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Summary

A number of new cell death processes have been discovered in recent years, including
ferroptosis, which is characterized by the accumulation of lipid peroxidation products
derived from iron metabolism. The evidence suggests that ferroptosis has a tumor-
suppressor function. However, the mechanism by which ferroptosis mediates the
response of tumor cells to oncolytic viruses remains poorly understood. Newcastle
disease virus can selectively replicate in tumor cells. We show that NDV-induced
ferroptosis acts through p53-SLC7A11-GPX4 pathway. The expression of tumor
suppressor gene p53 increased after NDV infection, and the expressions of SLC7AT11
and SLC3A2 were down-regulated, leading to the inhibition of glutathione synthesis
and a decrease in glutathione peroxidase 4 expression. The chemical compound
erastin, which induces ferroptosis, also down-regulated glutathione synthase
expression and caused lipid peroxide accumulation and cell death. Meanwhile, the
levels of intracellular reactive oxygen species and lipid peroxides increased in tumor
cells. Ferritinophagy was induced by NDV promotion of ferroptosis through the
release of ferrous iron and an enhanced Fenton reaction. Collectively, these
observations demonstrated that NDV can kill tumor cells through ferroptosis. Our
study provides novel insights into the mechanisms of NDV-induced ferroptosis and
highlights the critical role of viruses in treating therapy-resistant cancers.

Key words: Ferroptosis; p53; Newcastle disease virus; system Xc~


https://doi.org/10.1101/2021.01.03.424919

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.03.4249109; this version posted January 5, 2021. The copyright holder for this preprint

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction

Ferroptosis, a newly discovered form of regulated cell death, involves iron and
reactive oxygen species (ROS), and is characterized by the accumulation of
phospholipid peroxides (Chu et al., 2019; Dixon et al., 2012; Doll et al., 2017; Jiang
et al., 2015; Yang et al., 2014). The peroxidation of phospholipids and the
accumulation of lipid ROS are the key drivers of ferroptosis-induced cell death (Su et
al., 2019; Ubellacker et al., 2020). Ferroptosis is initiated through various pathways,
including the depletion of intracellular glutathione (GSH) and lipid peroxidation,
caused by increases in oxidizing iron and the labile iron pool (Cao and Dixon, 2016;
Gao et al., 2019; Hadian and Stockwell, 2020; Muri et al., 2019). GSH is an
antioxidant tripeptide consisting of glutamate, cysteine, and glycine (Lv et al., 2019).
Recent studies have reported that GSH acts as important regulator of cellular
antioxidant defenses. The depletion of cystine and/or GSH results in the iron-
dependent accumulation of lethal lipid ROS, which is accompanied by ferroptosis.
This process is suppressed by lipophilic antioxidants such as ferrostatin-1 (Dixon and
Stockwell, 2014; Hassannia et al., 2019). In contrast, GSH depletion results in the
inactivation of GSH-dependent peroxidase 4 (GPX4), a member of the GSH
oxidoreductases (GPXs) family, which directly reduces lipid peroxides (Alborzinia et
al., 2018). Recent studies have shown that ferroptosis is initiated by the direct
depletion or indirect inhibition of coenzyme Q10 via the Squalene synthase
mevalonate pathway (Bersuker et al., 2019; Doll et al., 2019; Stockwell et al., 2017).

System Xc, a cystine/glutamate antiporter, consists of SLC7Alland SLC3A2,
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and is responsible for maintaining redox homeostasis by importing cystine for the
synthesis of the major antioxidant GSH (Xie et al., 2016). Recent investigations have
shown that p53 plays a role in the regulation of ferroptosis processes (Jiang et al.,
2015; Tarangelo et al., 2018; Wang et al., 2016b; Xie et al., 2017). p53-induced
ferroptosis is responsible for tumor suppression through system Xc -, and acetylation
is crucial for p53-mediated ferroptosis (Wang et al., 2016b). The function of
SLC7A11 is also affected by nuclear factor erythroid 2-related factor 2 (NRF2) and
beclin 1 (BECN1). NRF2 upregulates SLC7A11 expression, thereby preventing
ferroptosis mediated cell death (Anandhan et al., 2020; Sun et al., 2016; Yu et al.,
2020). BECNI inhibits system Xc~ activity by binding directly to SLC7A11 (Song et
al., 2018).

