-
pended in 500 pL of 1 x binding buffer, and stained with Annexin
V-APC/7-amino-actinomycin D (7-AAD) (MultiSciences, Hang-
zhou, China). Following a 15-minute incubation in the dark, apop-
totic cells were quantified by flow cytometry.

2.6. Transmission electron microscopy (TEM)

SK-MES-1 and H1703 cells were seeded in 10 cm culture
dishes and allowed to adhere. After SAG treatment, morphologic-
al features characteristic of apoptosis and ferroptosis were ex-
amined using a transmission electron microscope (Hitachi-7650,
Japan).

2.7. Biochemical assays

Following 24 h of SAG treatment, SK-MES-1 and H1703 cells
(seeded at 1 x 107 cells/well in 100 mm dishes) were harvested
and lysed. Intracellular levels of target analytes were quantified
using commercial kits according to the manufacturers' instruc-
tions: Fe® (Solarbio, #BC5315, 510 nm), Fe® (Solarbio,
#BC5415, 593 nm), GSH (Jiancheng Bio, #A006-2-1, 405 nm),
MDA (Solarbio, #BC0025, 532 nm), and SOD (Solarbio, #BC0175,
560 nm). All absorbance readings from the microplate reader
were normalized to the negative control and expressed as per-
centages.

2.8. Western blotting (WB) assay

Cells were lysed in RIPA buffer (Solarbio, Beijing, China) con-
taining PMSF (Solarbio, Beijing, China). Lysates were centrifuged
at 12,000 x g for 30 min at 4 °C, and supernatants were collected.
Protein concentrations were determined using a BCA assay kit
(Beyotime Biotechnology, Shanghai, China). Equal amounts of
protein were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) and transferred onto nitrocel-
lulose (NC) membranes (Millipore, Billerica, MA). Membranes
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Fig. 1 SAG suppressed cell viability in LUSC cells. (A) Chemical structure of SAG. (B) BEAS-2B normal lung epithelial cells and eight LUSC cell lines were treated with differ-
ent concentrations of SAG for 24 h, and cell viability was assessed by MTT assay. (C) Colony formation assays were performed in SK-MES-1 and H1703 cells treated with or
without SAG or DDP for 10-14 d. (D) Cell cycle distribution of SK-MES-1 and H1703 cells with or without SAG treatment was analyzed by flow cytometry. Data are presen-
ted as mean + SD (n = 3). P < 0.05, "P < 0.01; n s., not significant (P> 0.05) compared with 0 umol-L™ SAG group.

were blocked with 5% non-fat milk for 1 h at room temperature
and then incubated overnight at 4 °C with primary antibodies
against GAPDH (Proteintech, Wuhan, China), PARP (Proteintech,
Wuhan, China), Caspase 3 (Proteintech, Wuhan, China), cleaved
Caspase 3 (ZEN-Bioscience, Chengdu, China), S-actin (ABclonal,
Wuhan, China), B-cell lymphoma-2 (Bcl-2) (ZEN-Bioscience,
Chengdu, China), Bcl-2-associated X protein (Bax) (Proteintech,
Wuhan, China), nuclear factor erythroid 2-related factor 2
(NRF2) (ZEN-Bioscience, Chengdu, China), SLC7A11 (ZEN-Bios-
cience, Chengdu, China), heme oxygenase-1 (HO-1) (ZEN-Bios-
cience, Chengdu, China), GPX4 (Abcam, MA, USA), transferrin
(TF) (ZEN-Bioscience, Chengdu, China), ferritin light chain (FLC)
(ZEN-Bioscience, Chengdu, China), BiP (CST, Boston, USA), PERK
(Proteintech, Wuhan, China), p-PERK (Proteintech, Wuhan,
China), elF2a (CST, Boston, USA), p-elF2a (CST, Boston, USA),
CHOP (Proteintech, Wuhan, China), GADD34 (ZEN-Bioscience,
Chengdu, China), IRE1 (CST, Boston, USA), p-IRE1 (ABclonal,
Wuhan, China), and ATF6 (ZEN-Bioscience, Chengdu, China).
After three 5-minute washes with PBST, membranes were incub-
ated with corresponding secondary antibodies (CST, Beverly, MA,
USA) for 1 h at room temperature. Protein bands were visualized
using an ECL WB detection reagent (4A Biotech, #4AWO011,
Beijing, China).

