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Depletion of squalene epoxidase in synergy with
glutathione peroxidase 4 inhibitor RSL3 overcomes
oxidative stress resistance in lung squamous cell
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Abstract

Background: Lung squamous cell carcinoma (LUSC) lacks effective targeted therapies and has a poor prognosis. Disruption of squalene
epoxidase (SQLE) has been implicated in metabolic disorders and cancer. However, the role of SQLE as a monooxygenase involved in
oxidative stress remains unclear.

Methods: We analyzed the expression and prognosis of lung adenocarcinoma (LUAD) and LUSC samples from GEO and TCGA
databases. The proliferative activity of the tumors after intervention of SQLE was verified by cell and animal experiments. JC-1 assay,
flow cytometry, and Western blot were used to show changes in apoptosis after intervention of SQLE. Flow cytometry and fluorescence
assay of ROS levels were used to indicate oxidative stress status.

Results: We investigated the unique role of SQLE expression in the diagnosis and prognosis prediction of LUSC. Knockdown of SQLE or
treatment with the SQLE inhibitor terbinafine can suppress the proliferation of LUSC cells by inducing apoptosis and reactive oxygen
species accumulation. However, depletion of SQLE also results in the impairment of lipid peroxidation and ferroptosis resistance such
as upregulation of glutathione peroxidase 4. Therefore, prevention of SQLE in synergy with glutathione peroxidase 4 inhibitor RSL3
effectively mitigates the proliferation and growth of LUSC.

Conclusion: Our study indicates that the low expression of SQLE employs adaptive survival through regulating the balance of apoptosis
and ferroptosis resistance. In future, the combinational therapy of targeting SQLE and ferroptosis could be a promising approach in
treating LUSC.

Keywords: lung squamous cell carcinoma; squalene epoxidase; terbinafine; ROS; ferroptosis

Introduction The synthesis of cholesterol has been demonstrated in tu-

Lung squamous cell carcinoma (LUSC) is a subtype of non-small
cell lung cancer (NSCLC) that represents 20%-30% of all NSCLC
cases. LUSC exhibits indolent progression in the early stages, and
substantial advancements in targeted therapeutic strategies for
LUSC are lacking. LUSC is characterized by multiple driver muta-
tions, including nuclear receptor binding SET domain protein 3 (NSD3)
mutations, fibroblast growth factor receptor 1 (FGFR1) amplification,
phosphatidylinositol-3 kinase (PI3K) pathway mutations and G1/S
checkpoint mutations [1-3]. The prevalence of potentially drug-
gable target variants is as high as 60%, but failure is inevitable in
almost all clinical trials. Recently, therapies targeting metabolic
vulnerabilities, such as those targeting gluconeogenesis or lipid
synthesis, have been proposed for LUSC [4, 5]. Therefore, discov-
ering new metabolic targets is critical to diagnosing and treating
LUSC.

morigenesis, metastasis and acquiring drug resistance. Lipid-
lowering statins can effectively alleviate chemoresistance in pa-
tients with recurrent small cell lung cancer [6]. Xu et al. previ-
ously showed that squalene epoxidase (SQLE), the enzyme with
the second highest rate-limiting contribution to cholesterol syn-
thesis, maintains cholesterol-dependent lipid raft structures and
promotes the activation of the Src/PI3K/AKT signalling path-
way, which is causally connected with the development of pan-
creatic cancer [7]. Moreover, SQLE could promote the develop-
ment of hepatocellular carcinoma (HCC) through epigenetic re-
programming induced by reactive oxygen species (ROS) accumu-
lation [8]. In contrast, SQLE has also been reported to exert an in-
hibitory effect on tumor metastasis, implying that knockdown of
SQLE can promote disseminated metastasis of colorectal cancer
(CRC) by inducing epithelial-mesenchymal transition (EMT) [9].
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Therefore, whether SQLE promotes cancer progression remains
unclear.

The involvement of ROS in cancer is multifaceted and encom-
passes the regulation of metabolic and signalling pathways [10],
such as the PI3K, AKT and protein kinase C (PKC) pathways, as
well as the activation of various transcription factors, including
nuclear factor erythroid 2-related factor 2 (NFE2L2, also known
as NRF2), HIFla, NF-«B and p53 [11-13]. Therefore, the activation
of ROS signalling can contribute to multiple aspects of cancer pro-
gression. Ferroptosis is an Fe?*-dependent lipid peroxidation that
is also reliant on ROS. Excessive lipid peroxidation may initiate
cell death by injuring the cell membrane [14, 15]. However, there
are also reports suggesting that the reducing substances such as
squalene attending this process can protect cells from ferroptosis
[16].

The exact mechanism by which SQLE controls oxidative stress
remains unknown despite reports of a link between SQLE expres-
sion and the production of ROS. Furthermore, whether SQLE in-
fluences oxidative stress resistance or not is also unclear. In this
study, we found that prevention of SQLE suppressed the devel-
opment LUSC in vivo and in vitro, predominantly though endoge-
nous apoptosis and overabundance of ROS. However, SQLE dele-
tion might activate glutathione peroxidase 4 (GPX4), which in turn
promotes lipid peroxidation resistance to counteract excessive ox-
idative stress. Therefore, targeting SQLE in combination with the
GPX4 inhibitor RSL3 could be a therapeutic strategy for LUSC.