In recent years, there has been renewed interest in ferroptosis in cancer cells
(Angeli et al., 2017; Wang et al., 2016a; Yang and Stockwell, 2016). Newcastle
disease virus (NDV) is a paramyxovirus that infects large poultry populations, and
NDV has been investigated as an oncolytic agent because it replicates selectively in
tumor cells (Alexander, 2000; Fiola et al., 2006; Mansour et al., 2011). Many recent
studies have shown that NDV promotes oncolytic activity and induces tumor cell
death through the caspase-dependent pathway or activates ATM-mediated double-
strand break (DSB) signals (Li et al., 2019; Ren et al., 2020). However, there are
currently no reports showing whether the oncolytic virus kills tumor cells through
ferroptosis. Here, we showed that oncolytic NDV kills cancer cells through

ferroptosis via up-regulation of p53 expression and suppression of system Xc",
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resulting in the reduction of GPX4 activity. Our study identifies a novel mechanism of
oncolytic-virus-induced cell death, and the regulation of ferroptosis may be a
promising new way to increase the oncolytic effect of therapies, especially for those

therapy-resistant cancers.

Results

NDYV induces cell death through ferroptosis

Many studies have demonstrated that oncolytic viruses kill cancer cells via various
pathways, including apoptosis, autophagy, and pyroptosis (Colunga et al., 2010; Fiola
et al., 2006; Koks et al., 2015). However, the role of ferroptosis in oncolytic-virus-
induced cell death has not been investigated. Here, we first evaluated whether NDV
induces ferroptosis in U251 glioma cells. The ferroptosis inducer, erastin, which
inhibits system Xc~ and prevents cystine import, and RSL3, which inhibits GPX4
directly, were used as the positive controls (Dixon et al., 2012). The morphology of
cell death caused by NDV was consistent with ferroptosis inducer treatment
determined under the microscope (Fig. 1A). Cell death was quantified by assaying
lactate dehydrogenase release using a cytotoxic detection kit. Consistently, cell
viability decreased significantly upon NDV infection and treatment with the
ferroptosis inducer compared with that in control cells (Fig. 1B). The occurrence of
free iron in living cells has recently attracted attention because its high reactivity may
be related to cell damage or death(Dixon et al., 2012). Ferroptosis initiation depends

on the availability of ferrous iron (Fe**)(Hassannia et al., 2019; Masaldan et al.,
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111 2018), so we examined whether NDV infection increased the level of intercellular
112 ferrous iron. As expected, NDV increased ferrous iron levels in living cells, which
113 were detected with fluorescent probes (Fig. 1C). Cellular ROS are derived from

114  superoxide radicals, which damage the membranes of cells and organelles (Dixon and
115  Stockwell, 2014; Hassannia et al., 2019). An increased prevalence of ROS was

116  observed in NDV-infected and ferroptosis-inducer-treated cells compared with that in
117  the control groups (Fig. 1D). Accordingly, the oxidative stress marker

118  malondialdehyde (MDA) increased after NDV infection (Fig. 1E). Meanwhile, an
119 increase in lipid peroxidation was confirmed by fluorescence observations using

120  Liperfluo (Green) (Fig. 1F).

121 Having shown that oncolytic NDV-induced cell death through ferroptosis, we
122 next tested whether ferroptosis inhibitor blocked U251 cell death in oncolytic NDV-
123  infected cells. Liproxstain-1, a specialized ferroptosis inhibitor, prevents ROS

124  accumulation and cell death in GPX4 ™~ cells (Xie et al., 2016). Our results showed
125  that cell death was noticeably rescued in liproxstain-1-treated NDV-infected cells
126 (Fig. 1G), and that levels of MDA were significantly reduced compared with those in
127  cells only infected with NDV (Fig. 1H). Collectively, these results show that NDV
128  induced cell death through ferroptosis, and the cell death ratio, can be rescued by a
129  ferroptosis inhibitor.