2.9. Cellular thermal shift assay (CETSA)

SK-MES-1 and H1703 cells cultured in 10 cm dishes were
pretreated with SAG or an equal volume of DMSO for 2 h, de-
tached with EDTA-trypsin, and resuspended in phosphate-buf-
fered saline (PBS) containing 1% protease inhibitor cocktail. Cell
suspensions were equally aliquoted into six 100 pL PCR tubes
and heated at 37, 50, 53, 56, 59, and 62 °C for 3 min, followed by
three freeze-thaw cycles in liquid nitrogen. After centrifugation
(14,000 r-min”’, 40 min, 4 °C), supernatants were collected and
analyzed by WB.

2.10. Drug affinity responsive target stability (DARTS) assay

SK-MES-1 and H1703 cells were lysed in 500 pL of NP-40 lys-
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is buffer supplemented with fresh protease and phosphatase in-
hibitors (Thermo Scientific, USA). The lysate was divided equally
into two tubes and incubated with either SAG or DMSO on a
shaker for 2 h at room temperature. Samples were then ali-
quoted into 100 pL PCR tubes and digested with varying concen-
trations of pronase E (MedChemExpress, USA) for 20 min at room
temperature. Proteolysis was terminated by adding 5x loading
buffer, and proteins were analyzed by WB.

2.11. Surface plasmon resonance (SPR) analysis

SPR measurements were performed using a BIAcore T200 in-
strument (Cytiva, Piscataway, NJ, USA). Purified BiP protein (50
pg-mL™", pH 4.0) was immobilized onto a Series S Sensor Chip
CMS5 (Cytiva, NJ, USA) via standard amine coupling. PBS contain-
ing 5% DMSO served as the running buffer. SAG was diluted in
running buffer, and nine concentrations were injected simultan-
eously at a flow rate of 30 pL-min™" for a 120-second association
phase at 25 °C. Blank-subtracted sensorgrams were generated,
and data were processed using BlAcore T200 evaluation soft-
ware (Cytiva, NJ, USA) to fit an appropriate binding model and
determine the equilibrium dissociation constant (Ky).

2.12. Plasmid construction and transfection

A small interfering ribonucleic acid (siRNA) specifically tar-
geting BiP was designed (RiboBio, Guangzhou, China). SK-MES-1
and H1703 cells were transfected with either si-NC or si-BiP us-
ing Lipo3000 (Thermo Scientific, USA) according to the manufac-
turer’s instructions. At 24 h post-transfection, the medium was
replaced with complete culture medium, and cells were sub-
sequently treated with SAG.

2.13. Bioinformatic analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base was used for functional enrichment analysis. Gene sets were
considered significantly enriched when the minimum size was 5,
the maximum size was 5000, and both P < 0.05 and false discov-



W. Tan et al.

ery rate (FDR) < 0.25. Molecular docking between SAG and BiP
was performed using AutoDock software to calculate binding free
energy, and interaction results were further analyzed and visual-
ized using PyMOL.

2.14. Animal experiments

Animal experiments were conducted in accordance with a
protocol approved by the Ethics Committee of Guangxi Medical
University (approval number: No. 202206013). Briefly, BALB/c
nude mice were purchased and housed at the Guangxi Medical
University Laboratory Animal Center. SK-MES-1 cells (approxim-
ately 2.5 x 10° cells in 0.1 mL of cold PBS per mouse) were subcu-
taneously injected into the the right axillary region of 4-week-old
mice. When tumor volumes reached 50-80 mm?, mice were ran-
domly assigned to four groups (n = 5): normal saline, DDP (5
mg-kg™-wk™), low-dose SAG (5 mg-kg™"-wk ™), and high-dose SAG
(8 mg-kg-wk™). Body weight and tumor size were measured
every two days. Tumor volume (mm®) was calculated using the
formula: (tumor length x tumor width?®)/2.

