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Abstract: Cholestane-33,5«,63-triol (CT) and its analogues are abundant in natural sources and are
reported to demonstrate cytotoxicity toward different kinds of tumor cells without a deep probe into
their mechanism of action. CT is also one of the major metabolic oxysterols of cholesterol in mammals
and is found to accumulate in various diseases. An extensive exploration of the biological roles of
CT over the past few decades has established its identity as an apoptosis inducer. In this study, the
effects of CT on A549 cell death were investigated through cell viability assays. RNA-sequencing
analysis and western blot of CT-treated A549 cells revealed the role of CT in inducing endoplasmic
reticulum (ER) stress response and enhancing autophagy flux, suggesting a putative mechanism of
CT-induced cell-death activation involving reactive oxygen species (ROS)-mediated ER stress and
autophagy. It is reported for the first time that the upregulation of autophagy induced by CT can
serve as a cellular cytotoxicity response in accelerating CT-induced cell death in A549 cells. This
research provides evidence for the effect of CT as an oxysterol in cell response to oxidative damage
and allows for a deep understanding of cholesterol in its response in an oxidative stress environment
that commonly occurs in the progression of various diseases.
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1. Introduction

Cholestane-3f3,5x,63-triol (CT) and its analogues are highly oxygenated steroids that
abundantly present in natural sources, particularly in marine invertebrates like sponges
and soft corals [1,2]. We have previously obtained a variety of the polyhydroxysterol
analogues from soft corals collected from the South China Sea [3—6]. These metabolites are
widely reported to demonstrate cytotoxicity toward different kinds of tumor cells without
a deep probe into their mechanism of action. What is more, CT is found as oxysterol
in humans and mammals. The oxygenation of cholesterol in cytochrome P450 regulates
cholesterol balance [7]. The 5,6-double bond in ring B of cholesterol is susceptible to
non-enzymatic oxidation via free radical and non-free radical reactions, leading to the
formation of 7-ketocholesterol (7-KC), 73-hydroxycholesterol (73-OHC), and 5&,6/503,6(3-
cholesterol epoxides [8]. The 5,6-cholesterol epoxides are catalyzed by cholesterol-5,6-
epoxide hydrolase (ChEH), a microsomal epoxide hydrolase, to form CT [9].

Oxysterols are known to associate with numerous major pathologies by modulating
many key cellular processes [10-12]. Both 7-KC and 7p3-OHC cause a specific form of
cytotoxic activity defined as oxiapoptophagy, including oxidative stress and the induction
of death by apoptosis associated with autophagy [13]. 7-KC activates the NADPH oxidase
(Nox-4) via endoplasmic reticulum (ER) stress involving the inositol-requiring enzyme type
1 (IRE1)/Jun-NH;,-terminal kinase (JNK)/activator protein 1 (AP-1) signaling pathway,
which contributes to the overproduction of reactive oxygen species (ROS) [14]. These
oxysterols also induce an increase in cytosolic Ca?* concentration associated with mito-
chondrial depolarization, leading to the Bid cleavage and poly (ADP-ribose) polymerase
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(PARP) degradation, and the activation of caspase-3, -7, -8, and/or -9 [13,15,16]. During the
oxysterol-induced smooth muscle cell apoptosis, the reversibility of mitochondrial confor-
mational change rather than the swelling and rupture of the outer membrane suggests that
the apoptotic cascade can be arrested before a point of no return [17].

CT is one of the most abundant and active auto-oxidative forms of cholesterol in
mammals [18]. However, comparatively less information is available on the CT than those
of 7-KC and 73-OHC [13]. CT was reported for the first time in 2005 to cause increased ROS
in CHO cells and was then found to associate with nitric oxide synthase and modulated
cyclooxygenase-2 expression via the PI3K-Akt-eNOS-dependent pathway [19-21]. CT was
also a determinant in the impairment of mitochondrial function [22]. It was able to induce
an increase in intracellular Ca?* and Ca®*-dependent ROS generation in marrow stromal
cells and increase the calcifying nodule formation, calcium deposition, alkaline phosphatase
activity, and the apoptosis of nodular cells in calcifying vascular smooth muscle cells [23,24].
An in vitro study suggested that CT is more potent than other oxysterols as an inducer of
apoptosis [25]. In the course of our ongoing search for bioactive molecules from marine
sources, CT was repeatedly obtained from the South China Sea gorgonians, showing a
significant tumor cell growth-inhibitory activity against A549 cells [4]. In the present study,
the effects of CT on A549 cell death were investigated, showing that CT could induce ER
stress and autophagy in A549 cells by increasing the levels of ROS.