130

131 NDV enables ferroptosis through the suppressor system Xc- by activating p53

132 To determine the mechanism of NDV-induced ferroptosis, we examined whether
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NDV actives ferroptosis by directly blocking system X¢". Consistent with previous
studies showing that erastin induces ferroptosis by directly targeting system Xc~, our
results suggest that NDV suppresses the expression of SLC7A11 and SLC3A2 in a
dose- and time-dependent manner (Fig. 2A and B). Activation of p53, a tumor
suppressor gene, is known to be required for ferroptosis in cancer cells. Previous
studies showed that SLC7A11 protein levels and SLC7A11 mRNA expression are
negatively regulated by p53 (Jiang et al., 2015). As expected, our results indicated that
NDYV also upregulated protein and mRNA levels of p53, accompanied by the
downregulation of the protein and mRNA levels of SLC7A11 (Fig. 2A-C).
Remarkably, compared with the control group, the reduced GSH levels decreased 5.5-
and 8.2-folds in response to erastin treatment and NDV infection, respectively, as
measured using a GSSG/GSH quantification kit (Fig. 2D). Accordingly, noticeable
time- and dose-dependent reductions in the protein and mRNA levels of GPX4 were
observed (Fig. 2A—C). Recent studies have shown that 12-lipoxygenase (ALOX12) is
required for p53-mediated tumor suppression through a distinct ferroptosis pathway
(Chu et al., 2019). Consistent with the results of Chu et al., ALOX12 increased in a
time-dependent manner in NDV-infected U251 cells (Fig. 2E). Taken together, the
results presented confirm that the system Xc  GSH—-GPX4 axis is inhibited in
response to NDV infection. p53 is probably involved in NDV-induced ferroptosis via

the inhibition of the system Xc .

P33 plays a positive role in NDV-induced ferroptosis
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Given that p53 accumulated significantly after NDV infection, accompanied by the
inhibition of the system Xc GSH-GPX4 axis, next we investigated the role of p53 in
NDV-induced ferroptosis. PFTa HBr (5 uM), a p53 inhibitor, did not affect SLC7A11
and GPX4 protein levels in non-NDV-infected cells, but rescued the protein levels of
SLC7A11 and GPX4 in NDV-infected cells (Fig. 3A). We next tested whether PFTa
affected MDA production and GSH depletion. Compared with the control group,
MDA production was decreased (Fig. 3B) and GSH was rescued after co-treatment
with PFTa in NDV-infected cells (Fig. 3C). Moreover, cell death was rescued in PFTa
treated NDV-infected cells (Fig. 3D). In accordance with this, lipid peroxide
fluorescent intensity was significantly inhibited by PFTa in ND V-infected cells (Fig.
3E). To confirm the intrinsic role of p53 in ferroptosis caused by NDV, small
interfering RNA knockdown experiments were performed. As expected, p53
knockdown also rescued the protein levels of SLC7A11 and GPX4 in NDV-infected
cells (Fig. 3F). To further illustrate the ways in which p53 plays an important role in
NDV-induced ferroptosis, we examined role of p53 in the formation of ROS. As
expected, ROS levels were significantly reduced when ND V-infected cells were
treated with PFTa (Fig. 3G). Collectively, our inhibitor and knockdown experiments

demonstrate that p53 plays a positive role in NDV-induced ferroptosis.

Ferritinophagy induced by NDV contributes to ferroptosis initiation
Ferritinophagy, a new type of autophagy, is characterized by the degradation of

