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Abstract

Objectives: Ferroptosis is caused by iron-dependent lipid peroxide accumulation, the sensitivity
of which might be regulated by acyl-CoA synthetase long chain family member 4 (ACSL4). Non-
small-cell lung cancer (NSCLC) can resist oxidative stress and reduce the sensitivity of tumor
cells to ferroptosis by changing the expression of some proteins. Mechanisms involving ferrop-
tosis sensitivity in NSCLC are not fully understood.

Methods: A dual-luciferase reporter assay was used to confirm a targeting relationship between
long non-coding (Inc)RNA NEAT| and ACSL4. Overexpression and silencing assays of NEAT |
function were used to determine its roles in cell death (by TUNEL staining) and lipid peroxidation
(by malondialdehyde levels). Expression of ferroptosis-related proteins (SLCAIl, GPX4, and
TFR4) was evaluated by western blot in NSCLC cells treated or not with the ferroptosis inducer
erastin.

Results: Erastin-induced cell death was positively correlated with ACSL4 level. NEAT | regulated
levels of ACSL4 and proteins related to the ferroptosis and classical apoptosis pathways. Levels of
ACSL4, SLC7AI I, and GPX4 were decreased more by NEATI silencing plus erastin than by
erastin alone.

Conclusion: NEAT | regulates ferroptosis and ferroptosis sensitivity, with the latter depending
on ACSL4, suggesting that targeting NEAT| or ACSL4 may be a viable therapeutic approach to
the treatment of NSCLC.
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Introduction

Lung cancer is one of the most common
causes of cancer-related death in the
world, and non-small-cell lung cancer
(NSCLC), as the main subtype of lung
cancer, accounts for 70% to 80% of all
cases.! Recent studies have found that
long non-coding (Inc)RNAs play an impor-
tant role in many biological processes,
including cell proliferation, metastasis, and
differentiation.”> Lipid peroxidation is
thought to be one factor causing apoptosis
and necrosis. Ferroptosis is a newly discov-
ered type of iron-dependent programmed
cell death, which is different from cell apo-
ptosis, cell necrosis, and autophagy. With
the development of research into the mech-
anism of ferroptosis, it has been shown that
lipid peroxidation can induce ferroptosis
(and iron overload). Studies have shown
that NSCLC can resist oxidative stress
and reduce the sensitivity of tumor cells to
ferroptosis by affecting the expression of
certain functional proteins.®

Acyl-CoA synthetase long chain family
member 4 (ACSL4) is a fatty acid-
activating enzyme that esterifies CoA into
free fatty acids, depending on adenosine tri-
phosphate to play its role.” ACSL4 influen-
ces ferroptosis sensitivity by regulating
cellular lipid composition.® Erastin, a ferrop-
tosis induction factor, inhibits uptake of cys-
tine through the cystine/glutamate reverse
transporter (system Xc—), resulting in gluta-
thione peroxidase 4 (GPX4) deficiency, glu-
tathione (GSH) depletion, endoplasmic

reticulum stress, and ultimately, induced
iron-dependent oxidative death.’!°

Nuclear enriched transcript 1 (NEATI)
is a IncRNA with a cancer-promoting effect
and a perinuclear locus. It is closely associ-
ated with the biological behavior of tumor
cells, including proliferation, cell cycle, and
apoptosis.'’ A number of studies have
shown that IncRNA NEATI1 is highly
expressed in NSCLC (although some have
suggested that it is not), and that NEATI
plays an overall role in promoting
cancer.>'? It has been found by database
prediction (binding sites were predicted
through Starbase database; http://bigd.big.
ac.cn/databasecommons/database/id/169)
that NEAT1 and ACSL4 have a direct
binding target region, which suggests that
targeted binding of NEATI1 to ACSL4
inhibits the normal expression of ACSL4,
resulting in sensitivity to ferroptosis the
above manifestations. This study was
designed to evaluate whether NEATI regu-
lates ferroptosis sensitivity via ACSL4.