2. Results
2.1. Effect of CT on A549 Cell Death

CT is found to display a common cytotoxicity towards various cell lines, including
A549, MG63 [4], HepG2, HEK293T, SH-SY5Y, N2a, and BV2 (Figure S1). The inhibition
effect of CT on A549 cells was detected by Cell Counting Kit-8 (CCK-8) assay, as reported in
our previous study [4]. CT inhibited the viability of A549 cells in a dose-dependent manner
between 15 and 25 uM for 24 h, with the IC5 of 20.14 uM (Figures 1A and S2). We used
annexin V/propidium iodide (PI) analysis to identify the type of cell death induced by
CT. According to flow cytometric results of CT-treated A549 cells, a significant increase
in the proportion of annexin V*/PI* cells could be observed under CT treatment with
different concentrations or at different times (Figure 1B,C). Compared to the positive con-
trol (Figure S3), the staurosporine (STS) treatment group, the early stage of apoptotic cells
(annexin V* /PI™ cells) under the CT treatment group did not increase significantly. It has
been reported that CT could induce apoptosis in different types of cells [23,26,27], while
our results demonstrated that CT mainly changed the permeability of the cell member.
To verify the apoptosis-induced effect of CT, Hoechst 33342 staining, a terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay, and the detection
of the sub-G1 peak in the DNA histogram were performed. Incubating A549 cells with
STS, not the CT group, resulted in significant perinuclear chromatin condensation and
nuclear fragmentation (Figure 1D). Similar results were observed in a TUNEL assay and
sub-G1 peak proportion, where less than 30% of apoptotic cells were detected under a
25 uM CT treatment (Figure 1E,F). We also tried to detect the levels of cleaved-PARP and
cleaved-caspase-3 by using a western blot (WB) analysis with STS as a positive control and
cholesterol as an isotype control (Figure S4). The traces of WB bands for cleaved-PARP
and cleaved-caspase-3 could be recognized only when taking long exposures on the films.
This fact suggested that caspase-3 activation is not a dominant induction of cell death in
response to CT. A lactate dehydrogenase (LDH) release assay was performed to examine the
effect of CT on membrane integrity in A549 cells. The concentration-dependent cytotoxicity
effect of CT was reproduced in the LDH assay (Figure 1G). These results demonstrated that
CT inhibited A549 cell viability along with less than 30% of apoptotic cells occurring under
CT exposure. This fact indicated that the cell death induced by CT was not limited to the
way of apoptosis.
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Figure 1. CT induced the cell death of human A549 cells. (A) CT inhibited the cell viability of human
Ab549 cells. Cell viability was assessed using CCK-8 kit after the treatment of CT at different concen-
trations (10-25 uM) for 24 h. Statistical significance was determined using one-way ANOVA with
Dunnett’s post-test, n = 3, *** p < 0.001 compared with the negative control (NC) group. (B) Typical
diagram of annexin V/PI stain by flow cytometry. A549 cells were treated with different concentra-
tions of CT for 24 h and subjected to annexin V and PI double staining. (C) Time-manner of typical
diagram of annexin V/PI stain after treating with CT. A549 cells were treated with 20 uM CT for 3, 6,
12, 24 h and subjected to annexin V and PI double staining. (D) Detection of apoptosis using Hoechst
33342 staining in CT-treated cells. STS group showed many apoptotic cells with condensed (green
arrows) and fragmented (red arrows) nuclei. The cells treated with 20 uM CT for 24 h showed a few
apoptotic cells with condensed nuclei (Scale bar: 100 um). Statistical significance was determined
using one-way ANOVA with Tukey’s post-test in three different fields of view, *** p < 0.001 compared
with the DMSO group, ns compared with ethanol (EtOH) group. (E) The TUNEL assay of A549
cells under CT treatment for 24 h. One-way ANOVA with Dunnett’s post-test was performed, n = 3,
*** p < 0.001 compared with the control group. (F) The cell percentage of sub-G1 peak was determined
following CT treatment for 24 h. One-way ANOVA with Dunnett’s post-test was performed, n = 3,
*p <0.05, *** p < 0.001 compared with the NC group. (G) CT increased LDH release in A549 cells.
The assay was performed after the treatment of CT at different concentrations for 24 h. One-way
ANOVA with Dunnett’s post-test was performed, n = 3, ** p < 0.005, *** p < 0.001 compared with the
NC group.
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2.2. CT Activated the Response to ER Stress in A549 Cells

To gain a better understanding of the possible signaling processes involved in CT-
induced cell death, we interrogated the transcriptome of A549 cells under CT treatment.
We chose three different CT doses to represent different cellular stages: no cytotoxic concen-
tration at 10 uM, sublethal concentration at 15 uM, and significant cytotoxic concentration
at 20 pM. Firstly, RN A-sequencing (RNA-seq) was conducted to disclose the cell-signaling
pathway that is involved in the CT-induced cell death in A549 cells.

The principal component analysis (PCA) recapitulated the overall morphologic clas-
sification of the NC group and three CT-treatment groups (Figure 2A). The CT 20 uM
treatment cohort was clearly separated from the other cohorts, indicating that there were
many gene-expression differences between CT 20 uM and the other cohorts. The CT 10 uM
treatment cohorts tended to be located closer to the NC cohort than CT 15 uM. This ob-
servation indicated a significant dynamic change in the gene transcription relevant to the
CT-accumulation process.
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Figure 2. RNA-seq analysis of different concentrations of CT-treated A549 cells. (A) PCA analysis
using most variable genes revealed the separation of four groups. PCA identifies the differences
among each group, n = 3. (B) GO analysis of the upregulated gene clusters in CT 20 pM treatment
groups. The function of Q value < 0.05 was considered a significant enrichment. (C) GO analysis
of the upregulated gene clusters in CT 15 pM treatment groups. ER stress and autophagy-related
biological processes were highlighted in red boxes in B and C.