2.15. Haematoxylin and eosin (HE) staining

Tumor and tissue sections were deparaffinized, rehydrated,
and stained with hematoxylin for 6 min, followed by eosin coun-
terstaining for 12 min. After differentiation, sections were sealed
with neutral resin, dried, and examined under a microscope
(NIKON, Japan).

2.16. Statistical analysis

Statistical analyses were performed using SPSS 20.0 (IBM,
US) and GraphPad Prism 8 software (La Jolla, US). Data are
presented as mean = SD. Comparisons between two groups were
conducted using an unpaired Student’s t-test, while multiple com-
parisons were analyzed by one-way ANOVA. A P < 0.05 was con-
sidered statistically significant (P < 0.05; "P < 0.01; "'P < 0.001).
All experiments were independently repeated at least three
times, and consistent results were subjected to statistical com-

parison.

3. Results

3.1. SAG triggers cell death and inhibits the proliferation of LUSC
cells

The anti-tumor effect of SAG was evaluated in five human
LUSC cell lines (SK-MES-1, NCI-H1703, NCI-H2170, NCI-H226,
and LTEP-s), and its toxicity was assessed in immortalized hu-
man normal lung epithelial cells (BEAS-2B) following 24-h treat-
ment with varying SAG concentrations; DDP served as a positive
control. As shown in Fig. 1B and Table 1, SAG exhibited stronger
inhibition of cell viability and a higher selectivity index (SI)
across LUSC cell lines compared with DDP. Among these, SK-MES-
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1 and H1703 cells displayed the highest SI values and were there-
fore selected for subsequent experiments. SAG significantly sup-
pressed the clonogenic proliferation capacity of SK-MES-1 and
H1703 cells (Fig. 1C) but did not markedly alter their cell cycle
distribution (Fig. 1D). Collectively, these findings indicate that
SAG inhibits LUSC cell proliferation primarily through induction
of cell death rather than cell cycle arrest.

3.2. Apoptosis and ferroptosis synergistically contribute to SAG-in-
duced death in LUSC cells

To determine the modes of cell death induced by SAG, sever-
al pharmacological inhibitors were employed. Pretreatment with
Z-VAD (an apoptosis inhibitor) (Fig. 2A), Fer-1 (a ferroptosis in-
hibitor) (Fig. 2B), or Lipro-1 (another ferroptosis inhibitor) (Fig.
2C) significantly attenuated SAG-induced cell death. In contrast,
pretreatment with DFO (an iron chelator) (Fig. 2D), DSF (a pyrop-
tosis inhibitor) (Fig. 2E), CQ (an autophagy inhibitor) (Fig. 2F), or
Nec (a necroptosis inhibitor) (Fig. 2G) failed to reduce SAG-in-
duced cytotoxicity in LUSC cells. These results suggest that SAG
induces cell death predominantly through apoptosis and ferrop-
tosis.

TEM further confirmed these observations. SAG-treated cells
exhibited typical apoptotic features, including cytoplasmic
shrinkage, nuclear fragmentation, and apoptotic body formation,
as well as endoplasmic reticulum (ER) swelling and vacuolization
(Fig. 3A). Flow cytometric analysis using Annexin V-APC/7-AAD
staining demonstrated a marked increase in apoptosis following
SAG treatment, which was partially reversed by Z-VAD (Fig. 3B).
WB showed that SAG significantly increased levels of cleaved
PARP, cleaved Caspase 3, and Bax while suppressing Bcl-2 ex-
pression (Figs. 3C-3D). Mitochondrial abnormalities, including
shrinkage, reduced volume, increased membrane density, and
cristae loss or disappearance were observed (Fig. 3E). Concur-
rently, SAG markedly elevated intracellular Fe*, Fe**, and MDA
levels while significantly reducing GSH content and SOD activity
(Fig. 3F). Moreover, SAG decreased protein levels of NRF2, GPX4,
and FLC, all negative regulators of ferroptosis, while increasing
HO-1 and TF levels, with no significant effect on SLC7A11 (Figs.
3G-3H). These data collectively demonstrate that SAG concur-
rently induces apoptosis and ferroptosis in LUSC cells.