Materials and methods

Ethics statement

This study did not involve human partici-
pants, so informed consent was not
required. In addition, no approval was
required from an institutional review board.

Cell lines

The normal bronchial cell line HBE and the
NSCLC cell lines A549, NCI-H1975,
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SK-MES-1, and PLA-801D (Institute of
Biochemistry and Cell Biology, Chinese
Academy of Sciences, Shanghai, China)
were cultured in RPMI-1640 medium
(Gibco/Thermo Fisher Scientific,
Waltham, MA, USA) containing 10%
fetal bovine serum, 100 U/mL penicillin,
and 100 mg/mL streptomycin at 37°C with
5% COs,.

Real time-quantitative PCR

Total RNA was extracted by TRIzol
method. After digestion of cells with trypsin,
the supernatant was collected after centrifu-
gation at 12,900 x g and 4°C for 15 minutes.
Total RNA was extracted by adding 750 uLL
of TRIzol reagent (Invitrogen/Thermo
Fisher Scientific). Reverse transcription
was performed using the TaKaRa reverse
transcription kit (TaKaRa, Dalian, China)
to obtain cDNA of the cells, which was later
used as a template for detecting gene expres-
sion. The primers for NEATI were as fol-
lows: forward: 5-TTGGGACAGTFFAC
GTGTGG-3'; reverse: 5-TCAAGTCCAG
CAGAGCA-3'. The primers for GAPDH
were as follows: forward: 5-TGACGTG
CCGCCTGGAGAAC-3'; reverse: 5-CCG
GCATCGAAGGTGGAAGAG-3. The
relative expression of NEAT1 was calculat-
ed using the 272" method (ACt=Ct
NEATI — Ct GADPH, AACt= ACt experi-
mental group — ACt control), where Ct is the
cycle threshold.

Terminal deoxynucleotidyl transferase
dUTP nick-end labeling

Terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) staining
was performed according to the TUNEL
staining instructions (Beyotime
Biotechnology, Shanghai, China). Five
non-overlapping visual fields were random-
ly selected from each section to count A549
cells under a 200-fold field of wvision;

brownish-yellow particles in the nucleus
indicated apoptotic cells. TUNEL-positive
apoptotic cells appear brown and nuclei
stained with hematoxylin appear blue.
TUNEL-positive cells usually cannot be
stained with hematoxylin.

Western blot

Cultured or transfected A549 cells were
lysed with radioimmunoprecipitation assay
(RIPA) buffer solution and the protein was
quantified by bicinchoninic acid (BCA)
method. Then, the proteins were separated
by 10% sodium dodecyl sulfate-PAGE elec-
trophoresis. After transfer, the membrane
was incubated in 5% skimmed milk for 1
hour. Anti-SLC7A11 (1:2000), anti-GPX4
(1:1000), anti-TFR1 (1:1000), anti-Bax
(1:1000), anti-Bcl-2 (1:2000), anti-caspase3
(1:1000) and anti-GAPDH (1:5000) prima-
ry antibodies (Abcam, Cambridge, UK)
were incubated with the membrane at 4°C
overnight. Then, horseradish peroxidase-
labeled secondary antibody (Abcam) was
added and incubated at 37°C for 1 hour.
Finally, ECL luminescent solution (Itra
High Sensitivity ECL kit (Glpbio,
Montclair, CA, USA) was used to develop
the color. The gray levels of target protein
were analyzed using Quantity One software
(Bio-Rad Laboratories, Hercules, CA,
USA), and the relative levels of target pro-
tein relative to GAPDH were calculated.