The number of different expression genes (DEGs, fold change + 1.5) in the CT 10, 15,
and 20 uM treatment groups were 301 (224 upregulated DEGs, 77 downregulated DEGs),
1832 (1198 upregulated DEGs, 634 down-regulated DEGs), and 4679 (2405 upregulated
DEGs, 2274 downregulated DEGs), respectively. To expand our understanding of CT’s
functional role at the 20 uM concentration in A549 cells, we performed a Gene Ontology
(GO) analysis to infer the biological pathways related to the 2405 upregulated genes
(Figure 2B). The top three biological processes included the response to ER stress, ER
unfolded-protein response, and IRE1-mediated unfolded-protein response. Response to
ER stress also showed in the GO analysis results of CT 15 uM group (Figure 2C). As for
the CT 10 uM treatment group, genes for processes of cholesterol biosynthetic and lipid
metabolism were mainly affected, and no ER stress process occurred (Figure S5). These
findings prompted the investigation of CT on the ER stress process.

ER stress response-associated gene expressions were the most enriched. ER-induced
apoptosis occurs via three primary pathways, including the IRE1/apoptosis signal-regulating
kinase 1 (ASK1)/JNK pathway, the caspase-12 kinase pathway, and the C/EBP homologous
protein (CHOP)/DNA damage-inducible gene 153 (GADD153) pathway [28]. Firstly, we
observed that the pan-caspase inhibitor, Z-VAD-fmk, did not affect CT-induced cytotox-
icity in A549 cells (Figure 3A). The expression of caspase-12 was therefore not further
evaluated. We then measured the additional two biomarkers of the ER stress-mediated
apoptosis pathway, p-IREloc and CHOP [29], to test the activation of ER stress response
in A549 cells after the treatment of CT by WB. The increased expression of p-IREl1x and
CHOP indicated that CT activated a response to ER stress (Figures 3B and S6). The IRE1x
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phosphorylation induced by CT was found to be attenuated by the ER stress inhibitor,
sodium 4-phenylbutyrate (4-PBA) [30]. Similar results were observed in the cell viability
assay (Figure 3C). There was a significant difference between the 4-PBA-pre-treatment
group and the CT-treatment group, whereas no significant statistical difference was found
between the 4-PBA pre-treatment and NC groups. Interestingly, the 4-PBA could not
reverse the upregulated CHOP levels (Figure 3B), suggesting that CT did not increase the
CHOP expression through the ER stress response. Since IRE1«x is upstream from the JNK
that mediated ER stress-induced cell death [31], we evaluated the effect of SP600125 as
a JNK inhibitor on CT-induced cell death through an annexin V/PI staining experiment.
As shown in Figure 3D, the proportion of CT-induced dead cells (annexin V*/PI~ and
annexin V* /PI* cells) was decreased when treated with SP600125. The facts revealed that
CT-induced cell death was associated with IRE1ot/JNK-mediated ER stress response.
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Figure 3. CT was associated with the ER stress process in A549 cells. (A) The effect of the pan-caspase
inhibitor on CT-induced cell death. The cells were pre-treated with 20 uM Z-VAD-fmk for 1 h,
then incubated with 20 uM CT for 24 h. Cell viability was assessed using a CCK-8 kit. One-way
ANOVA with Tukey’s post-test was performed, n = 4, ns compared with CT group. (B) WB of ER
stress-associated protein levels in A549 cell lines treated with CT. The cells were pre-treated with
1 mM 4-PBA or 1 mM NAC for 1 h, then incubated with CT at 15 uM for 24 h. (C) The effect of
ER stress inhibitor on CT-induced cell death. The cells were pre-treated with 1 mM 4-PBA for 1 h,
then incubated with 20 uM CT for 24 h. Cell viability was assessed using a CCK-8 kit. Statistical
significance was determined using an unpaired t-test, n = 3. # p < 0.05 compared with the CT 20 uM
group. ** p < 0.005 compared with the NC group. (D) Percentage of annexin V*/PI* and annexin
V*/PI™ cells after being treated with CT. A549 cells were pre-treated with 10 uM SP600125 for
1 h, then incubated with 20 uM CT for a further 24 h and subjected to annexin V and PI double
staining. Statistical significance was determined using one-way ANOVA with Tukey’s post-test, n = 3.
## p < 0.005 compared with the CT group, *** p < 0.001 compared with the NC group.

2.3. CT Enhanced Autophagy Flux in A549 Cells

The RN A-seq analysis revealed that autophagy may occur in CT-treated A549 cells.
Autophagy-related genes were enriched in the upregulated DEG clusters of both CT 15 and
20 uM treatment groups (Figure 2B,C). However, it has not been reported that CT can induce
autophagy. To determine whether CT induces cell death through autophagy in A549 cells,
we analyzed the corresponding changes in autophagy-related proteins in A549 cells after
being treated with CT at 15 uM. Beclin-1 displays an essential role in autophagy nucleation
and regulates autophagy positively [32]. The conversion of microtubule-associated protein
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1 light chain 3 (LC3) I into II is widely used as a marker for autophagosome formation [33].
As evidenced by WB, CT significantly increased the expression of the crucial autophagy
biomarkers at a dose-dependent manner in A549 cells, including Beclin-1 and LC3 II
(Figure 4A). The clustering of LC3 was also detected by immunofluorescence in A549 cells
with sub-lethal CT concentrations (Figure 4B).

