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Abstract
The	nucleus	pulposus	is	in	a	hypoxic	environment	in	the	human	body,	and	when	interver-
tebral	disc	degeneration	(IVDD)	occurs,	the	hypoxic	environment	is	disrupted.	Nucleus	
pulposus	cell	(NPC)	ferroptosis	is	one	of	the	causes	of	IVDD.	N6-	methyladenosine	(m6A)	
and	its	reader	protein	YTHDF1	regulate	cellular	activities	by	affecting	RNA	metabolism.	
However,	the	regulation	of	ferroptosis	in	NPCs	by	m6A-	modified	RNAs	under	hypoxic	
conditions	has	not	been	as	well	studied.	In	this	study,	through	in	vitro	and	in	vivo	ex-
periments,	we	explored	the	underlying	mechanism	of	HIF-	1α	and	YTHDF1	in	regulating	
ferroptosis	in	NPCs.	The	results	indicated	that	the	overexpression	of	HIF-	1α	or	YTHDF1	
suppressed	NPC	ferroptosis;	conversely,	the	knockdown	of	HIF-	1α	or	YTHDF1	increased	
ferroptosis	levels	in	NPCs.	Luciferase	reporter	assays	and	chromatin	immunoprecipita-
tion	demonstrated	that	HIF-	1α	regulated	YTHDF1	transcription	by	directly	binding	to	its	
promoter	region.	Polysome	profiling	results	showed	that	YTHDF1	promoted	the	transla-
tion	of	SLC7A11	and	consequently	the	expression	of	the	anti-	ferroptosis	protein	GPX4	
by	binding	to	m6A-	modified	SLC7A11	mRNA.	In	conclusion,	HIF-	1α-	induced	YTHDF1	
expression	reduces	NPC	ferroptosis	and	delays	IVDD	by	promoting	SLC7A11	translation	
in	a	m6A-	dependent	manner.
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1  |  INTRODUCTION

The	 intervertebral	disc	 (IVD)	 is	 located	between	adjacent	verte-
bral bodies and is an important part of the spine and is made up 
of	endplates,	the	annulus	fibrosus,	and	the	nucleus	pulposus	(NP).	
Intervertebral	disc	degeneration	(IVDD)	is	a	very	common	clinical	
disorder.	IVDD	pathological	changes	often	begin	in	the	NP,	mani-
festing as a decrease in the water content and aging and death of 
nucleus	pulposus	cells	(NPCs)	and	as	an	imbalance	in	cell	metabo-
lism	(Lu,	Li,	et	al.,	2022; Lu, Xu, et al., 2021; Lu, Zou, et al., 2021).	
As	 degeneration	 worsens,	 the	 NP	 protrudes	 from	 the	 ruptured	
annulus fibrosus and compresses the nerve, causing correspond-
ing	symptoms	and	signs.	With	the	gradual	aging	of	society,	IVDD-	
related diseases such as cervical spondylosis and lumbar disc 
herniation have placed an enormous burden on families and soci-
ety	(Molinos	et	al.,	2023).

The	IVD	is	the	largest	avascular	tissue	in	the	human	body,	and	
nutrients mainly reach disc cells from capillaries around the disc 
through	the	extracellular	matrix;	 therefore,	 the	NP	exists	 in	a	mi-
croenvironment	with	no	blood	supply	and	low	oxygen.	Studies	have	
shown	 that	 in	 hypoxic	 environments,	 hypoxia	 inducible	 factor	1α 
(HIF-	1α)	can	activate	the	transcription	of	target	genes,	thereby	reg-
ulating processes such as angiogenesis, erythropoiesis, and glycol-
ysis	 (Belozerov	&	Van	Meir,	2005).	Under	hypoxic	conditions,	 the	
energy	metabolism	of	NPCs	relies	almost	exclusively	on	glycolysis.	
HIF	is	crucial	for	maintaining	the	metabolic	function	of	NPCs.	HIF-	
1, as an important transcription factor, participates in regulating 
the	 expression	 of	 a	 series	 of	 glycolysis	 genes	 and	 can	 also	 regu-
late	mitochondrial	energy	metabolism	(Guan	et	al.,	2023;	Merceron	
et al., 2014).	HIF-	1α plays an important role in physiological activi-
ties	such	as	extracellular	matrix	synthesis	and	energy	metabolism	in	
NPCs	(He	et	al.,	2021; Semenza, 2001;	Wang	et	al.,	2022).