Plasmid transfection

Short hairpin (Sh)RNA-NEAT1 was con-
structed and cloned into U6/GFP/Neo plas-
mid (ShRNA-NEATI-1, Oligol, 5-ACCT
CGATGCCACAACGCAGATTGATTC
AAGAGATCAATCTGCGTTGTGGCA
TCTT-3', Oligo2, 5-CAAAAAGATGC
CACAACGCAGATTGATCTCTTGA
ATCAATCTGCGTTGTGGCATCG-3',
ShRNA- NEATI-2, Oligol, 5-ACCTCGA
AGATCCCTAAGCTGTAGAATCAAG
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AGTTCTACAGCTTAGGGATCTTCTT-
3, Oligo2, 5-CAAAAAGAAGATCCCT
AAGCTGTAGAACTCTTGATTCTACA
GCTTAGGGATCTTCG-3; Gemma,
Shanghai, China), and OverExp-NEATI
was  constructed and cloned into
pcDNA3.1 plasmids (Gemma). Then, A549
cells in logarithmic phase were seeded into a
six-well plate. When the cells reached 70% to
80% confluency, they were transfected with
NEATI knockdown (ShRNA-NEATI) or
overexpression (OverExp-NEATI) plasmids
(0.2 pg) using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufac-
turer’s instructions. The negative control
used scrambled RNA or empty plasmids.
After 24 hours, erastin (10 pM) was added
to the cells and incubated for an additional
24 hours.

Dual-luciferase reporter gene assay

A549 cells at logarithmic phase were seeded
in a 24-well plate. When the cells reached
80% confluency, 100 ng of ACSL4 wild
type (WT) or ACSL4 mutant (MUT) lucif-
erase vector and 50 nmol/L NEATI WT or
empty plasmids were added and incubated
for 48 hours after transfection. Luciferase
activity was evaluated according to the
dual-luciferase report analysis system
(Luciferase Reporter Gene Assay Kit,
Yuanpinghao Biotechnology Co. Ltd.,
Beijing, China). Each experiment was inde-
pendently repeated at least three times.

CCK8 assay

A549 cells at logarithmic growth stage were
digested with trypsin (Solebol, Beijing,
China) and then seeded into a 96-well
plate. Then, 10 pL of CCK-8 reaction solu-
tion (Glpbio) was added to each well 24
hours after transfection. After cells were
cultured in an incubator for 3 hours, absor-
bance at 450 nm was detected using a

microplate reader (Tecan, Mannedorf,

Switzerland).

EdU staining

A549 cells were seeded into a 96-well plate.
After the cells underwent shRNA-NEAT]I
or OverExp-NEATI1 transfection for 24
hours, EdU (5-ethynyl-2'-deoxyuridine)
labeling, cell fixation, infiltration, detection,
and DNA restaining were carried out
according to the instructions of the YF 488
click-iT EdU Imaging kit (US Everbright,
Xiangcheng, China). Finally, the culture
plates were observed under an inverted fluo-
rescence microscope, and 3 fields were ran-
domly selected for photography.

Malondialdehyde levels

A549 cells were seeded into cell slides and
allowed to adhere to the wall for 24 hours.
After transfection, malondialdehyde
(MDA) activity was detected using the thi-
obarbituric acid method and the Lipid
Peroxidation MDA Assay Kit (Beyotime
Biotechnology).

Determination of iron levels

After different group treatments (without
erastin induction: control, vector, ShRNA-
NEATI-1, OverExp-NEATI-1; with
erastin induction: control, vector, ShRNA-
NEATI-1, OverExp-NEATI-1), the iron
content was detected in accordance with
the manufacturer’s guidance (Abcam). A
mixture of iron assay buffer and cells were
homogenized and centrifuged at 16,000 x g
and 4°C for 10 minutes. Iron levels were
evaluated by detection of absorbance at
593 nm using a microplate reader
(BioTek, Winooski, VT, USA).

Statistical analysis

Experimental results are shown as means +
standard deviations (SD). Student’s z-test
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was used to compare the differences
between two groups, and p < 0.05 was con-
sidered significant. All experiments were
independently conducted at least three
times. All statistical analyses were con-
ducted using GraphPad 7.0 (GraphPad
Software Inc., San Diego, CA, USA).