A - B DAPI LC3 A/B Merge
Joi
3 cT -
Q E o [Ts] o =
Z 0 2 ° & M)
Beclin-1 l — —l
LC3 Jm[ = 2= _.............l =
w
B-ac[inl———-—-———‘ 5

NC

GFP RFP DAPI Mel‘!

CT15pM

Wortmannin

3
£=
ES
g w
Er
S0
=+

+CT 15uM
Rapamycin

Rapamycin

ca
+CT 15uM
ca

E —
g
CT(SuM) . 4+ - 4+ - + - 4 %
>
Beclin—1‘— _..._—._.__‘ 3
S
LC3 1 - — — B ) R T
Wortmannin - + - - - o+ -
B-actin ‘_— — — — — — _‘ Rapamycin - - + - = £ -
ca - - TR - - -+
. G 150 —
NC  shNC shATGS g * shNC
CT (15 pM) - + - + - + : 100 —!._“\ . = shATGS
ATGS == == = == ] AN
Z 50 \\:i
LC3 Iflll p—— 8 AN
1.00 0.72 060 ol . | 3 =
ﬁ'aCtinl—— T —— —-| 0 10 20 30

CT concentration (UM)

Figure 4. Autophagy occurred in A549 cells in the presence of CT. (A) WB of autophagy markers
levels in A549 cell lines treated with a series dose of CT. The cells were treated with 10, 15, and
20 uM CT for 24 h, regarding cholesterol (20 uM) as an isotype control. 3-actin was used as a loading
control. (B) Immunofluorescence detection of cytoplasmatic LC3 levels in A549 cells exposed to
15 uM CT for 24 h. Upper row: negative control cells. Lower row: CT 15 uM-treated cells. Left
column: DAPI-labeled nuclei. Middle column: anti-LC3 antibody conjugated FITC visualized LC3
puncta. Right column: two-color overlay showed diffuse LC3 cytoplasmic puncta (Scale bar: 20 pum).
(C) Presence of autophagosomes (yellow) in mRFP-GFP-LC3 adenovirus-transfected cells after 15 pM
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CT treatment with or without autophagy-interfering reagents (Scale bar: 20 um). (D) WB of LC3 levels
under the presence of three types of autophagy-interfering reagents and 15 pM CT. The cells were
pre-treated with wortmannin (50 nM), rapamycin (2 uM), or CQ (10 uM) for 1 h, then incubated with
15 uM CT for 24 h. (E) The effect of autophagy-interfering reagents on CT-induced cell death. The
cells were pre-treated with 50 nM wortmannin, 2 uM rapamycin, or 10 uM CQ for 1 h, then incubated
with 20 uM CT for 24 h. Cell viability was assessed using a CCK-8 kit. Statistical significance was
determined using two-way ANOVA with Dunnett’s post-test, n = 3. (F) WB of LC3 levels in Atg5-
silenced A549 cells. The cells were incubated with 15 uM CT for 24 h. (G) The cytotoxicity of CT in
Atgb-silenced A549 cells. The shAGT5-transfected A549 cells were incubated with a series dose of CT
for 24 h. Cell viability was assessed using a CCK-8 kit. Statistical significance was determined using
two-way ANOVA with Dunnett’s post-test, n = 3. ** p < 0.005, ** p < 0.001, shATGS cells compared
with the NC group.

To confirm the underlying mechanism, we compared the changes in Beclin-1 and
LC3 with the pre-treatments of hydrochloroquine (CQ), wortmannin, and rapamycin. The
LC3 II levels were decreased by wortmannin, an autophagy inhibitor, and increased by
rapamycin, which controls the autophagy-negative regulators of mTOR localization to
attenuate autophagy flux (Figure 4C,D). CQ is a lysosomal protease inhibitor, resulting in
LC3 I accumulation within lysosomes, leading to lysosome neutralization [34]. As shownin
Figure 4C, the number of total puncta was elevated after CT treatment, while CQ treatment
further enhanced autophagosome accumulation (indicated by yellow puncta) in A549 cells
treated with CT. CQ treatment elicited a further accumulation of LC3 II in WB (Figure 4D).
The accumulation of autophagosomes indicated either the upregulation of autophagic flux
(i.e., autophagosome formation) or the blockade of autophagic degradation [35]. These
observations suggest that CT promotes the accumulation of both autophagosomes and
autolysosomes in A549 cells, inferring propelled autophagic flux. To investigate the role of
autophagy in CT-induced cell death, we measured the cell viability in A549 cells treated
with these autophagy agonists or inhibitors before CT exposure. However, we did not
observe any alleviation of cell viability in the autophagy-interfering reagent pre-treatment
group (Figure 4E). Then, we silenced endogenous Atgs with shRNA in A549 cells to
evaluate whether autophagy mediates CT-induced cell death. Atg5 is one of the most
targeted genes in autophagy gene-editing assays. Knocking down or knocking out Atg5
can result in the downregulation or total inhibition of autophagy [36]. The LC3 II levels
were decreased in Atg5 knockdown A549 cells (Figure 4F). The decreased cell viability
induced by CT was modestly reversed by silencing Atg5 (Figure 4G). These results indicate
that CT-induced autophagy can promote cell death in A549 cells.