The	methylation	of	N6-	methyladenosine	(m6A)	is	one	of	the	most	
common	and	intensely	studied	types	of	RNA	methylation;	it	is	present	
through	the	entire	RNA	life	cycle,	plays	a	biological	function	by	affect-
ing	RNA	metabolism,	and	widely	occurs	in	the	mRNA	of	eukaryotic	
cells	(Pan	et	al.,	2021; Shen et al., 2020;	Wu	et	al.,	2023).	m6A	modifi-
cation	can	affect	mRNA	degradation,	splicing,	trafficking,	localization,	
and	translation	(Li	et	al.,	2020; Liu et al., 2019).	In	mammalian	cells,	
m6A	modification	is	dynamic,	reversible,	and	catalysed	by	m6A	meth-
yltransferases	(METTL3,	METTL14,	WTAP,	etc.),	also	known	as	“writ-
ers”.	m6A	demethylases	(FTO,	ALKBH5,	etc.),	also	known	as	“erasers”,	
are	responsible	for	removing	m6A	modifications	from	mRNA.	In	ad-
dition,	 specific	 RNA-	binding	 proteins	 (YTHDF1/2/3,	 IGF2BP1/2/3,	
eIF3,	etc.)	are	referred	to	as	“readers”	and	can	bind	to	the	m6A	motif,	
affecting	 RNA	 function	 and	 producing	 specific	 phenotypic	 results	
(Li	et	al.,	2019;	Wang,	Chen,	Ding,	et	al.,	2020).	The	results	of	many	
studies	have	suggested	that	m6A	modification	is	widely	involved	in	
regulating	 IVDD	development	 (Wang,	Chen,	Du,	et	al.,	2020; Zhao 
et al., 2017).	A	recent	study	showed	that	HIF-	1α	regulates	YTH	N6-	
methyladenosine	 RNA-	binding	 protein	 1	 (YTHDF1),	 which	 in	 turn	
plays	an	important	role	in	m6A	modification	(Li	et	al.,	2021).

Ferroptosis is a regulated cell death modality discovered in 
recent	 years.	With	 the	 intensive	 study	 of	 the	mechanism	 of	 cell	
death,	 in	 2012,	 Dixon	 et	 al.	 (2012)	 used	 the	 term	 ferroptosis	 to	
refer	to	the	modality	of	cell	death	caused	by	iron-	dependent	poly-
unsaturated	fatty	acid	(PUFA)	peroxide	accumulation.	Ferroptosis	
is	characterized	by	the	excessive	accumulation	of	iron-	dependent	
lipid	peroxides,	leading	to	oxidative	damage	to	the	cell	membrane	
and	cell	death	(Li	et	al.,	2023).	Recent	studies	have	confirmed	that	
ferroptosis plays an important role in the pathological progression 
of	IVDD,	with	ferroptosis	observed	in	the	NP,	annulus	fibrosus,	and	
cartilage	endplate	cells	(Ohnishi	et	al.,	2022; Ru et al., 2023).

How	do	NPCs	regulate	ferroptosis	 in	a	hypoxic	microenviron-
ment? To our knowledge, there has been no related report. Further 
studies	may	provide	a	theoretical	basis	for	the	treatment	of	IVDD.	
In	 this	 study,	we	 cultured	NPCs	 in	 a	 1%	hypoxic	 environment	 to	
simulate	 the	 microenvironment	 of	 NPCs	 in	 vivo.	We	 found	 that	
the	overexpression	of	HIF-	1α,	YTHDF1,	 and	 solute	carrier	 family	
7	member	11	(SLC7A11)	suppressed	NPC	ferroptosis.	HIF-	1α acts 
as	 a	 transcription	 factor	 for	 YTHDF1	 to	 promote	 its	 expression.	
In	 addition,	 YTHDF1	 recognizes	m6A	modifications	 on	 SLC7A11	
mRNA	 and	 promotes	 translation	 of	 SLC7A11	 to	 alleviate	 ferro-
ptosis.	 Importantly,	through	 in	vivo	experiments,	we	also	demon-
strated	that	the	HIF-	1α/YTHDF1/SLC7A11	axis	 is	 involved	 in	the	
regulation	of	 IVDD.	Collectively,	 the	 results	of	 this	 study	 further	
improve	the	relevant	mechanisms	of	m6A	modification	regulating	
the	occurrence	and	development	of	 IVDD,	providing	new	targets	
for	the	treatment	of	IVDD-	related	diseases.