Results

ACSL4 was positively related to ferroptosis
in NSCLC cells

ACSL4 is considered an essential profer-
roptotic gene.® We used different normal
(HBE) and NSCLC cell lines to analyze
ACSL4 expression. ACSL4 expression was
significantly reduced (p < 0.001) in NSCLC
cell lines compared with HBE cells
(Figure 1la). Furthermore, the level of
ACSL4 was lower in A549 cells than in
other NSCLC cell lines. Subsequently, we
used the ferroptosis inducer erastin
(10puM) to trigger ferroptosis of NSCLC
cells. Specifically, NSCLC cells underwent
different levels of death (Figure 1b), and we
observed that 4CSL4 was positively related
to cell death induced by erastin in NSCLC
cells. The lower the expression of ACSL4,
the lower the extent of ferroptosis
(» <0.001; Figure lc).

NEAT | influenced the death and MDA
levels of A549 cells induced by erastin

We next investigated whether NEATI
affected erastin-mediated ferroptosis in
A549 cells; we constructed NEATI knock-
down and overexpression vectors to clarify
the functions of NEATI. As shown in
Figure 2a, SARNA-NEATI-1 had a greater
effect (p <0.05) on silencing NEATI than
ShRNA-NEATI1-2, whereas OverExp-
NEATI-1 had a greater effect on overex-
pressing NEATI1 than OverExp-NEATI1-2.
Therefore, ShRNA-NEATI-1 and
OverExp-NEATI-1 were  used  for

subsequent experiments. Because lipid per-
oxidation is a hallmark of ferroptosis, we
assessed levels of lipid peroxidation in
A549 cells. NEAT1 knockdown and over-
expression greatly increased and decreased
cell death (TUNEL staining, p<0.05;
Figure 2b, c), respectively, and affected
MDA levels (p <0.05; Figure 2d) in A549
cells, further confirming the link between
NEATI and ferroptosis induction.

NEAT | regulated expression levels of
nodal proteins of ferroptosis and classical
apoptotic pathways

To further evaluate the role of NEATI in
the ferroptosis pathway, we used bioinfor-
matics analysis and found that NEATI1 and
ACSL4 have targeted regions that directly
bind (Figure 3a). We then designed a dual-
luciferase reporter gene assay and con-
firmed that NEATI1 could bind to ACSL4
(»<0.01; Figure 3b). We showed that
NEATI1 overexpression or silencing
increased or suppressed cell proliferation,
respectively, as detected by EdU staining
(p<0.001; Figure 3c) and cell viability
(CCK-8 assay; Figure 4a). Specifically, era-
stin treatment markedly reduced ACSL4
protein and mRNA levels in the control
group, and NEATI regulated ACSL4 pro-
tein and mRNA levels (Figure 4b, c). Then,
we detected expression of nodal proteins
associated with the ferroptosis and classical
apoptosis pathways. Notably, regulation of
NEATI in the iron intake pathway (iron
ion and TFR1, with high expression, medi-
ating ferroptosis) and the glutathione per-
oxidase pathway (SLC7A1l1 and GPX4,
with low expression, mediating ferroptosis)
affected the tolerance of tumor cells to fer-
roptosis (Figure 4d, e). In addition, erastin
had a minor effect on classical apoptosis
pathway-related proteins (Bax, Bcl-2, and
caspase-3). The expression of Bax and
caspase-3 was increased whereas Bcl-2
levels were reduced when NEATT silencing
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Figure 1. (a) Reverse transcription quantitative (RT-q)PCR analysis of acyl-CoA synthetase long chain
family member 4 (ACSL4) expression in normal bronchial epithelial cells (HBE) and non-small-cell lung cancer
(NSCLC) cell lines (A549, NCI-H1975, SK-MES-1, and PLA-801D). (b) Terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) staining was used to assess cell death levels after erastin inter-
vention in the cell lines. (c) Correlation analysis of both ACSL4 and ferroptosis induced by erastin.
*#p < 0.01, ¥*¥p <0.001.