2.4. CT-Induced ROS Generation Triggered ER Stress and Autophagy

In 2005, it was reported for the first time that CT could induce genotoxicity in a ROS-
dependent manner [19]. CT was then reported to induce mitochondrial ROS production
and subsequently oxidative damage in vascular cells, leading to mitochondrial dysfunction,
which suggests a putative mechanism of apoptosis activation by oxysterols [22]. Accord-
ing to our results, CT-induced cell death is associated with ER stress and autophagy, as
described above. To further investigate the role of CT-induced ROS generation in ER
stress response, autophagy, and cell death, we evaluated ROS levels with DCFH-DA and
MitoSOX in CT-treated A549 cells. DCFH-DA is a cytosolic ROS sensor and MitoSOX
is a mitochondrial ROS molecular probe. These flow cytometric assays showed that CT
remarkably raised the level of ROS in intracellular and mitochondria concentration depen-
dently (Figure 5A,B). A concentration-dependent increase in total superoxide dismutase
(SOD) activity was also detected in A549 cells after CT treatment (Figure 5C). We evaluated
mitochondrial function by detecting mitochondrial membrane potential (A¥m), which
could be decreased via CT (Figure 5D).
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Figure 5. ROS generation activated ER stress and reduced cell viability. (A) Analysis of ROS levels
in A549 cells under CT exposure. A549 cells were treated with a series of doses of CT for 24 h.
Then, cells were harvested and stained with DCFH-DA. Statistical significance was determined using
one-way ANOVA with Dunnett’s post-test, ** p < 0.005, *** p < 0.001 compared with the NC group.
(B) Analysis of MitoSOX levels in A549 cells under CT exposure. Cells were harvested and stained
with MitoSOX after being treated with a series of doses of CT for 24 h. Statistical significance was
determined using one-way ANOVA with Dunnett’s post-test, ** p < 0.005, *** p < 0.001 compared
with the NC group. (C) Total SOD activity of A549 cells under CT exposure. Statistical significance
was determined using one-way ANOVA with Dunnett’s post-test, *** p < 0.001 compared with the
NC group. (D) The A¥m of A549 cells was evaluated by using JC-1 staining. Statistical significance
was determined using one-way ANOVA with Dunnett’s post-test, *** p < 0.001 compared with the
NC group. (E) The effect of NAC on CT-induced ROS upregulation by flow cytometer. A549 cells
were incubated with 1 mM NAC for 1 h before incubating with 20 uM CT for a further 24 h. Statistical
significance was determined using two-way ANOVA with Sidak’s post-test, # p < 0.05 compared
with the CT group. (F) The effect of 4-PBA on CT-induced ROS upregulation by flow cytometer. A549
cells were incubated with 1 mM 4-PBA for 1 h before incubating with 20 uM CT for a further 24 h.
Statistical significance was determined using two-way ANOVA with Siddk’s post-test, # p < 0.05
compared with the CT group. (G,H) The effect of antioxidants on CT-induced cell death. The cells
were pre-treated with 1 mM NAC or 10 uM Vit E for 1 h, then incubated with 20 uM CT for a further
24 h. Cell viability was assessed using a CCK-8 kit. Statistical significance was determined using
one-way ANOVA with Tukey’s post-test, # p < 0.05 compared with the CT 20 uM group. ** p < 0.005,
***p <0.001, and ns compared with the NC group.
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Next, we explored the possible relationship between ROS and ER stress by using
antioxidant N-acetyl-L-cysteine (NAC). The increased ROS levels were modestly alleviated
by NAC (Figure 5E). Meanwhile, NAC could also modestly attenuate the upregulation of
CHOP and p-IRElx expression based on the WB analysis (Figures 3B and S6), suggesting
that CT activated ER stress through ROS-related pathways. The intracellular ROS levels
could not be reduced via 4-PBA even though p-IRE1a could be attenuated in the cotreat-
ment (4-PBA + CT) group (Figures 3B and 5F). Taken together, the above data indicated
that CT-induced ROS generation contributed to the IREl-associated ER stress response in
A549 cells.

Additionally, we further verified the role of ROS in autophagy regulation by WB.
NAC could effectively reduce the LC3 II expression, whereas 4-PBA could not significantly
change the levels of LC3 II, suggesting that the increase in autophagy flux mainly results
from the increased ROS (Figures 3B and S6).

To determine whether the CT-induced cytotoxicity was related to the generation of
ROS, the effect of NAC and vitamin E (Vit E) on cell viability was investigated by CCK-8.
NAC or Vit E treatment could improve cell viability. However, no significant statistical
difference was observed between the cotreatment (CT + NAC and CT + Vit E) and NC
groups (Figure 5G,H). These findings indicate that CT can induce ROS generation both
intracellularly and in mitochondria, and the increased ROS levels then activate the ER
stress response and autophagy flux, leading to the cell death of A549.