2  | MATERIALS AND METHODS

2.1  | Acquisition of NP tissue and cultivation of 
NPCs

This	 study	 was	 approved	 by	 the	 Ethics	 Committee	 of	 Huashan	
Hospital,	 Fudan	 University	 (KY2022-	1039).	 Degenerated	 NP	 tis-
sues were obtained from patients with cervical spondylosis, and 
normal	 NP	 tissues	 were	 obtained	 from	 patients	 with	 Hirayama	
disease	 (Table S1).	 NP	 tissues	 removed	 and	 discarded	 intraoper-
atively	were	 collected	 in	 a	 50-	mL	 centrifuge	 tube	 and	 placed	on	
ice.	Normal	NP	tissues	were	trimmed	to	1-	mm3 pieces and subse-
quently	placed	 in	DMEM	with	0.25%	trypsin	 (Gibco,	US)	at	37°C	
for	digestion	for	30 min.	The	digestion	medium	was	removed,	and	
the	remaining	tissue	was	washed	with	PBS	buffer	(Beyotime,	China)	
and	further	digested	in	DMEM	containing	0.025%	collagenase	type	
II	(Gibco,	US)	for	3 h	at	37°C	following	the	manufacturer's	protocol.	
After	the	digestion	was	completed	and	the	sample	was	centrifuged	
at	1500	R/min	for	10 min,	the	supernatant	was	discarded,	and	the	
cells	were	resuspended	in	DMEM	containing	10%	FBS	and	seeded	
in	culture	 flasks.	The	medium	was	changed	every	3 days,	and	the	
cells	were	passaged	until	 reaching	a	confluence	of	90%.	Second-	
passage	normal	NPCs	were	used	for	subsequent	experiments.
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2.2  | NPC treatments

NPCs	were	 cultured	 in	 a	 1%	 hypoxic	 environment	 to	 mimic	 the	
hypoxic	 microenvironment	 in	 vivo.	 Since	 normal	 NPCs	 showed	
low	levels	of	ferroptosis,	we	treated	NPCs	with	100 μM	tert-	butyl	
hydroperoxide	 (TBHP)	 for	 3 h	 to	 induce	 ferroptosis;	 these	NPCs	
were used as a control group. Depending on the subsequent 
grouping,	cells	were	treated	with	either	5 μM	erastin	 (a	ferropto-
sis	 inducer)	for	3 h,	5 μM	ferrostatin-	1	 (Fer-	1;	a	ferroptosis	 inhibi-
tor)	 for	 3 h,	 or	 15 μmol/L	 LW6	 (an	HIF-	1α	 inhibitor)	 for	 24 h	 (Ma	
et al., 2022).	We	overexpressed	genes	using	plasmids	 and	 trans-
fected	 NC,	 HIF-	1α,	 YTHDF1,	 and	 SLC7A11	 plasmids	 into	 NPCs	
with	LipofectamineTM3000	following	the	manufacturer's	instruc-
tions.	Small	interfering	(si)RNA	was	used	to	knock	down	genes;	si-	
NC,	 si-	HIF-	1α,	 si-	YTHDF1,	and	 si-	SLC7A11	were	purchased	 from	
Shanghai	GenePharma	Co.,	Ltd.