Materials and method

Cell lines and reagents

The human lung adenocarcinoma (LUAD) and LUSC cell lines in-
cluding HCC827, H1975, PC9, H1299, A549, SK-MES-1, Calu-1 and
H226 used in the experiments were purchased from the American
Type Culture Collection (ATCC) and approved by Short Tandem
Repeat (STR) prior to the experiments. The cells were grown in
RPMI-1640 medium (GIBCO) supplemented with 10% Fetal Bovine
Serum (FBS) (GIBCO) at 37°Cin a humidification chamber contain-
ing 5% CO,.

Cell viability, migration and invasion

Cell viability: different groups of cells were plated in 96-well
plates at 2000-3000 cells per well at different time points of cell
culture or after drug treatment, and cell counting kit-8 (CCK-
8) solution was added to the medium (1 : 10) and incubated at
37°C for 2 h. Absorbance was measured at 450 nm with a mi-
crotiter reader (BioTek, Winooski, VT). CCK-8 was purchased from
APEXBIO (K1018).

Cell invasion: different groups of SQLE inhibitor-treated cells
were cultured into the logarithmic proliferative phase, and then
the cells were digested and aliquots were transferred into FALCON
transwell chambers (24-well culture plates, Corning). The invasion
assay required the addition of matrix gel to the chambers 4 h in
advance. The upper layer was serum-free medium and the lower
layer contained a high concentration of serum (15% FBS). Colonies
were quantified using ImageJ software after fixation and staining
with 1% crystal violet.

Cell migration: cells were spread into six-well plates at 3 x 10°
counts, and after fusing into a monolayer, parallel lines were
drawn on the bottom of the six-well plate with a marker pen.
Consistent scratches on the different groups of cells were created
along with parallel lines using a yellow pipette tip (200 wul) and
washed twice with PBS. Then the cells were incubated using 1640

medium with a low serum concentration (2% FBS). The cells were
observed and photographed at 0 and 24 h.

ROS staining and detection

Cells were first washed with PBS followed by 2.5 uM CellROX™
Deep Red (Invitrogen™ Catalog No.C10422) in working solution.
After incubation for 30 min at 37°C the stained cells were then
washed again with PBS and ROS were detected by flow cytometry.

Western blot

Total protein was extracted using a bicinchoninic acid (BCA) as-
say kit by lysing cell precipitates with RIPA lysis buffer for 10-20
min on ice or at 4°C, followed by centrifugation at 12 000 x g for 15
min at 4°C. The protein lysate was diluted in 5X loading buffer and
denatured by boiling at 100°C for 5-10 min. Protein samples (60
ng) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene di-
fluoride (PVDF) membrane by membrane transfer on ice at 250
mA. They were blocked with 5% nonfat milk for 1-2 h followed
by incubation with primary antibodies overnight at 4°C in an or-
bital shaker. The membrane was incubated with goat anti-rabbit
or anti-mouse IgG secondary antibody for 1-2 h at 4°C on an or-
bital shaker after primary antibody was washed off. Finally, the
membrane was visualized with a chemiluminescence imager and
exposed to the enhanced chemiluminescence (ECL) dye solution.

Primary antibodies used included: anti-SQLE (Proteintech, Cat#
12544-1-AP), anti-g-actin (BIOX, Cat# BX-009), anti-caspase 3
(CST, Cat# 9662S), anti-cleaved caspase 3 (CST, Cat# 9664T), anti-
caspase 9 (Proteintech, Cat# 10380-1-AP), anti-GPX4 (CST, Cat#
52455S), anti-xCT (abcam, ab175186), anti-Bcl2 (CST, Cat# 15071T),
and anti-BAX (CST, Cat# 5023T).

Immunohistochemical analysis

Tissue sections were baked at 60°C, paraffinized with xylene and
hydrated with decreasing graded ethanol solutions (100, 95, 85
and 75%) and ddH,O. For antigen repair, sections were immersed
in citrate buffer (pH 6. 0), then tissue sections were treated with
microwave, endogenous peroxidase was blocked with 3% hydro-
gen peroxide and serum was blocked. Primary antibody was in-
cubated overnight. Primary antibodies used included: anti-SQLE
(Proteintech, Cat# 12544-1-AP) and anti-Ki67 (CST, Cat# 12202T).

Lentiviral infection and RNA interference of gene
expression

Small interfering RNA (siRNA) and short hairpin RNA (shRNA)
targeting SQLE and transfection reagent were purchased from
Hanheng Biotechnology (Shanghai, China). Human siRNA and
shRNA target sequences were: SQLE#1: GGATAAAGAGACTGGA-
GAT; SQLE#2: GCAGAGCCCAATGCAAAGTTT; and SQLE-siRNA#3:
GCACCACAGTTTAAAGCAAAT; and human gRNA1: GCAGCTGT-
GCTTTCCAGAGA.