3. Discussion

Polyhydroxylated steroids are exist ubiquitously in natural sources. They are also
widespread in mammals which can participate in the development of various diseases, such
as neurodegenerative diseases [37,38], atherosclerosis [39], and nonalcoholic steatohepati-
tis [40]. CT was also reported to accumulate in cancers, e.g., lung cancer, breast cancer, and
colon cancer [41-43]. CT and the analogues that we obtained from the South China Sea
gorgonians were identified as apoptosis inducers in A549 and MG63 cells [4]. However,
some research on CT-induced apoptosis lacked direct evidence. The report of CT inducing
apoptosis in prostate cancer cells was only detected by a TUNEL assay [44]. Although
oligonucleosomal cleavage, and the changed expression of apoptosis-related proteins in
MMNK-1 cells suggested that CT-induced apoptosis was associated with mitochondrial-
dependent mechanisms, there was no observation of any increased number of early apop-
totic cells [45]. It was reported that CT could induce a significant LDH leakage in ECV-304
cells, but apoptosis induced by CT was not detected by flow cytometry, fluorescence mi-
croscope, and agarose gel electrophoresis [46]. According to flow cytometric results of
CT-treated A549 cells in our research, a significant increase in the proportion of annexin
V*/PI* cells could be observed under CT treatment with different concentrations or at
different times. This led to several classic experiments to verify the apoptosis-induced effect
of CT, including Hoechst 33342 staining, the detection of a sub-G1 peak, and a TUNEL assay.
The experiments showed that not more than 30% of cells underwent apoptosis under CT
treatment. Additional modes of CT-induced cell death must exist for further investigation.

To gain a more comprehensive understanding of the processes, RNA-seq analysis
was performed to identify potential regulatory factors. According to the GO analysis, ER
stress response-associated gene expressions were the most enriched. ER stress is known
to mediate different modes of cell death, including autophagy, apoptosis, ferroptosis,
and pyroptosis [47,48]. We detected the expression of p-IRElx and CHOP increased in
CT-treated A549 cells. Cotreatment with 4-PBA completely reversed the expression of
p-IRElax but not the CHOP levels. CHOP was not only regulated by ER stress [28], but
was also proposed to be the main transcription factor that conveys the specificity of the
mitochondrial-stress response in the context of mitochondrial dysfunction [49]. Taken
together with the characterization of mitochondrial dysfunction by measuring A¥m and
mitochondrial ROS levels, we presume that CT upregulated CHOP expression through
ROS-related pathways, but not the ER stress pathway. The certain reversal effect of 4-PBA
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and SP600125 on cell death indicated that the CT-activated ER stress response mediated
the cell death in A549 cells via the IRE1«/JNK pathway.

The RNA-seq analysis also revealed that autophagy may occur in CT-treated A549
cells. Numerous studies were reported for 7-KC and 73-OHC regarding their role in
inducing autophagy [13], but it has never been reported that CT can induce autophagy so
far. Autophagy often accompanies cell death, yet autophagy-dependent cell death is highly
contextual [50,51]. CT contributed to autophagy flux in a concentration-dependent manner.
Wortmannin, rapamycin, and CQ changed LC3 II expression levels, but no significant cell
viability change was observed. To further confirm the effect of autophagy in CT-induced
cell death, we silenced Atgb expression; the activation of autophagy was correspondingly
downregulated and the cell viability of A549 cells under CT treatment was reversed. These
results demonstrated that autophagy was a promotor of CT-induced cell death, which is
different from the protective role of autophagy induced by 7-KC and 73-OHC [52].

CT was reported to induce the generation of ROS [22], which is an important factor in
inducing ER stress and autophagy. Thus, we evaluated mitochondrial function by detecting
A¥m. The ROS levels of intracellular and mitochondrial, and total SOD activity were
found to increase dose-dependently under CT treatment in A549 cells. Intracellular ROS
induced by CT were slightly decreased by NAC treatment. At the same time, we observed
that the p-IRE1oc, CHOP, and LC3 II expression, as well as cell viability, had been improved
under antioxidant protection. Collectively, the present results suggest that CT-stimulated
ROS generation in both intracellular and mitochondria activates ER stress and autophagy,
which subsequently leads to the cell death of lung-cancer cells (Figure 6).
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Figure 6. Scheme of CT effects on A549 cell lines.

In conclusion, our study provided a systems-level insight into the potential signaling
pathways being affected by CT in A549 cells. This is the first report of CT inducing death-
promoting autophagy. This research proposes a hypothesis that the autoxidized cholesterol
in high-cholesterol microenvironments plays a key role in accelerating the pathogenesis
of diseases. Excess cholesterol can be autoxidized to oxysterols during oxidative stress
conditions. Subsequently, the accumulation of non-enzymatic oxysterols facilitates the
development and progression of diseases by impairing mitochondrial function and redox
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balance [53]. The hypothesis is in agreement with the report that cholesterol enrichment
accelerates and worsens the pathogenesis of neurodegenerative diseases by enhancing the
mitochondrial oxidative stress elicited by Af [54]. Further investigation is needed for a
better understanding of the mechanism. Meanwhile, the signaling pathways activated
by 7-KC and 73-OHC are highly conserved from different cell types and seem to be
independent of the species considered [52], so it is worthy of more in-depth research on
the cellular mechanism modulated by oxysterols, including 7-KC, 73-OHC, 5«,60¢/583,63-
cholesterol epoxides, and CT as well.