2.3  | Western blotting (WB)

NPCs	were	 gently	washed	 three	 times	with	PBS	buffer	 (AS1025,	
ASPEN),	 and	 100 μL	 of	 RIPA	 protein	 lysis	 solution	 (AS1004,	
ASPEN)	was	added	 to	each	well.	The	cells	were	 incubated	on	 ice	
for	30 min,	followed	by	centrifugation	at	12,000	R/min	for	30 min.	
The supernatant was retained, and the protein concentration was 
determined	with	 a	BCA	protein	 concentration	 assay	 kit	 (AS1086,	
ASPEN)	 following	 the	 manufacturer's	 instructions.	 Protein	 load-
ing	buffer	 (AS1011,	ASPEN)	was	added	to	protein	samples,	which	
were	 then	mixed	and	boiled	 in	 a	water	bath	 for	5 min.	Gels	were	
poured	 following	 the	 instruction	provided	with	 an	SDS–PAGE	kit	
(AS1012,	ASPEN),	and	proteins	were	electrophoresed	at	a	constant	
current	(100 mA)	for	80 min	and	then	transferred	to	a	membrane	at	
a	constant	voltage	(180 V)	for	2 h.	PVDF	membranes	(IPVH00010,	
Millipore)	 were	 blocked	 in	 5%	 nonfat	 milk	 for	 1 h	 and	 incubated	
overnight	at	4°C	with	primary	antibodies	against	HIF-	1α,	YTHDF1,	
SLC7A11,	 GPX4,	 and	 GAPDH.	 After	 washing	 three	 times	 with	
TBST,	the	membrane	was	incubated	with	secondary	antibodies	for	
1 h	at	room	temperature,	and	the	protein	bands	were	subsequently	
visualized	with	an	ECL	 luminescent	 reagent	 (AS1059,	ASPEN)	and	
an	 imaging	system.	Protein	expression	was	calculated	as	 the	grey	
value for the protein band of interest divided by the grey value for 
GAPDH	(internal	reference)	band.

2.4  |  Immunohistochemical staining

Specimens	were	fixed	in	10%	neutral	formalin	and	embedded	in	paraf-
fin.	Sections	were	deparaffinized,	hydrated,	rinsed	in	PBS,	incubated	
in	 3%	hydrogen	 peroxide	 solution	 to	 block	 endogenous	 peroxidase,	
fixed	 at	 high	 temperature	 and	 pressure	 for	 2.5 min,	 blocked	 in	 goat	
serum,	 incubated	with	 primary	 antibodies	 at	 37°C	 for	 2 h,	 returned	
to	 room	 temperature,	 rinsed	 in	 PBS,	 incubated	with	 secondary	 an-
tibodies	 for	 20 min	 at	 room	 temperature,	 rinsed	 in	 PBS,	 developed	

with	DAB	(ZLI-	9019,	ZSBIO),	counterstained	in	haematoxylin	(H9627-	
25G,	Sigma)	after	rinsing,	and	mounted	for	visualization	under	a	light	
microscope.

2.5  |  Cell counting Kit- 8 (CCK- 8) assay

NPCs	 were	 seeded	 in	 96-	well	 plates	 at	 104/well	 in	 a	 volume	 of	
100 μL/well,	and	10 μL	of	CCK-	8	assay	solution	 (G021-	1-	1,	Nanjing	
Jiancheng	Bio)	was	added	to	each	well.	After	2.5 h	of	incubation,	the	
optical	 density	 (OD)	of	 each	well	 at	 450 nm	was	measured	with	 a	
microplate	reader.	We	calculated	the	results	using	a	previously	re-
ported	method	(Lu,	Xu,	Lin,	Zou,	et	al.,	2023).

2.6  | Measurement of Fe2+  and malondialdehyde 
(MDA) levels

The Fe2+	content	and	MDA	level	were	measured	using	an	iron	assay	
kit	 (BC4355,	 Solarbio)	 and	 a	 cellular	 MDA	 assay	 kit	 (A003-	4-	1,	
Nanjing	Jiancheng	Bio),	respectively.	The	specific	procedures	were	
performed according to the kit instructions.

2.7  | Measurement of intracellular reactive oxygen 
species (ROS) levels by flow cytometry

Following	 the	 kit	 instructions,	 DCFH-	DA	 (S0033,	 Beyotime)	was	
added	 to	 resuspend	 the	 NPCs,	 which	 were	 then	 incubated	 for	
20 min	at	37°C	inside	a	cell	incubator	and	mixed	by	inversion	every	
3 min	to	ensure	adequate	contact	between	the	probe	and	the	cells.	
Under	 an	 excitation	 wavelength	 of	 480 nm	 and	 emission	 wave-
length	of	535 nm,	ROS	levels	were	measured	using	flow	cytometry	
(CytoFLEX,	Beckman).