3.3. SAG directly binds to BiP in LUSC cells

To elucidate the mechanism underlying SAG-induced apop-
tosis and ferroptosis, DARTS coupled with liquid chromatography-
tandem mass spectrometry (LC-MS/MS) was used to identify po-
tential SAG-binding proteins. As outlined in Fig. 4A, SAG-treated
and control lysates were subjected to pronase E digestion, fol-
lowed by SDS-PAGE and Coomassie staining. Distinct protein
bands within the 70-100 kDa range (highlighted by the red box)
were observed in SAG-treated samples (Fig. 4B). Among the top
10 significantly enriched proteins, BiP, a member of the Hsp70
family and a prognostic marker in multiple cancers **, was identi-
fied as the top candidate. KEGG pathway analysis revealed that

Table 1 ICs, and SI of SAG on human bronchial epithelial normal cells and LUSC cells for 24 h (Mean + SD, n = 3).

SI value of SAG IC59 (umol-L™) of DDP SI value of DDP

Cell lines ICso (pmol-L™") of SAG
Normal lung cell BEAS-2B 6.480 + 0.159
SK-MES-1 1.934 £ 0.081
NCI-H1703 1.978 £ 0.220
LUSC NCI-H2170 2.747 £ 0.161
NCI-H226 4.449 £ 0.119
LTEP-s 2.655 + 0.564

119.04 + 4.67
3.35 51.66 + 3.043 2.30
3.28 40.303 £ 3.39 2.95
2.36
1.45
2.44
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Fig. 2 SAG induces cell death on LUSC cells. SK-MES-1 and H1703 cells were treated with SAG and (A) Z- VAD FMK (B), Fer-1, (C), Lip-1, (D), DFO, (E), DSF, (F), CQ, (G),

Nec respectlvely and detected by MTT assay. Data are expressed as mean + SD (n = 3). P < 0.05, "P < 0.01,

umol-L™" SAG group.

“protein processing in the endoplasmic reticulum” was the most
significantly enriched pathway among the top 10 (Fig. 4C). Based
on these findings, DARTS, CETSA, and SPR were performed to
validate BiP as a direct SAG target. SAG markedly protected BiP
from both pronase E-mediated proteolysis (Figs. 4E) and thermal
denaturation (4F), indicating direct binding. Molecular docking
using AutoDock predicted hydrogen bonds between SAG (Pub-
Chem CID: 5154) and BiP residues ASN-59, LYS-296, and SER-
365 (UniProtKB/Swiss-Prot: P59769), with a binding energy of
-9.4 k]-mol™ (Fig. 4G). SPR SPR analysis further confirmed dose-
dependent binding, with a dissociation constant Ky of 64.07
umol-L™* (Fig. 4H). Thus, BiP is a direct molecular target of SAG in
LUSC cells.

3.4. SAG promotes apoptosis and ferroptosis via BiP-mediated in-
duction of ERS

Given BiP’s central role in regulating ERS, its involvement in
SAG-induced cell death was investigated. siRNA-mediated knock-
down of BiP (Fig. 5A) significantly attenuated SAG-induced apop-
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“P < 0.001; n s., not significant (P > 0.05) compared with 0

tosis and ferroptosis in both SK-MES-1 and H1703 cells (Fig. 5B).
BiP depletion markedly reduced the SAG-induced increase in the
Bax/Bcl-2 ratio (Fig. 5C) and reversed the SAG-mediated down-
regulation of NRF2 and GPX4 (Fig. 5D), indicating that BiP is es-
sential for SAG-induced cell death.