Mitochondrial membrane potential (MMP) assay

SQLE-KO and control Calu-1 cells were seeded and cultured in
black 96-well plates (Perkinelmer 6055300) in the incubator af-
ter 48 hours. Next, cells were washed with PBS and incubated
with reagents from JC-1 kits (UelandyJ6004L) at 37 °C for 30 min.
Then, the reagent was gently removed, and cells were washed
with washing buffer of the kit. 100 uL/well of PBS was added and
the fluorescence was measured at 585/590 nm (red fluorescence)
and 510/527 nm (green fluorescence) using a high-content screen-
ing system of a confocal microscope (HCSSCM). Mitochondrial



membrane potential was estimated by measuring the fluores-
cence of free JC-1 monomers (green) and JC-1 aggregates in mi-
tochondria (red) and the results were expressed as the ratio of the
aggregates/monomers of JC-1 in the percentage of control. Mito-
chondrial depolarization was indicated by a decrease in the poly-
mer/monomer fluorescence intensity ratio.

Targeted metabolomic analysis for squalene

Targeted metabolomic analysis was performed on the Nexera
LC30A UHPLC system coupled with an AB Sciex triple quadrupole
(QgQ) 6500 mass spectrometer (Framingham, MA, USA). Chro-
matographic separation was performed on a Waters BEH Amide
column (2.1 x 100 mm, 1.7 um, Waters, Milford, MA, USA) at
35°C. Squalene was detected by multiple reaction monitoring
mode. Data were acquired using Analyst 1.7.2™ software and an-
alyzed using Multiquant 3.0.2 software (AB Sciex, Framingham,
MA, USA).

Animal experiments

The Animal Care and Use Committee approved all animals for
use in the studies included in this project. The gender of the ex-
perimental animals had no direct effect on the results. All experi-
mental animals were male mice. Mice used in the xenograft model
were 6-week-old male DBA2J mice purchased from Gempharmat-
ech (China, Jiangsu). KLN205 cells (3 x 10°) were resuspended
with 100 pl PBS and then injected into the subcutaneous tissue
of the right thigh of the mice. After 6 days, tumor formation was
seen subcutaneously and treated with terbinafine (TBF) and PBS
(vehicle) by intraperitoneal injection at 80 mg/kg every other day
(g2d). The size of the tumor mass was evaluated every 2 days, and
was calculated using the formula: volume = 0.5 x length x width?.
The mice were euthanized at the end of the study.

Expression profiles and gene set enrichment
analysis

The gene expression profiles of GSE43580 and GSE4573 were ob-
tained from the Gene Expression Omnibus (GEO, http://www.ncbi.
nlm.nih.gov/geo/). The human lung cancer data sets from The
Cancer Genome Atlas (TCGA) (Firehose Legacy) were obtained
from the cBioPortal for Cancer Genomics (http://cbioportal.org). In
order to identify the pathways of interest for the differentially ex-
pressed genes between the high and low SQLE expression groups
of lung cancer samples from the TCGA dataset, a gene set enrich-
ment analysis (GSEA) was performed. The gene sets were retrieved
from MSigDB (https://www.gsea-msigdb.org/gsea/msigdb), which
can be found on the GSEA web site.

Statistical analysis

Except for animal experiments, all data are expressed as
mean =+ standard error of the mean (SEM) from at least three
independent experiments. R (version 4.0.3) and GraphPad Prism
(version 10.1.2) software were used for statistical analysis. Un-
paired or paired two-tailed Student’s t-tests were used for com-
parisons between groups. The Kaplan-Meier method was used for
analysis of survival and the log-rank test was used to calculate
the significance of the differences. The correlation between genes
was measured by Pearson’s correlation. P < 0.05 was regarded as
a statistically significant difference.
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Results

SQLE differential expression in NSCLC

To find out whether SQLE is the vulnerable point of cholesterol
metabolism in lung cancer, we analyzed proteomic data of paired
cancer and normal adjacent tissue (NAT) from 30 LUAD and 30
LUSC patients. We observed that steroid hormone biosynthesis
was one of the most prominent pathways in patients with LUSC
using the hallmark pathway of normalized gene-set enrichment
score (NES) and GSEA (Fig. 1A). As steroid hormone biosynthesis
and cholesterol biosynthesis share the same synthetic pathway,
we investigated whether SQLE, the second step enzyme in choles-
terol synthesis, might be a potential target for LUSC. Apparently,
SQLE was considerably overexpressed in cancer (CA) compared
with NAT in LUSC (Fig. 1B, supplementary Table S1, see online
supplementary material), whereas LUAD-CA results lacked signif-
icant difference compared to LUSC-NAT (Fig. 1C, supplementary
Table S1). Moreover, SQLE was highly expressed in LUSC-CA com-
pared with LUAD-CA (Fig. 1D, supplementary Table S1). In ad-
dition, the expression level of SQLE among many tissue malig-
nancies was found to be higher than that in the NATs (Fig. 1E).
An integrated analysis of TCGA and Genotype-Tissue Expression
(GTEx) databases was conducted to investigate the differential ex-
pression of SQLE between the cancer tissues and NATSs of clinical
NSCLC samples. SQLE was substantially overexpressed in LUSC
but not in LUAD (Fig. 1F). Regarding clinical stage, SQLE expres-
sion in patients with stages I-1I and stages III-IV of LUSC was
significantly increased compared with that in normal controls.
Additionally, SQLE expression was marginally higher in patients
with stages III-IV than in patients with stages I-II (Fig. 1G). How-
ever, there was no discernible change in SQLE expression between
the LUAD groups (Fig. 1H). Consequently, SQLE is predominantly
highly expressed in LUSC.