ferritin, which promotes ferroptosis through autophagy. Nuclear receptor coactivator 4
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(NCOAA4), a selective cargo receptor, is involved in the autophagic turnover of ferritin
in ferroptosis (Goodall and Thorburn, 2014; Hou et al., 2016). Therefore, we first
established whether NDV can induce autophagy in U251 cells. Western blot results
showed that NCOA4 levels were significantly reduced in NDV-infected cells, and that
viral NP proteins were blocked by the autophagy inhibitor, bafilomycin A (an H-
ATPase inhibitor). Next, we determined the LC3-II lipidation levels in NDV-infected
cells. LC3 lipidation significantly increased in NDV-infected cells treated with
bafilomycin A (20 nM) (Fig. 4A). Excess iron is stored in ferritin, an iron storage
protein complex consisting of FTH1 and FTL. Our results showed that FTH1 was
shaped and decreased in a dose and time-dependent manner in NDV-infected U251
cells (Fig. 2A-B). Expression of FTHI mRNA, detected using quantitative
polymerase chain reaction (qQPCR), was consist with protein levels (Fig. 2D). Previous
studies have shown that TFR1, a carrier protein for transferrin in cell membranes, is
up-regulated as ferroptosis proceeds. Our investigations showed that TFR1 was not
changed significantly in NDV-infected cells.

Confocal microscopy was used to detect the formation of autophagosomes, seen
as green dots. U251 cells were infected with a lentiviral vector encoding an GFP-LC3
reporter. U251 cells stably expressing GFP-LC3 can be used to identify
autophagosomes. Our studies showed that NDV significantly increased the number of
green dots compared with the control group. These results suggest that NDV
accumulates ferrous iron via a decrease in ferritin through autophagy and induces

ferroptosis in U251 cells.
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Discussion

Recent studies have shown that regulated cell death is an effective way to kill tumors.
Triggering apoptosis cell death using anti-cancer drugs is a classical method of killing
cancer cells (Badgley et al., 2020; Jiang et al., 2015; Sun et al., 2016; Tarangelo et al.,
2018; Xie et al., 2017; Yang et al., 2014). However, the effects of apoptosis treatment
of tumors are limited and the search for new therapies not relying on apoptosis to kill
cancer cells will be important for treating therapy-resistant cancers in the future.
Ferroptosis, a new form of programmed cell death, is typified by an iron-dependent
accumulation of lethal levels of peroxidated lipids, and recent studies have suggested
that ferroptosis is a tumor-suppressive mechanism(Stockwell et al., 2017; Yang et al.,
2014). Our present study set out to understand the mechanisms of NDV-induced
ferroptosis. We provide the evidence that NDV induces ferroptosis through nutrient
deprivation in U251 cells, and that activation of p53 was responsible for suppressing
system Xc~ and depleting the GSH contribution to lipid peroxidation. Our study
suggested that the p53-SLC7A11-GPX4 axis plays a central role in inducing
ferroptosis and leading to cancer cell death.

In this study, we showed that NDV suppressed system Xc’, as evidenced by the
decrease in SLC7A11 and SLC3A2 protein levels in NDV-infected U251 cells. These
results collectively suggest that NDV induces ferroptosis through nutrient deprivation
in U251 cells. Consistent with our observations, Dixon et al. showed that System Xc¢

is a cystine/glutamate antiporter whose activity suppresses ferroptosis in many
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different cell types (Dixon et al., 2012). Song et al. found that energy stress induces
BECNI activation, and that BECN1 phosphorylation induces ferroptosis by blocking
system Xc~ activity via binding to SLC7A11 (Song et al., 2018). In contrast, energy-
stress-mediated AMPK activation inhibits ferroptosis via mediated phosphorylation of
acetyl-CoA carboxylase and biosynthesis of PUFAs (Lee et al., 2020). Our results
show that both SLC7A11 and SLC3A2 were suppressed in NDV-infected cells.
Compared with previous studies, our studies suggests that SLC3A2 plays an equally
important role in the onset of ferroptosis by suppression of system X¢ function.
Recent studies have shown that system Xc-mediated cystine import is necessary for
GSH synthesis. The depletion of cystine, and/or GSH, results in the accumulation of
lipid peroxidation products and lethal ROS in an iron-dependent manner (Stockwell et
al., 2017).