2.8  | MitoSOX red staining for mitochondrial 
ROS detection

MitoSOX	 red	 reagent	 (M36008,	Thermo)	was	 added	 to	 cells	 after	
they	 were	 rinsed	 with	 PBS.	 After	 incubation	 in	 the	 dark	 at	 37°C	
for	 30 min,	 the	 nuclei	 were	 stained	with	 Hoechst	 33342	 solution	
(B8040,	 Solarbio)	 and	 then	 observed	 and	 photographed	 under	 a	
fluorescence	microscope	(Eclipse	Ci-	L,	Nikon).

2.9  | Quantitative real- time polymerase chain 
reaction (qRT–PCR)

Total	RNA	was	extracted	from	cells	with	the	TRIzol	reagent	(EP013,	
ELK	 Biotechnology)	 and	 reverse	 transcribed	 into	 cDNA	 (EQ031,	
ELK	 Biotechnology).	 qRT–PCR	 was	 performed	 to	 detect	 HIF-	1α, 
YTHDF1,	SLC7A11,	and	GPX4	mRNA	expression	using	SYBR	Green	
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PCR	 kits	 (EQ001,	 ELK	 Biotechnology).	 The	 primer	 sequences	 are	
shown in Table S2.	 Relative	 gene	 expression	was	 calculated	using	
the 2−ΔΔCt method.

2.10  | Dual- luciferase reporter assay

Luciferase-	associated	 plasmids	 were	 constructed	 by	 Shanghai	
GENECHEM	Company.	The	corresponding	gene	promoters	or	con-
trol	plasmids	were	cotransfected	with	HIF-	1α	plasmids	 into	NPCs,	
and	luciferase	activity	was	detected	using	a	dual-	luciferase	reporter	
assay	kit	(ab228530,	Abcam).

2.11  |  Chromatin immunoprecipitation (ChIP)- PCR

Experiments	were	performed	according	to	the	ChIP	kit	instructions	
(Millipore,	 Germany).	 After	 crosslinking	 with	 formaldehyde,	 NPCs	
were	disrupted	with	an	ultrasonic	disruptor.	An	anti-	HIF-	1α antibody 
was	 added	 to	 the	 cells,	 followed	 by	mixing	 overnight	 at	 4°C	with	
rotation.	The	next	day,	the	antibody-	bound	protein–DNA	complexes	
were collected by adding protein G magnetic beads and then eluted, 
and	protein–DNA	crosslinks	were	reversed.	The	DNA	was	obtained	
after	treatment	and	purification	with	proteinase	K.	DNA	templates	
were	used	for	real-	time	PCR	to	measure	DNA	that	immunoprecipi-
tated with the antibodies of interest.

2.12  | Online tools

JASPAR	 was	 used	 to	 predict	 transcription	 factor-	binding	 sites	
(http:// jaspar. gener eg. net).	SRAMP	was	used	to	predict	m6A	modi-
fication	sites	on	mRNA	(http:// www. cuilab. cn/ sramp ).	Graphical	ab-
stract	was	drawn	by	Figraw	(https:// www. figdr aw. com).

2.13  |  RNA- binding protein immunoprecipitation 
assay (RIP)

RIP	 lysate	 (Millipore,	 Germany)	 was	 added	 to	 NPCs,	 and	 after	 lysis	
on	 ice	 for	30 min,	 the	supernatant	was	collected	by	centrifugation	at	
12,000 rpm	for	10 min.	After	mixing	the	lysates,	antibodies	were	added,	
and	the	samples	were	incubated	overnight	at	4°C.	The	next	day,	Protein	
A/G	 magnetic	 beads	 (Millipore,	 Germany)	 prepared	 with	 RIP	 buffer	
were	added	to	the	lysis	solution,	and	the	samples	were	incubated	at	4°C	
for	4 h.	After	ensuring	quality	by	Western	blotting,	the	remaining	lysate	
was	used	to	extract	RNA	with	TRIzol	reagent	to	perform	qRT–PCR.