High expression of SQLE can predict the
diagnosis and prognosis of LUSC

To further validate the expression in clinical samples, we assem-
bled 45 clinical samples of LUSC (n = 30) and LUAD (n = 15), which
revealed that SQLE expression exhibited a moderate to strong in-
tensity in the LUSC samples by immunohistochemical (IHC) stain-
ing (Fig. 2A), whereas it was more weakly positive in the samples of
LUAD (Fig. 2B). The IHC scoring statistics also suggested that the
percentage of SQLE-positive cells and SQLE expression intensity
was higherin LUSC than in LUAD (Fig. 2C, supplementary Table S2,
see online supplementary material).

The diagnostic value of SQLE in NSCLC was estimated by an-
alyzing its expression. The results showed that SQLE expression
had a high diagnostic performance in distinguishing tumorigen-
esis in LUSC [area under the curve (AUC) = 0.83, 95% confidence
interval (CI) 0.79-0.87] compared to LUAD (AUC = 0.56, 95% CI
0.49-0.6) (Fig. 2D, E). To determine whether SQLE expression af-
fects the prognosis for LUSC patients, we analyzed case data from
the cbioportal database. Our findings indicate that LUSC patients
in the SQLE-high group had worse overall survival (OS) compared
to those in the SQLE-low group in the TCGA database. However,
there was no significant difference in patients with LUAD (Fig. 2F).
The disease-free survival (DFS) of LUSC with high SQLE expression
compared to LUAD was indicative of a worse prognosis. This sug-
gests that patients with high SQLE expression may relapse or ex-
perience metastasis at an early stage, according to Kaplan-Meier
survival analysis of TCGA data (Fig. 2G). Multiple LUSC-associated
cohorts in the GEO database, such as GSE4573 and GSE50081, re-
flect that patients with high levels of SQLE in LUSC have a worse
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Figure 1. SQLE is highly expressed in LUSC compared to LUAD. (A) Bar plot showing the enrichment level of Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. Red bars represent significantly enriched KEGG pathways in LUSC samples, whereas green bars represent those significantly
enriched in normal samples. (B-D) Proteomic data of SQLE in cancer and paired NAT from 30 LUAD and 30 LUSC patients. LUSC-NAT (n = 30) vs
LUSC-CA (n = 30) (B); LUAD-NAT (n = 30) vs LUAD-CA (n = 30) (C); LUSC-CA (n = 30) vs LUAD-CA (n = 30) (D). Boxplots show the expression levels of
SQLE mRNA in pan-cancer (E) and NSCLC (F) in the TCGA and GTEx databases. Boxplots show the differential expression of SQLE mRNA in different
clinical stages of LUSC (G) and LUAD (H) patients in the TCGA database. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001; ns not significant.

prognosis (supplementary Fig. S1A, B, see online supplementary
material). Therefore, there is a significant correlation between
SQLE expression and the risk of LUSC, making it a potentially im-
portant target for LUSC development.

SQLE promotes the proliferation, migration and
invasion of LUSC cell lines

To investigate the role of SQLE in tumor cell lines, we examined
the expression of SQLE in a series of LUAD (HCC827, H1975, PC-

9, A549, H1299) and LUSC (SK-MES-1, Calu-1, H226) cell lines as
well as in the normal alveolar bronchial epithelial cell line BEAS-
2B. The findings illustrated that SQLE expression was higher in
LUSC compared to LUAD cell lines. (Fig. 3A). Additionally, the SK-
MES-1 cell lines were used to construct SQLE knockdown (SQLE-
KD) through the use of shRNA targeting SQLE (sh-SQLE) (Fig. 3B).
Notably, we discovered that SQLE-KD could lessen cell prolifera-
tion and invasion (Fig. 3C, D). Stable transfected cell lines with
SQLE overexpression (SQLE-OE) were constructed for Calu-1 and
H226 (Fig. 3E, Supplementary Fig. S2A, B). In contrast, SQLE-OE
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had the capacity to boost cell invasion of Calu-1 (Fig. 3F) as well as
cell proliferation in Calu-1 and H226 cells (Fig. 3G). Furthermore,
wound healing experiments showed that SQLE-KD could signifi-
cantly hamper the migratory capacity after 24 h in comparison
with that of the sh-scramble group in SK-MES-1 cells (Fig. 3H).
On the other hand, SQLE-OE facilitated wound healing compared
with that of the control in H226 cells (Fig. 31). Consequently, we
verified that suppression of SQLE significantly impaired prolifera-
tion, migration and invasion in LUSC cells.

Therapeutic effect of SQLE inhibitor TBF in vitro
and in vivo

To further understand the therapeutic efficacy of SQLE inhibitors
(SQLEI) in LUSC, two SQLEI, TBF and NB-598, were examined both
in vitro and in vivo, as they have been previously reported to be
used for pharmacological treatment of various malignancies [17,
18]. The following method was used to determine the half max-
imal inhibitory concentration (IC s5o) of TBF and NB-598 in three
LUSC cell lines, including H226, SK-MES-1 and Calu-1. TBF was
given at progressively higher concentrations: 0, 5, 10, 20, 40, 60,