Next, we found that SAG up-regulated BiP protein expression
in both dose- (2 and 4 umol-L™") and time-dependent (6, 12, and
24 h) manners (Figs. 6A-6B). SAG also exacerbated ER expan-
sion, swelling, and vacuolization compared to vehicle control
(Fig. 6C). Since reactive oxygen species (ROS) generation is a key
feature of ERS, intracellular ROS levels were assessed using the
fluorescent probe DCFH-DA.SAG treatment significantly in-
creased ROS accumulation in LUSC cells (Fig. 6D). Laser confocal
microscopy revealed that SAG predominantly localized to the per-
inuclear ER in SK-MES-1 and H1703 cells (Fig. 6E). Among the
three canonical ERS sensors, PERK, IRE1, and ATF6-SAG specific-
ally increased p-PERK levels without affecting p-IRE1 or ATF6,
indicating selective activation of the PERK pathway. SAG also up-
regulated downstream effectors, including elF2a, p-elF2a, CHOP,
and GADD34 (Fig. 6F). Importantly, BiP knockdown markedly at-
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tenuated activation of the PERK/elF2a/CHOP/GADD34 signaling
axis (Fig. 6G). These findings indicate that SAG promotes apoptos-
is and ferroptosis via BiP-mediated activation of ER stress path-
ways.

3.5. SAG suppresses tumor growth via ERS-mediated apoptosis and
ferroptosis in vivo

To determine whether SAG’s in vivo anti-tumor effects, SK-
MES-1 cells were subcutaneously implanted into the right flanks
of nude mice. Seven days post-inoculation, mice received in-
traperitoneal injections of DDP (5 mg-kg™'-wk™"), low-dose SAG (5
mg-kg-wk™"), high-dose SAG (8 mg-kg"-wk™), or saline for 14
days (Fig. 7A). SAG significantly reduced tumor volume (Fig. 7B-
7C) and weight (Fig. 7D), with efficacy comparable to DDP. Not-
ably, body weight in the DDP group showed a declining trend,
whereas SAG groups remained stable (Fig. 7E). HE staining
showed that control tumors exhibited dense cellular architecture
and active proliferation, whereas SAG- and DDP-treated tumors
displayed reduced cell density, cytoplasmic leakage, vacuoliza-
tion, and nuclear fragmentation (Fig. 7F).SAG treatment in-
creased the Bax/Bcl-2 ratio and decreased NRF2 and GPX4 ex-
pression (Figs. 7G-7H), consistent with induction of apoptosis

SK-MES-1

A H1703

Control

_Control SAG

B
(=0
<
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and ferroptosis. Furthermore, ERS markers, including p-PERK,
BiP, GADD34, p-elF2a, and CHOP, were significantly upregulated
in SAG-treated tumors (Fig. 71), confirming ERS activation. Col-
lectively, SAG inhibits LUSC tumor growth in vivo by inducing ERS-
mediated apoptosis and ferroptosis.

4. Discussion

LUSC is associated with high mortality and a paucity of tar-
geted therapies, leaving patients with advanced disease with lim-
ited treatment options *. Given this urgent clinical need, novel
LUSC-specific therapeutics are imperative. In this study, using in
vitro and in xenograft models, we demonstrate that SAG exerts
potent anti-LUSC activity by concurrently inducing apoptosis and
ferroptosis. Mechanistically, SAG directly binds to and up-regu-
lates the ER chaperone BiP, thereby activating the PERK/elF2a/
CHOP/GADD34 arm of the UPR and triggering cell death.