4. Materials and Methods

Materials. CT (Avanti Polar Lipids, Inc., Birmingham, AL, USA) was dissolved in
ethanol and stored at —20 °C. STS and cholesterol were acquired from Selleck (Houston,
TX, USA). 4-PBA, NAC, Vit E, SP600125, wortmannin, rapamycin, and CQ were purchased
from MedChemExpress (Monmouth Junction, NJ, USA). Z-VAD-fmk, and puromycin di-
hydrochloride were purchased from Beyotime (Shanghai, China). CHOP (L63F7) mouse
mADb (CAT#2895), Beclin-1 (D40C5) rabbit mAb (CAT#3495), LC3A /B (D3U4C) XP® rabbit
mADb (CAT#12741), and f-actin rabbit mAb (CAT#4970) were purchased from Cell Sig-
naling Technology (Beverly, MA, USA). Recombinant anti-IRE1 (phospho 5724) antibody
(CAT#R26310) and APG5L rabbit pAb (CAT#381320) were purchased from Zen-bioscience
(Chengdu, China). Goat anti-rabbit IgG, HRP-linked antibody (CAT#31460) was purchased
from Invitrogen (Carlsbad, CA, USA). Goat anti-rabbit IgG-FITC (CAT# abs20023) was
purchased from Absin Bioscience (Shanghai, China). Goat anti-mouse IgG, HRP-linked
antibody (CAT#A0216) was purchased from Beyotime (Shanghai, China).

Cell Culture. A549, HepG2, HEK293T, SH-SY5Y, N2a, and BV2 were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Procell, Wuhan, China), supplemented with
10% FBS (Viva Cell Biotechnology, Denzlingen, Germany) and 1% penicillin-streptomycin
(Gibco, Carlsbad, CA, USA). The cultures were incubated at 37 °C with 5% COs,.

Cytotoxicity Assay. Cells were seeded on a 96-well plate at a density of 8000 cells per
well and incubated overnight. Inhibitors were pre-treated for 1 h before incubating cells
with CT for 24 h. Cell viability was assessed by using CCK-8 reagent (DojinDo, Nanjing,
China). The absorbance was measured at 450 nm with a microplate absorbance reader
(Infinite F50, TECAN, Mannedorf, Switzerland) after incubation at 37 °C for 1 h.

Total LDH Release Assay. Cell integrity was assessed by quantifying LDH released
into the culture media upon plasma-membrane disruption. The assay was performed using
the LDH Cytotoxicity Assay Kit (Beyotime, Shanghai, China) following the manufacturer’s
instructions. The absorbance was measured at 492 nm with 620 nm reference absorbance.
LDH Release (% of control) = Sample Absorbance/Control Absorbance x 100%.

Apoptosis Assay by Flow Cytometry. Flow cytometry was performed with annexin
V-FITC/PI Cell Apoptosis Detection Kit (Beyotime, Shanghai, China) to detect apoptosis.
Cells were seeded on a 24-well plate at a density of 70,000 cells per well. After the treatments,
cells were collected with trypsin (Gibco, Carlsbad, CA, USA), centrifuged at 300x g at
4 °C for 5 min, and washed twice with cold PBS. Cells were resuspended in 195 uL cold
binding buffer. Then, 5 pL. annexin V-FITC and 10 pL PI were added to cell suspensions
and incubated in the dark at room temperature for 10 min. The cells were analyzed by flow
cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

Hoechst 33342 Staining. For the detection of apoptosis, Hoechst 33342 (Beyotime,
Shanghai, China) staining was used to visualize the apoptotic nucleus. After being washed
with PBS, cells cultured in a 24-well plate were stained with 5 ug/mL Hoechst 33342 in PBS
at 37 °C for 30 min. Apoptotic cells were characterized by the condensed or fragmented
nuclei, as visualized using a fluorescence microscope (CKX53SF; Olympus, Tokyo, Japan).

TUNEL Assay. We used TUNEL assay (Beyotime, Shanghai, China) to detect DNA
fragmentation in cells. Briefly, cells were fixed with 4% formaldehyde in PBS for 30 min
at room temperature (RT), then permeabilized in 0.3% Triton X-100 solution in PBS for
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5 min at RT after washing twice in PBS. TUNEL assay was then performed according to
the manufacturer’s instructions. The cells were analyzed by flow cytometry.

Analysis of Double-stranded Breaks of DNA. DNA damage was determined by flow
cytometry, based on the formation of sub-G1 peaks of DNA as follows. Cells were harvested
and washed with ice-cold PBS and fixed with precooled 70% ethanol in PBS at 4 °C
overnight. Cells were washed with PBS, then incubated with PI/RNase A staining reagent
(Beyotime, Shanghai, China) at 37 °C for 30 min. Cells should be analyzed using a FACS-
Calibur cytometer.

AY¥Ym Assay. We used JC-1 stain to detect A¥m. Cells were harvested and washed
twice with PBS and suspended in 500 puL PBS with JC-1 (MedChemExpress, Monmouth
Junction, NJ, USA) at 2 pM. Keep the samples at 37 °C, 5% CO; for 30 min. Cells were
then analyzed immediately with the flow cytometer, typically equipped with a 488 nm and
561 nm argon laser. The results were calculated as MFIgeq /MFIGreen % 100%.

Detection of Intracellular ROS. The production of intracellular ROS in cells after being
treated with CT was measured by using DCFH-DA (Beyotime, Shanghai, China). Cells
were harvested and washed twice with PBS and incubated with DCFH-DA at a final
concentration of 10 uM to suspended cells. After being incubated at 37 °C for 30 min,
cells were measured immediately with the flow cytometer. The results were calculated as
MFlexp, /MFInc X 100%.

Mitochondrial Superoxide Assays. Cells were harvested and washed twice with PBS.
To quantify the average cellular integrated density of MitoSOX fluorescence, we incubated
500 nM MitoSOX (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 30 min. After
being washed with PBS twice, cells were measured immediately with the flow cytometer.
The results were calculated as MFlexp /MFINc X 100%.