The activation of p53, a tumor suppressor gene, has been implicated in
contributing to the initiation of ferroptosis, and SLC7A11 was identified as a novel
p53 target gene. p53 repression of SLC7A11 mRNA expression was observed in the
tet-on p53-inducible line (Jiang et al., 2015). In contrast, MDM?2 and MDMX induce
ferroptosis independently of p53, although MDM2 and MDMX are negative
regulators of p53 (Venkatesh et al., 2020). Wang et al. showed that acetylation is
crucial for p53-mediated ferroptosis and identified a mouse p53 acetylation at K98
lysine (or at K101 for p53 in humans). The absence of acetylation resulted in the
failure of p53 to mediate ferroptosis(Wang et al., 2016b). It has been reported that

BRCA1-associated protein 1, another tumor suppressor, induces ferroptosis by
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repressing SLC7AT1I in a similar way to p53 (Zhang et al., 2018). Our present study
showed that p53 was upregulated in a dose and time-dependent manner in NDV-
infected cells. Inhibition of p53 activation by specific p53 inhibitor, PFTa, blocked
NDV-induced ferroptosis. Our results show that MDA production was reduced, and
GSH was rescued, after PFTa blocked activation of p53 in NDV-infected cells.
SLC7A11 protein levels were also rescued after p5S3 was suppressed via siRNA.
These results collectively suggest that p53 activation plays a critical role in inducing
ferroptosis in NDV-infected cells.

As previously reported in the literature, TFR1 is a specific ferroptosis marker and
the knockdown of TFR1 makes cells more resistant to erastin-induced cell death
(Feng et al., 2020; Shen et al., 2018; Zhang et al., 2020; Zhang et al., 2018). However,
our study showed that the protein level of TFR1 was not affected in NDV-infected
cells, while ferrous iron production and lipid peroxidation were upregulated after
NDV infection in U251 cells. All the results shown above are characteristic of
ferroptosis. This is an unresolved issue that requires further investigation of the
differences between chemical molecular and virus-induced ferroptosis. Ferrous iron
accumulation via ferritin decreases in cells induced Fenton mediation and boosted
ROS accumulation to cause lipid peroxidation and to enhance ferroptosis(Liu et al.,
2020; Zhou et al., 2020). Accumulating evidence suggests that lysosomes can
accumulation iron through degradation of FTH1. NCOAA4 has been identified as a
cargo receptor (known as ferritinophagy) and recruits FTH1 to autophagosomes while

iron release induces ferroptosis (Gao et al., 2016; Hou et al., 2016). Our previous
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265  studies showed that NDV triggers autophagy and promotes virus replication in U251
266  glioma cells (Meng et al., 2012). Here, we have shown that NCOA4 and FTHI1 are
267  significantly reduced by autophagy in NDV-infected cells. Hou et al. showed that

268  autophagy induces ferroptosis through the degradation of ferritin (Hou et al., 2016).
269  Consistent with their studies, our results suggest that intercellular ferritin levels were
270  decreased by lysosomes through autophagy enhanced ferroptosis in NDV-infected
271 cells.

272 Recent studies have shown that ferroptotic responses are often dependent on acyl-
273  CoA synthetase long-chain family member 4. ACSL4 catalyzes the incorporation of
274  PUFAs into membrane phospholipids and enhances ferroptosis (Doll et al., 2017).
275  However, Chu et al. showed that ferroptosis can occur in an ACSL4-independent

276  manner, and that ALOX12 is required for p53-mediated tumor suppression through
277  ferroptosis (Chu et al., 2019). Consistent with this, our results show that ALOX12 is
278  upregulated by NDV infection and ACSL4 activation is not necessary for NDV-

279  induced ferroptosis (data not shown). Recent findings report Ampk-mediated beclin-1
280  phosphorylation induces ferroptosis(Matthew-Onabanjo et al., 2020; Song et al.,

281  2018). However, Lee et al. showed that PUFAs can be synthesized from the basic

282  building block acetyl coenzyme A carboxylase and that AMPK suppresses ferroptosis
283 by inhibiting ACC. These results suggest that NDV-induced ferroptosis is an ACSL4-
284  independent pathway (Lee et al., 2020). Our present study showed that lipid

285  peroxidation accumulation, as tested using fluorescence probes, and cell death can be

286  significantly suppressed by liproxstain-1. Our findings were limited to the
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287  clarification of the mechanism of lipid peroxidation increase in ACSL4-independent
288  manner. Further study is needed to better understand the details of this phenomenon.
289 In summary, our study demonstrated (1): that NDV-induced ferroptosis acts