As a natural benzophenanthridine alkaloid, SAG exhibits di-
verse pharmacological activities, particularly anti-cancer effects.
Prior studies report SAG’s efficacy against various malignan-
cies *** through apoptosis induction, cell cycle arrest, or inhibi-
tion of invasion “°. Notably, SAG has been identified as a natural
lysine-specific demethylase 1 (LSD1) inhibitor that suppresses
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Fig. 3 SAG induces apoptosis and ferroptosis in LUSC cells. (A) SK-MES-1 and H1703 cells were treated with SAG or for 24 h and microscopic imaging was captured by
transmission electron microscopy. Scale bar 2 pm and 500 nm. Red arrows indicate nuclear fragmentation, green arrows indicate damaged endoplasmic reticulum, and yel-
low arrows indicate apoptotic bodies. (B) The cell apoptosis rate of SK-MES-1 and H1703 cells with or without SAG treatment and with or without Z-VAD combination was
detected by flow cytometry. (C-D) WB assay for investigating changes of the protein expression of Bcl-2, Bax, cleaved PARP, Caspase 3 and cleaved Caspase 3 of LUSC cells
after treatment with SAG or DDP. (E) SK-MES-1 and H1703 cells were treated with SAG or for 24 h and microscopic imaging was captured by transmission electron micro-
scopy. Scale bar 2 um and 500 nm. Blue arrows indicate normal mitochondria, red arrows indicate damaged mitochondria, and yellow arrows indicate damaged endoplas-
mic reticulum. (F) The level of Fe**, Fe**, GSH, MDA, and SOD activity and were measured in the treated SK-MES-1 and H1703 cells. (G-H) WB assay for investigating changes
of the protein expression of NRF2, SLC7A11, HO-1, GPX4, Transferrin and FLC of SK-MES-1, H1703 cells after treatment with SAG or DDP. Results are expressed as mean +
SD (n=3). P<0.05, "P<0.01, "P < 0.001, and n s., not significant (P > 0.05) when compared to 0 umol-L™" SAG group.

lung adenocarcinoma (LUAD) growth and migration *’. It also in-
duces LUAD apoptosis via ROS generation and JAK/STAT path-
way suppression *°, and promotes ferroptosis through modula-

main

tion of the STUB1/GPX4 axis “*. However, its role in LUSC has re-

ed unclear. In this study, SAG exhibited stronger inhibition

of cell viability and clonogenicity than DDP, along with a higher
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Fig. 5 SAG induces SK-MES-1 and H1703 cells apoptosis and ferroptosis by regulating BiP protein. (A) The expression of BiP protein in SK-MES-1 and H1703 cells after in-
stantaneous transfection with siRNA. (B) The effect on the apoptosis of SK-MES-1 and H1703 cells after the interference BiP expression. (C) The expression of cleave-PARP,
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interference with BiP and treated by SAG. Results are expressed as mean + SD (n = 3). P < 0.05, P <0.01, "

0 umol-L™ SAG group.

selectivity index across five LUSC cell lines. Pharmacological in-
hibition assays demonstrated that SAG induces both apoptosis
and ferroptosis. These findings were supported by TEM, flow
cytometry, and WB analyses, which confirmed activation of apop-
totic signaling (Caspase-3/PARP cleavage, increased Bax, and de-
creased Bcl-2) and ferroptotic alterations (iron accumulation, lip-
id peroxidation, GSH depletion, reduced SOD activity, downregu-
lation of NRF2/GPX4/FLC, and upregulation of HO-1 and trans-
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P <0.001, and n s., not significant (P > 0.05) when compared to

ferrin). Consistent results were observed in vivo, where SAG sup-
pressed xenograft growth and induced apoptosis, ferroptosis,
and ERS. These findings demonstrate that SAG exerts robust anti-
LUSC effects through dual induction of apoptosis and ferroptosis,
highlighting a previously uncharacterized therapeutic role. Not-
ably, LUSC shares molecular and pathological features with other
squamous cell carcinomas (SCCs), including those of the oeso-
phagus, head and neck, anogenital region, and skin ”. Therefore,
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the therapeutic potential of SAG may extend beyond LUSC to oth-

er SCCs.