RNA-seq. For RNA-seq analysis, A549 cells used TRIzol reagent (Invitrogen, Carlsbad,
USA) to collect cells after treating cells with different concentrations of CT for 24 h. Later, all
the samples were sent to BGI Corporation (Shenzhen, China) for further RNA-seq detection
and analysis via BGISEQ-500 sequencer. Bioinformatics Workflow including data filtering,
mapping transcript prediction, differential gene expression analysis, and GO and Pathway
analysis were performed on the Dr. Tom network platform of BGI (http:/ /report.bgi.com,
accessed on 14 March 2023). Details can be provided upon request. Overall, we obtained
an average of 1.18 G clean reads, with an average genome mapping rate of 93.27%. The
total gene number identified was 17,814 genes.

Western Blot. Cell pellets were lysed in RIPA buffer (Beyotime, Shanghai, China) con-
taining 1 x general protease and phosphatase inhibitor cocktail (Absin Bioscience, Shanghai,
China). Total protein was measured by the BCA protein assay (Beyotime, Shanghai, China)
as per the manufacturer’s instructions. An equal amount of protein was loaded on 8-12%
SDS-PAGE gels and electro-transferred to PVDF membranes. Blots were blocked in 5%
skim milk (Becton Dickinson, Franklin Lakes, NJ, USA) or 5% BSA (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) in 0.05% TBST at RT for 2 h and then incubated with primary
antibodies (1:1000) diluted in Primary Antibody Dilution Buffer (Abclonal, Woburn, MA,
USA) at 4 °C overnight. After being washed three times with 0.05% TBST, the membranes
were incubated with Goat anti-rabbit IgG (1:20,000) at RT for 1 h. Band signals were visual-
ized on an Amersham Imager 680 (GE HealthCare Life Sciences, Marlborough, MA, USA)
by using BeyoECL Star Kit (Beyotime, Shanghai, China). Band intensities were quantified
by ImageLab processing system. (3-Actin was used as reference control to normalize the
detected proteins.

Immunofluorescence. The amount of LC3, an indicator of autophagosomes, was
detected following a standard procedure of immunofluorescence. Firstly, cells were fixed
with a 4% (w/v) paraformaldehyde solution for 15 min. Subsequently, the cells were perme-
abilized with 0.5% Triton X-100 in PBS for 10 min, then blocked with 1% BSA-PBS at RT for
2 h. The cells were washed three times with PBS between each step. The glass coverslips
with A549 cells were incubated with LC3A /B (D3U4C) XP® rabbit monoclonal antibody
(1:200) at 4 °C overnight and subsequently with the corresponding FITC-linked goat anti-
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rabbit secondary antibody (1:200) at RT for 1 h. Finally, the cells were counterstained with
DAPI (Beyotime, Shanghai, China) and sealed with antifade mounting medium (Beyotime,
Shanghai, China). Fluorescence images were visualized with a Nikon Eclipse microscope
system (Tokyo, Japan).

Establishment of mRFP-GFP-LC3 A549 Cell Line. To visualize autolysosomes/
autophagosomes under a laser confocal microscope, A549 cells were transfected with
adenovirus mRFP-GFP-LC3 (HanBio Technology, Shanghai, China). Briefly, after the cells
were seeded and reached 50% confluence, they were transfected with mRFP-GFP-LC3 ade-
novirus according to the manufacturer’s instructions. The medium was renewed 6-8 h after
transfection to remove extra adenovirus. CT treatments were conducted at least 48 h after
transfection. After CT treatment, the transfected cells were fixed with 4% paraformaldehyde
and observed under a Nikon Eclipse microscope system.

RNA Interference by Lentivirus-Derived shRNA. pLKO.1-puro plasmid contain-
ing shRNA targeting ATG5 was purchased from Tsingke Biotechnology (Beijing, China).
HEK293T cells were co-transfected with pLKO.1-puro plasmid and packaging plasmids by
Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA). Viral particle-
containing supernatants were harvested 24 and 48 h later. A549 cells were infected with
the lentivirus vector with 8 pug/mL polybrene (Beyotime, Shanghai, China) for 15 h. After
24 h of culture, the medium was added to 1 pg/mL puromycin dihydrochloride for 3 days.
After all the cells in the blank group died, the normal medium was replaced to terminate
the screening and continue to expand the culture.

Detection of Total SOD Activity. Cells were lysed by 1% Triton X-100 in PBS. The
supernatants were used to measure total SOD activity by a SOD Assay kit (Dojindo, Nanjing,
China) according to the manufacturer’s recommendations.

Statistics Analysis. The differences between each group were analyzed using Graph-
Pad Prism software (version 9.3.1, GraphPad Software, Boston, MA, USA). For statistical
analyses, one-way ANOVA or two-way ANOVA were used for multiple comparisons. Data
were presented as mean + SD. Statistical significance was considered at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/md22040174/s1, Figure S1. CT induced the cell death
of different cell lines. Figure S2. CT induced the cell death of A549 cells in a concentration- and
time-dependent manner. Figure S3. STS induced the cell death of A549 cells. Figure S4. Western
blot of cleaved-PARP and cleaved-caspase-3 in A549 cells. Figure S5. RNA-seq analysis of 10 pM
CT-treated A549 cells. Figure S6. Western blot of p-IRElx and LC3 II levels in A549 cell lines treated
with CT.
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