80, 100 and 120 uM. In a similar manner, NB-598 also was given
in escalating doses from 0, 0.25, 0.5, 1, 2, 4, 6, 8, 10 to 12 uM. The
approximate IC 5o values for TBF and NB-598 in three cell lines
were 50-60 uM and 6-8 uM, respectively (Fig. 4A, B). Thereafter,
we implemented distinct gradients of concentration (30 and 60
uM for TBF, 3 and 6 uM for NB-598) for these two drugs, respec-
tively. With the dose- and time-dependent conditions, the pro-
liferative viability of the SQLEi-treated group was markedly re-
pressed in comparison to the control group (with the addition of
Dimethyl Sulfoxide (DMSO)) (Fig. 4C). Similarly, there was an ap-
preciable suppression of invasion after treatment with TBF and
NB-598 for 48 h in increasing doses, respectively (Fig. 4D, E, F and
G). Surprisingly, it was also discovered that the protein expres-
sion of SQLE was not eliminated and was even elevated after the
addition of SQLEi (Supplementary Fig. S2C). This phenomenon
was also in line with a previous study (Fig. 5C) that showed
that adding TBF and NB-598 for 24 h may enhance the gener-
ation of SQLE protein [19]. It could be hypothesized that SQLEL
might stimulate SQLE expression by activating some unknown
mechanisms that exceeded the pharmacological inhibitory
effect.


https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcm/pbae011#supplementary-data
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Figure 3. SQLE promotes LUSC proliferation, migration and invasion. (A) Western blotting analysis showing normal alveolar bronchial epithelial cell
line BEAS-2B, LUAD cell lines such as HCC827, H1975, PC-9, A549 and H1299, and LUSC cell lines including SK-MES-1, Calu-1 and H226. (B) SQLE
protein levels were examined in SK-MES-1 cells expressing scramble or SQLE shRNA via western blotting. (C) Growth curves of SK-MES-1 cells
expressing sh-scramble or shRNA of SQLE by CCK-8 assay. (D) Crystal violet staining for cell invasion experiment and statistical plot of SK-MES-1 cells
expressing sh-scramble or shRNA of SQLE via transwell chambers. Scale bar: 200 um. (E) SQLE protein levels of H226 and Calu-1 cells expressing
vector or SQLE overexpression were examined via western blott analysis. (F) Crystal violet staining for cell invasion experiment and statistical plot of
Calu-1 cells expressing vector or SQLE overexpression via transwell chambers. Scale bar: 200 um. (G) Growth curves of H226 and Calu-1 cells
expressing vector or SQLE overexpression by CCK-8 assay. (H) Migration capacity of SK-MES-1 cells expressing sh-scramble or SQLE shRNA was
determined by wound-healing assay. Scale bar: 200 um. (I) Migration capacity of H226 cells expressing vector or SQLE overexpression was determined
by wound-healing assay. Scale bar: 200 um. **P < 0.01; ***P < 0.001; ***P < 0.0001.

To test whether TBF can inhibit LUSC growth in vivo, we se-
lected DBA2J mice, which were the most suitable for inoculation
with LUSC mouse tumor cell line KLN205 [20, 21]. TBF has shown
encouraging efficacy in an assortment of tumor types in previ-
ous investigations [8, 22, 23], however, it is unclear whether TBF is
therapeutically beneficial in LUSC. Six-week-old DBA2J mice were
inoculated in the right flank with 3 x 10° KLN-205 cells. Six days
following inoculation, TBF was administered intraperitoneally at
a dose of 80 mg/kg q2d, with PBS serving as the control (Veh)
treatment. After receiving six consecutive treatments over a pe-
riod of 12 days, the mice were sacrificed on the 18th day follow-
ing inoculation with KLN205 cells (Fig. 4G). Compared with those
treated with Veh, LUSC primary tumors subcutaneously inocu-
lated with TBF shrank significantly (Fig. 4H). The mean weight of
the tumor mass was also significantly different between the two
group (Fig. 4I). Similarly, tumor size was decreased markedly in
TBF-treated mice compared with those treated with Veh (Fig. 4]).
However, the body weight of DBA2J mice was not impacted notice-

ably before and after treatment (Fig. 4K). IHC analysis showed that
the expression of Ki67 was lower in the TBF treatment group than
in the Veh group, nevertheless, there was no noticeable change in
the expression of SQLE (Fig. 4L). As a result, we verified that the
SQLEi TBF hampered the proliferation and development of tumors
in vivo and in vitro.

Suppression of SQLE directly induces apoptosis
and augments the accumulation of
mitochondrial ROS

To comprehend the mechanism by which SQLE deficiency causes
inhibition of tumor proliferation, we analyzed the NES of dif-
ferent regulated cell death pathways such as apoptosis, pyrop-
tosis, ferroptosis and necrosis from RNA-seq data of SQLE-KD
cells. The apoptotic pathway was the most primary signaling
ingene enrichment among these cell death pathways in the
sh-SQLE group (Fig. 5A). GSEA and heatmap revealed that
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Figure 5. Repression of SQLE induces apoptosis and enhances the accumulation of mitochondrial ROS. (A) Enrichment of cell death pathways by GSEA
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blotting analysis showing the expression level of SQLE, BAX, Bcl2, caspase
without SQLE knockout. *P < 0.05; *P < 0.01; ***P < 0.0001.