290  through nutrient deprivation by suppression of system Xc"; (2) that p53 activation is
291  required for ferroptosis initiation; and (3) the ferritinophagy induced by NDV

292  promotes ferroptosis through the release of ferrous iron (Fig. 4C). Our study first
293  reported that NDV-induced ferroptosis acts via nutrient deprivation, and that oncolytic
294  viruses can kill cancer cells through ferroptosis. Our results explain how NDV

295 infection induces ferroptosis and provide novel insights into new treatments for

296  therapy-resistant cancers.

297

298  Materials and methods

299  Cell culture and viruses

300  Human glioma cells U251 were purchased from the Cell Bank of the Shanghai

301 Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai,

302  China) (http://www.cellbank.org.cn). U251 cells were cultured in Dulbecco’s

303 Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 100
304  pgml 'penicillin, and 100 pg ml ~!streptomycin (all from Thermo Fisher Scientific,
305  Waltham, MA, USA). Cells were cultured at 37°C in an incubator with 5% CO,. NDV
306  (strain Herts/33) was obtained from the China Institute of Veterinary Drug Control
307  (Beijing, China). A stable GFP-LC3 cell line was generated by infecting U251 cells

308  with a lentiviral vector encoding an GFP-LC3 reporter, and human glioma U251 cells
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309 (1 x 102 x 106 cells) were prepared and infected at a multiplicity of infection (MOI)
310  of 10, with GFP-LC3-overexpressing lentiviruses (GeneChem, Shanghai, China).
311

312  Chemicals and reagents

313  RSL3 (S8155), liproxstatin-1(Lx-1, S7699), Erastin (S7242), pifithrin-a (PFTa), and
314  HBr (S2929) were purchased from Selleck Chemicals LLC (Houston, TX, USA) and
315  used according to their manufacturers’ instructions. Antibody against 3-actin was
316  purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody against
317  NDV nucleoprotein (NP) was prepared in our laboratory. Antibodies against p53

318  (ab26), SLC7A11 (ab175186), GPX4 (ab125066), ALOX12 (ab11506), and NCOA4
319  (ab86707) were purchased from Abcam (Cambridge, MA, USA). Antibodies against
320 FTHI1 (#4393), TFR1 (#13208), and SLC3A2 (#47213), SignalSilence® Control

321  siRNA (Fluorescein Conjugate) (#6201), and SignalSilence® p53 siRNA I (#6231)
322  were purchased from Cell Signaling Technology (Danvers, MA, USA).

323  DCFDA/H2DCFDA - cellular ROS assay kits (ab113851) were purchased from

324  Abcam (Cambridge, MA, USA). GSSG/GSH quantification kits and Liperfluo were
325  purchased from Dojindo Molecular Technologies, Inc. (Shanghai, China).

326

327  Living cell image analysis

328 U251 cells were seeded into six-well plates and incubated for 24 h before the

329  experiment began. Inducers or inhibitors were infected with NDV and co-incubated

330 for 24 h. Cells were washed with PBS and then stained with Hoechst 33342 for 10
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331  min at 37°C in the dark, and then washed extensively with PBS. U251 cells were

332  incubated with FerroOrange following the manufacturer’s instructions. Finally, lipid
333  peroxide imaging of the living cells was performed using a fluorescence microscope.
334

335  Western blotting

336 U251 cells were seeded into six-well plates, infected with NDV (MOI 5), and

337 incubated for 12, 24, and 36 h, or incubated for 24 h in either the presence or absence
338  of inhibitors. Cell samples were washed with PBS and lysed in NP-40 lysis buffer (50
339 mM Tris-HCIL, pH 8.0, 5 mm EGTA, 150 mM NaCl, 2 mM sodium vanadate, 5 mM
340 EDTA, 1% NP-40, and 1 mM NaF) with a cocktail of protease inhibitors (Pierce

341  Chemical, Rockford, IL, USA). Cell lysates were prepared and analyzed for the

342  expression of the indicated proteins using their specific antibodies, followed by

343  treatment with horseradish peroxidase-conjugated secondary antibodies IgG using a
344  chemiluminescence reagent solution kit (Share-bio-Biotechnology, Shanghai, China).
345  P-actin was used as a loading control.