was induced in A549 cells with or without Discussion

erastin induction (p <0.01). NEATI over-  In this study, our aim was to identify an
expression induced the opposite effects in essential regulatory role of NEATI in fer-
A549 cells with or without erastin treatment roptotic cell death. The dual-luciferase
(» <0.01 (Figure 4f). reporter assay revealed that NEATI could
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Figure 2. (a) Reverse transcription quantitative (RT-q)PCR analysis of NEAT | levels after transfection of
different plasmids. (b, ¢, d) NEAT| knockdown (shRNA-NEAT I-1) or overexpression (OverExp-NEATI-1)
was shown to induce or decrease the sensitivity, respectively, of A549 cells to erastin induction through

analysis of (C) cell apoptosis (TUNEL staining) and (d) malondialdehyde (MDA) levels. *p < 0.05, *¥p < 0.01,

sp < 0.001.

bind to ACSL4 mRNA. We further found
that NEATI regulated the protein expres-
sion of ACSL4. It was recently reported
that ACSL4 levels reflect ferroptosis sensi-
tivity and that ACSL4 reduces the sensitiv-
ity of cells to ferroptosis induction.®
Accumulating evidence indicates that the
incidence and progression of lung cancer
might be attributed to ferroptosis.'?
Nevertheless, the ferroptosis sensitivity of
some tumor cells has been shown to be
weak.'*

In the present study, 10 pM erastin was
used to induce ferroptosis. We observed
that the sensitivity of A549 cells to
erastin-induced ferroptosis was lower than

that of other NSCLC cell lines. In addition,
erastin induction did not significantly affect
SLC7A11 or GPX4 levels in the control
group. GPX4 is a versatile, selenium-based
glutathione peroxidase that can effectively
repair cell damage caused by lipid oxida-
tion; it is a major inhibitor of ferropto-
sis.!>'7 It tightly controls ferroptosis, the
inactivation of which could contribute to
an increase in uncontrolled lipid peroxida-
tion, inducing cell death.'> However, the
levels of SLCAIl and GPX4 were
decreased much more by NEATI silencing
with erastin treatment than without erastin,
indicating that NEAT]1 silencing changed
the sensitivity of AS549 cells to erastin.
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Figure 3. (a, b) The targeting relationship of NEAT| and ACSL4 was determined by dual-luciferase
reporter gene assay. (c) Cell proliferation was detected by EdU staining. **p < 0.001. Wt, wild type; mut,
mutant; shRNA-NEAT |, A549 cells were transfected with NEAT| silencing plasmid; OverExp-NEAT -1,
A549 cells were transfected with NEAT | overexpressing plasmid.

A study found that NEAT] regulated iron
content in A549 cells with or without era-
stin induction, facilitating the generation of
superoxide radicals through the Fenton
reaction, which could cause lipid peroxida-
tion.® An increase in MDA levels (reflecting
the degree of membrane lipid peroxida-
tion'®) after NEATI silencing implied an

increase in intracellular lipid peroxidation
induced by NEATI1 knockdown. The inhi-
bition of GPX4 activity could trigger fer-
roptosis.'”  Furthermore, GPX4 levels
affect the sensitivity of cells to erastin.®
This result indicated that NEATI silencing
could enhance the ferroptosis sensitivity of
cells to erastin.