the apoptosis pathway was also enriched in SQLE-low expres-
sion patients (SQLE-low) in the GSE43580 or TCGA-LUSC datasets
(Fig. 5B, C and supplementary Fig. S3A, B, see online supplemen-
tary material). To further determine whether deletion of SQLE
promotes apoptosis, we verified it using KD or knockout (KO)
of SQLE from multiple perspectives. Initially, we found SQLE-KD
significantly induced apoptosis (quadrant Q2-UR 19.04%) com-
pared to control (Q2-UR 2.56%) using propidium iodide (PI) and
annexin V (Fig. 5D, E). Furthermore, we constructed a SQLE-KO
cell line employing the CRISPR-Cas9 system and further ana-
lyzed mitochondrial membrane potential by the JC-1 assay. The
red and green fluorescence intensity represent JC-1 aggregates
and monomers, respectively. The augmentation of monomers
and an increase in the green/red ratio meant mitochondrial

3, cleaved caspase 3 and caspase 9 in Calu-1 (K) and H226 (L) cells with or

membrane depolarization and apoptosis. Compared with con-
trol, SQLE-KO displayed fewer aggregates and more monomers
using the high-content screening system of a confocal mi-
croscope (HCSSCM), which indicated an increase in apoptosis
(Fig. SF).

Apoptosis is typically accompanied by a massive amount of
ROS production [13]. Subsequently, we investigated whether re-
duced SQLE expression was linked to the generation of ROS
and activation of the apoptotic pathway. A correlation heatmap
was employed to ascertain the differences in correlation be-
tween ROS/antioxidant genes and apoptotic gene expression in
the SQLE high/low group. The results indicated higher corre-
lation between ROS/antioxidant genes and apoptosis genes in
the SQLE-low group in comparison with the SQLE-high group,


https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcm/pbae011#supplementary-data

both in the GSE43580 and TCGA-LUSC datasets (Fig. 5G, H and
Supplementary Fig. S3C, D). Correspondingly, ROS levels were el-
evated in SQLE-KO and TBF-treated LUSC cells as measured by
flow cytometry (Fig. 5I, Supplementary Fig. S4A). Moreover, aber-
rant mitochondrial function-induced ROS could bring about en-
dogenous apoptosis [24, 25]. To evaluate whether the SQLE-KO-
triggered ROS originated from mitochondria, the fluorescence
positions of ROS (labelled deep red) and mitochondria (labelled
orange red) were found to overlap using the HCSSCM (Fig. 5]).
Apoptosis is mostly carried out by the caspase family, which
includes caspase-3, cleaved caspase-3 (the primary apoptotic
executor) and caspase-9 (apoptotic cascade amplification) [26,
27]. It was also discovered that cleaved caspase-3 and caspase-
9, but not caspase-3, were upregulated in SQLE-KD or TBF-treated
cells (Fig. 5K, supplementary Fig. S4B, see online supplementary
material). In addition, Bcl2 was downregulated and Bax was up-
regulated in SQLE-KO cells compared to control in both Calu-1and
H226 cells (Fig. 5K, L). Hence, we certified that SQLE intervention
induced apoptosis mainly through the accumulation of mitochon-
drial ROS.

Knockout of SQLE suppresses lipid peroxidation
and effectively eliminates LUSC by synergizing
with GPX4 inhibitor RSL3

Previous studies suggest that tumor cells can respond to increased
ROS levels by expressing high levels of antioxidant proteins [10,
28]. In addition, ferroptosis is essentially an Fe(Il)-dependent lipid
peroxidation carried out by an overabundance of ROS [14, 15].
We also observed the potential involvement of SQLE-KD in fer-
roptosis (Fig. 5A). To further determine whether SQLE simultane-
ously regulates ferroptosis, the level of lipid peroxidation (C11-
BODIPY probe) was examined in SQLE-KO cells using HCSSCM
fluorescence. However, SQLE-KO cells had lower levels of oxi-
dized lipids (green) compared to control cells, and the difference
in non-oxidized fractions (orange-red) was not statistically sig-
nificant (Fig. 6A, B). SQLE deletion could repress lipid peroxida-
tion rather than increase ROS. It was consistently found that the
ferroptosis pathway (including ferroptosis inducer and ferropto-
sis suppressor genes) was significantly strengthened in SQLE-low
samples from the GSE4573 and TCGA datasets (Fig. 6C and
supplementary Fig. S5A, see online supplementary material).
Ferroptosis resistance factors, such as GPX4 and xCT [Cys-
tine/glutamic acid reverse transporter (System X(c) (-) ), also
known as solute carrier family 7 member 11 (SLC7A11)], can be
amplified and overexpressed to mitigate ferroptosis [29-31]. In
both H226 and Calu-1 SQLE-KO cell lines, GPX4 and xCT protein
expression was upregulated (Fig. 6D). In a similar vein, TBF
treatment also heightened the protein expression of GPX4 and
xCT (supplementary Fig. S5B). Moreover, SQLE-KO or the addition
of TBF and NB-598 resulted in the accumulation of squalene,
a powerful reducing metabolite and the upstream substrate of
SQLE (Fig. 6E, supplementary Fig. S5C), which has been shown to
suppress peroxidation [16]. In addition, we conducted HCSSCM
fluorescence analysis and found that SQLE-KO led to lower in-
tracellular Fe(Il) levels (Fig. 6F). This demonstrated that SQLE-KO
mediates resistance to ferroptosis. In summary, although SQLE
deficiency induces apoptosis and ROS, lipid peroxidation was re-
strained by the reactivation of corresponding protein expression
that is resistant to ferroptosis, thereby maintaining cell survival.
To better understand if ferroptosis inducers can completely
eliminate SQLE-KO cells, we treated them with the GPX4 blocker
RSL3. We observed the proliferation status of SQLE-KO cells
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every 12 h after treatment with RSL3 at 0.5 uM [32]. The results
showed a significant reduction in cell proliferation compared to
the control cells and the vehicle (treatment with DMSO) (Fig. 6G).
After treating SQLE-KO and KO-NC with 0.5 uM RSL3 for 24 h, we
observed a significant impairment in cell migration in SQLE-KO
(Fig. 6H). These results suggest that the combined blockade of
SQLE and GPX4 could effectively inhibit the proliferation and
migration of LUSC cells.