346

347  RNAisolation and quantitative real-time PCR (qRT-PCR)

348 U251 cells were seeded into six-well plates and total RNA was extracted using TRIzol
349  ®Reagent (Invitrogen, USA) according to the manufacturer’s instructions. cDNA was
350  reverse transcribed from total RNA using expand reverse transcriptase (Roche, USA)
351  and oligo-dT primer. For the quantitative RT-PCR analysis, the following primers

352  were used: p53 forward 5'-CGATCCCGGGCAATACAACT-3"; p53 reverse 5'-
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353 TGTGCTGGATGCATCTCTCG -3"; GPX4 forward 5'-

354 CAGTGAGGCAAGACCGAAGT -3'; GPX4 reverse 5'-

355 CCGAACTGGTTACACGGGAA-3'; FTH1 forward 5'-

356 CTGCGCCCTTCTGGAAAATG-3"; FTH1 reverse 5'-

357 GCAACCCCAGGATTTCAGGA -3'; SLC7A11 forward 5'-

358 ACAGGGATTGGCTTCGTCAT-3"; SLC7A11 reverse 5'-

359 GGCAGATTGCCAAGATCTCAA-3'; B-actin forward 5'-

360 GTGGATCAGCAAGCAGGAGT -3'; and B-actin reverse 5'-

361 ATCCTGAGTCAAGCGCCAAA -3'. The mRNA levels of specific genes were

362  calculated using B-actin as the reference gene. All assays were performed in three
363  replicates.

364

365  Lipid peroxidation assay and MDA assay

366  The lipid peroxidation was determined using Liperfluo (Green), and the detection of
367 MDA concentration in cell lysates was performed strictly to the manufacturer’s

368 instructions (Beyotime, China). Liperfluo, a Spy-LHP analog, is used for lipid

369  peroxide detection and emits intense fluorescence due to lipid peroxide-specific

370  oxidation which allows lipid peroxide imaging using a fluorescence microscope to
371  view living cells. For MDA detection, the thiobarbituric acid included in the kit was
372  added to the supernatants of cell homogenate to form a TBA-MDA mixture, which
373  was then examined spectrophotometrically at 535 nm. All assays were performed with

374  three independent replications.
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375

376 GSH/GSHG assay

377  The intracellular levels of reductive GSH were determined using a GSSG/GSH

378 quantification kit, to detect reductive GSH concentrations in cell lysates, strictly
379  according to the manufacturer’s instructions.

380

381  Statistical analysis

382  Statistical analyses were performed using GraphPad Prism 8 software (Graph Pad
383  Software, Inc., San Diego, CA, USA). The data were expressed as means + standard
384  deviation (SD) of at least three independent replications. analyzed using an unpaired
385  Student’s t-test. A p value of < 0.05 was considered statistically significant.

386
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Figure legends

Figure 1. NDV induces cell death through ferroptosis.

(A) U251 cells were treated with erastin (5 pM), RSL3 (5 uM), and NDV (MOI = 1)
for 24 h, when the images were taken. Scale bars = 1000 um.

(B) Relative levels of cell viability were assayed by measuring LDH release.

(C) Analysis of Fe?* levelsin U251 cells after erastin (5 pM) treatment for 24 h using
the fluorescent probe FerroOrange (Orange). Scale bars = 20 pum.

(D) Analysis of intracellular ROS levels using DCFDA staining, and flow cytometry
of U251 cells treated for 24 h with the compounds indicated. TBHP (50 uM) was used
as the positive control.

(E) Detection of MDA concentrations in cell lysates according to the kit
manufacturer’s instructions (Beyotime, China).

(F) Intracellular LPO in U251 cells treated with or without erastin (5 uM) and NDV
(MOI = 1) for 24 h were determined with the fluorescent probe FerroOrange
(Orange). Scale bars =20 pum.