Resistance to cell death is a hallmark of cancer

29
. However,

clinical translation of monotherapies targeting single RCD path-
ways is hindered by the extensive crosstalk among cell death

pathways *. Increasing evidence indicates that apoptosis and fer-
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Fig. 6 SAG up-regulates BiP to induce ers. (A-B) WB assay analysis of BiP expression in SK-MES-1 and H1703 cells following SAG treatment in a dose- and time-dependent
manner. (C) Morphological changes in the ER of SK-MES-1 and H1703 cells after SAG treatment. Scale bar: 20 um. (D) Intracellular ROS levels in SK-MES-1 and H1703 cells
following SAG treatment. Scale bar: 200 pm(E) Intracellular distribution of SAG in LUSC cells observed by confocal laser microscopy. Scale bar: 2 pm. (F) WB analysis of ER
stress-related proteins, including p-PERK (Ser719), PERK, p-IRE1 (Ser724), IRE1, ATF6, GADD34, BiP, p-elF2a (Ser51), elF2a, and CHOP, in SK-MES-1 and H1703 cells after
SAG treatment. (G) WB analysis of p-PERK (Ser719), PERK, GADD34, p-elF2a (Ser51), elF2a, and CHOP in SK-MES-1 and H1703 cells with or without BiP knockdown fol-

lowing SAG treatment. Data are expressed as mean  SD (n = 3). 'P < 0.05, "P < 0.01, P < 0.001,

SAG group.

roptosis are functionally interconnected. Ferroptosis is an iron-
dependent form of RCD characterized by lipid peroxidation.
Although historically considered distinct, recent studies have
demonstrated shared regulatory mechanisms and signaling net-
works between apoptosis and ferroptosis *'. Therefore, targeting
their crosstalk represents a promising anti-cancer strategy. For
example, dihydroartemisinin induces cell death in head and neck
cancer by promoting both ferroptosis and apoptosis via the mod-
ulation of Forkhead box protein M1 (FoxM1) **. Moxartenolide, a
sesquiterpene lactone from Artemisia argyi, inhibits the prolifera-
tion of cancer cells by inducing apoptosis and ferroptosis through
NDUFA4, an essential enzyme involved in cell metabolism **. Ag-
rimonolide suppresses the progression of cancer and triggers
both ferroptosis and apoptosis by targeting SCD1 in ovarian can-
cer cells **. Furthermore, ERS has been implicated as a key regu-
lator linking apoptosis and ferroptosis. Activation of ERS-associ-
ated signaling molecules, such as XBP1, JNK, and ATF4/CHOP,
contributes to the transition between these processes *°. Consist-

P < 0.0001; n s., not significant (P > 0.05) compared with the 0 pmol-L™

ently, our study demonstrates that SAG induces apoptosis and
ferroptosis through direct targeting of BiP, as validated by
DARTS, LC-MS/MS, CETSA, and SPR analyses.

BiP, also referred to as GRP78, is a central regulator of ER
homeostasis and UPR signaling. It functions both as a molecular
chaperone that facilitates protein folding and as a key modulator
of UPR activation. Under basal conditions, BiP binds to PERK,
IRE1, and ATF6, maintaining these sensors in an inactive state *°.
The UPR comprises two functional phases: an initial adaptive
phase that restores ER homeostasis, followed by a pro-death
phase when stress is excessive or prolonged *’. Dysregulation of
BiP and sustained UPR activation have been implicated in tumor
progression, highlighting BiP as a potential therapeutic target **.
Various strategies targeting BiP, including antibodies, peptides,
and small molecules, have been explored. Natural small mo-
lecules, in particular, exhibit favorable properties such as high
cell permeability and chemical stability, and can function as
either BiP inhibitors or activators *°. For example, YUM70 binds
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Fig. 7 SAG suppresses tumor growth in vivo and is associated with induction of apoptosis and ferroptosis. (A) Schematic illustration of the xenograft nude mouse model and
treatment regimen. (B) Representative images of xenograft tumors from different treatment groups (n = 5). (C) Tumor volume curves. (D) Final tumor weights and (E) body
weights of xenograft-bearing mice treated with low-dose SAG, high-dose SAG, or DDP for 20 days (n = 6). (F) Representative H&E-stained images of xenograft tumors from
different groups. Scale bar: 50 pm (G) WB analysis of Bcl-2 and Bax expression in tumor tissues following SAG or DDP treatment. (H) WB analysis of NRF2, SLC7A11, and
GPX4 expression in tumor tissues following SAG or DDP treatment. (I) WB analysis of p-PERK (Ser719), PERK, GADD34, p-elF2a (Ser51), elF2a, and CHOP expression in tu-