Furthermore, KLN-205 mice tumor cells were inoculated sub-
cutaneously in the right flank of 6-week-old DBA2] mice. Mice
were initially inoculated with 200 x 10° cells. According to pre-
vious research, the dose of RSL3 administered to mice was 50
mg/kg individually [33]. Hence, after inoculating KLN-205 in sub-
cutaneous tumor-bearing mice for 6 days, with PBS as control
(vehicle), RSL3 was given by intraperitoneal administration at a
dose of 50 mg/kg alone or in combination with TBF at a dose of 80
mg/kg q2d. Ultimately, after five consecutive rounds of combined
therapy, mice were sacrificed and the weight and size of the sub-
cutaneous tumors were analyzed. Generally, TBF in concert with
RSL3 dramatically shrank the average size and weight of LUSC
mice tumors compared with a vehicle and monotherapy group
(Fig. 61-K).

Discussion

Cholesterol synthesis plays a crucial role in tumor development.
SQLE, a key rate-limiting enzyme in the synthesis of oxysterols,
is involved in the development of several tumors through multi-
ple mechanisms. However, SQLE has shown paradoxical pheno-
types with opposite results in different studies. While most stud-
ies suggest that it is a carcinogenic factor, some studies have re-
ported contradictory findings. For instance, SQLE promotes the ac-
tivation of the PI3K-AKT-mTOR pathway through ROS-dependent
DNA methylation in the development of non-alcoholic fatty liver
disease (NAFLD)-induced hepatocellular carcinoma. It may be a
crucial target for treating hepatocellular carcinoma [8]. Addition-
ally, it has been proposed that the molecular mechanism driving
SQLE expression may involve p53 deletion or mutation [23]. SQLE
also contributes to cholesterol-dependent lipid raft formation and
promotes the activation of the Src-PI3K-Akt signaling pathway in
pancreatic cancer [7]. In addition, SQLE plays a cancer-promoting
role among other cancer types [19, 34, 35]. Conversely, low expres-
sion of SQLE was involved in colorectal cancer metastasis [9]. In
our study, SQLE was highly expressed in LUSC patients, and high
levels of SQLE directly correlated with poor prognosis for such pa-
tients. Inconsistently, SQLE contributed to the proliferative, migra-
tory and invasive capacity of a LUSC cell line. Depletion of SQLE
tended to induce cell death and depression of cell viability.

TBF and NB-598, which are widely accessible SQLEI, have been
shown to impede the growth and proliferation of HCC, pancreatic
cancer and prostate cancer in both in vitro and in vivo studies [7, 8,
23, 35, 36]. Our research also confirmed the suppressive effect of
TBF and NB-598 on LUSC proliferation and invasion. Although TBF
treatment was able to reduce tumor size and weight to some ex-
tent in a subcutaneously grafted tumor model, the mice still had
a significant tumor burden. In addition, although high concentra-
tions of TBF could inhibit SQLE expression in LUSC cells, lower
concentrations of SQLEi may boost protein expression of SQLE,
consistent with a previous investigation [19]. We hypothesized
that the tumor-killing effect of SQLEi was probably not directly
through inhibition of SQLE expression. It is important to note that
SQLEI has some toxicity. For instance, TBF exhibits hepatotoxicity
to a certain degree, while NB-598 has dose-limiting gastrointesti-
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Figure 6. Prevention of SQLE in combination with ferroptosis inducer (RSL3) can accelerate LUSC cell death. Representative image (A) and statistical
analysis (B) of HCSSCM with detection of oxidized lipid (green) and non-oxidized lipid (orange red) in SQLE knockout cells. Scale bar: 100 um. (G) GSEA
plot and heatmap showing relative gene expression of the antioxidant pathway in SQLE low- or high-expression groups of the TCGA dataset. (D)
Western blot analysis showing the expression level of GPX4 and xCT in SQLE-KO Calu-1 and H226 cells, respectively. (E) Statistical analysis showing
the relative content of squalene in Calu-1 cells with or without SQLE knockout. (F) Representative image and statistical analysis of HCSSCM with
detection of Fe(Il) by FerroOrange (orange red). Scale bar: 100 um. (G) Growth curves of SQLE knockout and control Calu-1 cells with vehicle and RSL3
detected by CCK-8. (H) Crystal violet staining and statistical analysis for cell migration experiment of SQLE knockout (bottom) and control (top) Calu-1
cells with vehicle and RSL3 (0.5 uM for 24 h). Scale bar: 200 um. (I) Images of isolated tumors from a tumor model grafted subcutaneously with
KLN205 cells treated with vehicle (PBS), TBF (80 mg/kg, intraperitoneal, g2d), RSL3 (50 mg/kg, intraperitoneal, g2d) and TBF (80 mg/kg, intraperitoneal,
q2d) plus RSL3 (50 mg/kg, intraperitoneal, g2d) (n = 5 per group), respectively. Continuous time points of isolated tumor weight (J) and tumor volume
(K) in tumors treated with vehicle, TBF, RSL3 and TBF plus RSL3, respectively. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
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nal toxicity [37, 38]. Our experiments indicate that the significant
toxic effects of TBF may primarily induce ROS-mediated tumor
cell death. Similarly, we observed ROS accumulation in the SQLE-
KO cell line of LUSC. Repeated in vitro tests demonstrated that
exposing LUSC cells to >80 uM TBF for 48 h generally inhibited
>80% of cell growth. Therefore, the mechanism by which SQLEi
TBF suppresses tumor growth in vivo and in vitro is mainly by in-
creasing ROS, rather than directly suppressing the expression of
SQLE protein