(G) Cell death was examined with an LDH assay after 24 h of pretreatment with
Liproxstain-1. (H) Detection of MDA concentration in cell lysates after 24 h of
pretreatment with Liproxstain-1. All experiments were performed at least three times.
Significance was analyzed using a two-tailed Student’s t-test. * p <0.05; ** p <0.01;

5% 1 < 0,001

Figure 2. NDV induces ferroptosis by suppressing system Xc™ and activating p53.
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(A) Cell lysates were analyzed for the levels of p53, SLC7A11, SLC3A2, GPX4,
FTH1 and NP, in an MOI dependent manner by western blot. B-Actin was used as the
loading control. Erastin (5 uM) was added as a ferroptosis inducer.

(B) Western blot analyses of the levels of p53, SLC7A11, SLC3A2, GPX4, NP, and
FTH1 in U251 cells, with timepoints indicated. B-actin was served as a loading
control.

(C) mRNA levels of SLC7A1, p53, FTH1, and GPX4 in U251 cells treated with NDV
(MOI =1).

(D) Detection of intracellular GSH concentration after NDV infection.

(E) Cell lysates were analyzed for the levels of ALOX12 and NP in a time-dependent
manner with western blotting. B-Actin was included as the loading control.

All experiments were performed at least three times. Significance was analyzed using

a two-tailed Student’s t-test. * p < 0.05; ** p <0.01; *** p <0.001.

Figure 3. p53 positively regulated ferroptosis caused by NDV.

(A) Western blotting analysis of the levels of SLC7A11, GPX4, and NP after PFTa (5
uM) treatment for 24 h in NDV-infected U251 cells. B-Actin was used as the loading
control.

(B) Relative levels of intercellular MDA were assayed after 24 h of pretreatment with
PFTa (5 uM).

(C) Detection of intracellular GSH concentrations for 24 h after pretreatment with

PFTa.
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(D) Relative levels of cell viability were assayed by measuring LDH release before
treatment with PFTa (5 uM).

(E) Intracellular LPO in NDV-infected U251 cells treated with or without PFTa for 24
h was determined with the fluorescent probe Liperfluo (Green). Scale bars =20 pum.
(F) U251 cells with stable knockdown of p53 were treated with erastin (5 uM), RSL3
(5 uM), and NDV (MOI = 5) for 24 h. Western blotting analyses were performed to
determine the levels of SLC7A11, GPX4, and NP.

(G) Analysis of intracellular ROS levels using DCFDA staining and flow cytometry in

U251 cells treated for 24 h with PFTa (5 uM).

Figure 4. Ferritinophagy induced by NDV contributes to ferroptosis initiation.
(A) Western blot analysis of the levels of LC3, NCOA 4, and TFR1 in NDV-infected
U251 cells. Baf- A1 (20 nM) was used as an autophagy inhibitor. f-Actin was used as
the loading control.

(B) Fluorescence microscopy was conducted to assess the ability of NDV to induce
the formation of autolysosomes. Staining with Lamp1 (red), and LC3 (green) in
U251cells. Scale bars = 20 um.

(C) A model of NDV induces ferroptosis through nutrient deprivation in U251 cells.

ABBREVIATIONS
NDV, Newcastle disease virus; NP, Nucleocapsid protein; NCOA4, nuclear receptor

coactivator 4; FTH1, ferritin heavy chain 1; FTL, ferritin light chain; TFR1,
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453  transferrin receptor protein 1; qPCR, quantitative polymerase chain reaction; AMPK,
454  AMP-activated protein kinase; PUFAs, polyunsaturated fatty acids; BAP1, BRCA1-
455  associated protein 1; ACSL4, acyl-CoA synthetase long-chain family member 4;
456  ALOX 12, 12-lipoxygenase; DCFDA, 2',7'-dichlorofluorescin diacetate; TBHP, tert-
457  butyl hydroperoxide; MDA, malondialdehyde; LDH, lactate dehydrogenase; ROS,
458  reactive oxygen species; LPO, lipid peroxidation; GSH, glutathione; LIP-1,

459  liproxstain-1; PFTa, pifithrin-a; Baf-A1, bafilomycin A.
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