mor tissues following SAG or DDP treatment. Data are expressed as mean # SD (n = 3). P < 0.05, "P < 0.01, "'P < 0.001,

pared with control group.

directly to BiP, rendering it inactive. This action triggers ERS-me-
diated apoptosis and enhances the cytotoxic effects of topotecan
and vorinostat on pancreatic cancer ‘. Salvianolic acid A reduces
the secretion of BiP and facilitates its degradation in the lyso-
some, ultimately hindering tumour angiogenesis and growth by
interacting with BiP *’. Isoliquiritigenin inhibits the self-renewal,
invasion, metastasis, and clone-forming abilities of stem cells in
oral squamous cell carcinomas by reducing the expression of the
GRP78 mRNA and membrane GRP78 protein *'. Conversely, cer-
tain compounds act as BiP activators. Ginsenoside compound K
increases BiP expression, reduces p-STAT3 levels, and triggers
ERS and apoptosis in human liver cancer cells '*. Betulinic acid
treatment results in an increase in BiP levels. The elevated BiP
levels then trigger the ERS stress sensor PERK, which sub-
sequently phosphorylates elF2a. This phosphorylation leads to
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P <0.0001; n s., not significant (P > 0.05) com-

the suppression of S-catenin expression, thereby reducing c-Myc-
driven glycolysis **. Honokiol markedly diminishes the viability
and movement of LUAD cells while promoting cellular apoptosis.
This process is accompanied by increased levels of ERS-induced
apoptotic signalling molecules, including BiP, phosphorylated
PERK, phosphorylated elF2a, CHOP, Bcl-2, Bax, and cleaved Cas-
pase 9. These findings suggest that triggering ERS-related apop-
tosis could constitute a new approach for treating human lung
cancer . Consistent with these previous studies, we show here
that SAG directly binds to BiP and induces BiP expression, trig-
gering ERS in LUSC cells through the phosphorylation of PERK
and elF2a, subsequently upregulating CHOP and leading to ERS-
associated apoptosis and ferroptosis.

In summary, our findings reveal a novel mechanism by which
SAG targets BiP to induce ERS, thereby activating the PERK/
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elF2a/CHOP/GADD34 signaling cascade and simultaneously trig-
gering apoptosis and ferroptosis in LUSC cells. However, several
limitations should be noted, including the lack of precise charac-
terization of the SAG-binding site on BiP and the limited evalu-
ation of SAG pharmacokinetics and bioavailability. Despite these
limitations, our findings provide new mechanistic insights and
support the potential of SAG as a therapeutic agent for LUSC and
potentially other squamous cell carcinomas.

5. Conclusions

In conclusion, this study is the first to demonstrate that SAG
exerts anti-tumor activity against LUSC by concurrently inducing
apoptosis and ferroptosis through direct targeting of BiP and ac-
tivation of the PERK/elF2a/CHOP/GADD34 pathway. These find-
ings provide critical insights into the potential clinical applica-
tion of SAG in LUSC treatment (Fig. 8).

Tratiscription of genes,
related to cell death

) 0000000 ¢
WNucleus l_> CHOP
!

GADD34 _»

’ Cancer cell death

Fig. 8 Schematic diagram of the mechanism of SAG-induced apoptosis and fer-
roptosis in LUSC cells.
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