Wu and Liu 9

—
O
—

(b) = control
1.5 V"—\ P = Vector
s et E =3 shRNA-NEAT1-1
£ = ] 3 OverExp-NEAT1-1
g 1o ara-!_--—| £E
-4 ]
H aras '_ —— | g5
T os 1 i3
g GAPDH | a——— S ©
e g
o A A K
00 o g g €
A
ey ot AN A P 45 ora- era+
oo™ e a\gi‘ x‘gp-‘ e d'.&-
W o
R -
(©) pl— (d) i
Ll
-
25 o [=] Snr\trul ) S
A 4 —— RO, e 0.259 ——— B3 Vector
< 20 = . At i B3 shRNA-NEAT1-1
" B v EA-NEATES Bl R R— 3 OverExp-NEATI-1
S A5 £ s —=
3 s
o 10 0.104
=4
: £
§ 08 £ oos
é 0.0 0.00-
era - era+ era era +
(S) era- era + r—.,_',—] 0 Control
5LCTA"|———--||——-—- 15 — B3 Vector
—_— ot £ ShRNA-NEAT1-1
— M | 3 OverExp-NEATI-1
GPXA}—-——— — e - CE— §71n = e xp
g 1 g}
2
TFﬁil_—--—- — — — - gf’:
£ 3B
52 05
GM‘DH|----| - D e e— ae
o At A o At A
S S Y X
I o0
a o F=g era era+
o o o o
-
TR
- 3 Control T =3 Control
1
20 — &3 Vector 5 207 M 1 B3 Vector
[ p—
—= B3 shRNA-NEAT1-1 -] ey B shRNA-NEAT1-1
H [ revenaens |
_— o 3 OverExp-NEAT1-1 £ 15 = £ OverExp-NEATI-1
Tw — 2
3 = i 2
£ — w
éo 1.0 = 1.0
2 [=}
2 o
e 3
g
£
0.0 = ool
ara era+ era era+
(f) era - era+
L £ Control
7 e ¥
Bax | — — — — —E— — 15 ,—|m"" == &3 Vector
[ D ShRNA-NEAT1-1
Bol-z | - — e — —— . — _ 3 OverExp-NEATI-1
& 10
Caspase-3 | s o - — ‘—--_l s
5
$3
carnh | e ——— | — — — - | AE os
o ot A A =3 \of AN AN
SN S5 X S
o W o i & 00
o 2 c_m‘v(’ & o.,d"" era- era+
-
-
o — s —= 1 © control
1.5 I — 3 Vector 15 — A= = Vector
Me
= B3 ShRNA-NEAT1-1 Lo £ ShRNA-NEAT1-1
= £ e 1 OverBipNEATIA P 3 OverExp-NEATH-1
g& 1.0 .—;**‘ T 10
g %E
g% 85
] 2%
fz 232
ge o8 g2 o5
2
o
0.0 0.0
era era+ era era +

Figure 4. (a) Cell viability was analyzed by using the CCK-8 assay after NEAT | silencing (short hairpin [sh]
RNA-NEAT-1) or overexpression (OverExp-NEAT I-1) intervention. (b, c) Detection of ASCL4 protein
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overexpression. *p < 0.05, ¥p < 0.01, **p < 0.001.
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NEATI overexpression did not alter the
sensitivity of A549 cells to erastin in the
expression of TFRI1. Protein levels of
TFR1 were elevated after erastin adminis-
tration in the control group. TFRI1, often
considered a specific marker of ferroptosis,
is necessary for iron input into cells, and it is
regulated by the intracellular iron concen-
tration.”! Erastin has been reported to
enhance TFRI1 levels.?>2* However,
NEAT]1 silencing increased the response of
A549 cells to erastin. We also found that
NEATI1 affected the classical apoptosis
pathway in A549 cells through analysis of
Bax, Bcl-2, and caspase-3 expression levels.
Erastin treatment did not affect intracellular
Bcl2, Bax, and caspase-3 activities. As
reported in other studies, ferroptosis is not
dependent on the classical apoptotic path-
way. Moreover, it does not require caspase
or Bax/Bak, which regulate mitochondrial
outer membrane permeability, and it is not
affected by other cell death inhibitors.>> %7 A
regulatory effect of NEAT1 on cell apopto-
sis and proliferation has been found in some
studies.”® However, this regulatory mecha-
nism of NEATTI in ferroptosis requires fur-
ther confirmation in an in vivo study, which
is a limitation of the present study.

In summary, we identified roles of
NEAT! in ferroptosis and demonstrated
the sensitivity of ferroptosis to erastin
induction. ACSL4 appears to mediate the
function of NEAT1 in the ferroptosis pro-
cess. Targeting NEATI or ACSL4 might
represent a potential therapeutic interven-
tion in NSCLC, a possibility that deserves
further exploration.
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