We found that SQLE-KD cells are predominantly enriched in the
apoptotic pathway, which is associated with regulated cell death.
At the cellular level, we observed that the deficiency of SQLE acti-
vated endogenous apoptosis, which is dependent on caspase fam-
ily proteins (especially cleaved caspase 3), Bax and Bcl2, an in-
crease of annexin V and PI as well as mitochondrial membrane
potential depolarization. Additionally, apoptotic genes are mainly
expressed in SQLE-low samples in the GEO or TCGA datasets. In
these clinical samples, the SQLE-low group is more strongly as-
sociated with apoptosis and ROS/antioxidant than the SQLE-high
group, which means activation of the antioxidant system. Itis im-
portant to note that ROS has a dual role. Sustained ROS can cause
DNA damage and genetic instability, leading to oxidative stress-
induced tumor cell death [11]. However, an appropriate degree of
ROS might activate pro-tumor signaling, promoting cell survival
and proliferation. Tumor cells often express high levels of antiox-
idant proteins to counteract elevated levels of ROS, which can es-
tablish redox homeostasis while maintaining pro-tumor signaling
and resistance to apoptosis [10]. Our study determined that GPX4
and xCT were significantly activated in SQLE-KO or TBF treated

, SQLE deletion can counteract oxidative stress and lipid peroxidation through
SQLE and a ferroptosis inducer can achieve better therapeutic outcomes for

cells, which prevented LUSC cells from undergoing lipid perox-
idation and ferroptosis. Additionally, Anaplastic Lymphoma Ki-
nase positive (ALK+) lymphoma cells with low expression of SQLE
promote tumor progression through resisting ferroptosis [39]. The
SQLE upstream substrate, squalene, is a reductive metabolite that
can protect cancer cells from oxidative stress [39]. Our data also
illustrate that SQLEi or SQLE-KO induced an accumulation of
squalene by targeting metabolomics, thus protecting cancer cells
from lipid peroxidation and oxidative stress. In conclusion, SQLE-
KO represents ferroptosis resistance to counteract more produc-
tion of ROS.

Generally speaking, SQLE may play a unique role in LUSC. It
can be involved in pro-carcinogenesis, and SQLE deficiency signif-
icantly triggers mitochondria-dependent ROS accumulation and
apoptosis of LUSC. Interestingly, intervening with SQLE can also
lead to ROS/antioxidant gene enrichment and weaken lipid per-
oxidation simultaneously. Our data revealed that SQLE-KO in-
duced an increase in ferroptosis resistance factors such as GPX4,
representing attenuated lipid peroxidation. However, GPX4 ex-
pression was associated with recurrence and metastasis of tu-
mors such as breast and gastric cancers [40, 41]. Tumors in
mice subcutaneously treated with a combination of SQLEi in-
hibitors still had a large tumor load. Therefore, a ferropto-
sis inducer RSL3, manifested a remarkable therapeutic effect
, combined with depletion SQLE in LUSC.

However, there are still some unanswered questions. For in-
stance, it is unclear whether SQLE affects the entry of NRF2 into
the nucleus to initiate antioxidant gene activation, and how SQLE
functions specifically in chromatin or cytoplasm. Additionally, it
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is uncertain whether SQLEI intervenes in the transcription of the
antioxidant system through nuclear entry. Further investigation
in this regard is necessary.

In summary, high expression of SQLE can directly promote tu-
mor development. Deletion of SQLE or TBF treatment augments
ROS accumulation and apoptosis. However, anti-oxidative stress
plays a compensatory role by modulating upregulation of GPX4
in response to lipid peroxidation, thus sustaining tumor survival.
When we incorporated the ferroptosis inducer RSL3 into the reg-
imen, the tumor was significantly eliminated. This suggests that
a combination therapy targeting SQLE and a ferroptosis inducer
may achieve better therapeutic effects.

Conclusion

In conclusion, our study demonstrates that SQLE plays a signif-
icant role in the development of LUSC. Targeted SQLE inhibition
can effectively reduce cell proliferation and tumor growth by in-
ducing ROS accumulation and apoptosis. Furthermore, the com-
pensatory antioxidant pathway, such as GPX4 upregulation, coun-
terbalances ROS accumulation and impairs lipid peroxidation to
promote tumor cell survival. The GPX4 suppressor RSL3, in syn-
ergy with inhibition of SQLE, could significantly suppress LUSC
growth in vitro and in vivo (Fig. 7).
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