2.14  |  RNA and protein stability assay

NPCs	 were	 treated	 with	 5 μg/mL	 actinomycin	 D	 (Millipore,	
Germany)	for	0,	3,	6,	and	9 h,	and	the	relative	 levels	of	SLC7A11	

mRNA	were	 determined	by	 qRT–PCR	 at	 the	 corresponding	 time	
points.	Additionally,	NPCs	were	treated	with	100 μg/mL	cyclohex-
imide	(CHX;	Millipore,	Germany)	for	0,	3,	6,	and	9 h,	and	the	rela-
tive	levels	of	SLC7A11	protein	were	detected	by	Western	blotting	
at	the	corresponding	time	points.	RNA	and	protein	half-	lives	were	
calculated	 according	 to	 previous	 studies	 (Li	 et	 al.,	 2021; Shen 
et al., 2020).

2.15  |  Polysome profiling

NPCs	were	treated	with	CHX	(100 μg/mL)	for	10 min	at	37°C.	The	
cells were then lysed on ice using lysis buffer. Finally, following the 
instructions	provided	with	Gradient	Station	(BioComp	Instruments,	
Fredericton,	Canada),	RNA	was	extracted	and	subjected	to	qRT–PCR	
analysis.

2.16  |  Establishment of a rat model of IVDD

This	 study	 was	 approved	 by	 the	 Animal	 Ethics	 Committee	 of	
Fudan	University	 (202210011S).	The	overexpression	of	genes	 in	
animal	 experiments	was	 achieved	 by	 the	 transfection	 of	 adeno-	
associated	 viruses	 (AAVs;	 Hanbio	 Biotechnology	 Shanghai	 Co.,	
Ltd.)	 (Wu	 et	 al.,	 2022).	 Gene	 knockdown	 was	 achieved	 by	 the	
transfection	 of	 AAV	 containing	 short	 hairpin	 RNA	 (shRNA;	
Shanghai	OBiO	Technology)	(Dai	et	al.,	2022).	Fifty	SD	rats	aged	
12 weeks	were	selected	and	divided	into	the	following	five	groups	
using	 the	 random	 number	 table	 method:	 acupuncture	 (IVDD)	
group,	AAV-	NC	group,	AAV-	YTHDF1	group,	sh-	NC	group,	and	sh-	
SLC7A11	group	 (n = 10	 each	 group).	 Rats	were	 anaesthetized	by	
the	 intraperitoneal	 injection	of	2%	pentobarbital	 sodium	50 mg/
kg.	The	Co7/8	and	Co8/9	vertebral	bodies	were	located	by	palpa-
tion,	and	a	20 G	needle	was	perpendicularly	inserted	just	above	the	
disc	into	the	centre	of	the	nucleus	pulposus	and	rotated	360°;	the	
needle	remained	in	place	for	30 s,	and	the	depth	of	puncture	was	
approximately	 5 mm	 (Lu,	Xu,	 Lin,	 Song,	 et	 al.,	2023).	 After	mod-
eling, corresponding interventions were immediately performed. 
The	IVDD	group	was	intradiscally	injected	with	4 μL of saline. The 
AAV-	NC	group	was	intradiscally	injected	with	2 μL of saline+2 μL 
of	 AAV-	NC.	 The	 AAV-	YTHDF1	 group	 was	 intradiscally	 injected	
with	2 μL of saline+2 μL	of	AAV-	YTHDF1.	 The	 sh-	NC	group	was	
intradiscally	 injected	with	 2 μL	 of	 sh-	NC + 2 μL	 of	 AAV-	YTHDF1.	
The	sh-	SLC7A11	group	was	intradiscally	injected	with	2 μL	of	sh-	
SLC7A11 + 2 μL	of	AAV-	YTHDF1.

2.17  |  Transferase- mediated deoxyuridine 
triphosphate- biotin nick end labeling (TUNEL) 
fluorescence staining

TUNEL	 staining	 was	 performed	 with	 prepared	 sections	 (as	 de-
scribed	 above)	 following	 the	 product	 manual	 provided	 with	 the	

http://jaspar.genereg.net
http://www.cuilab.cn/sramp
https://www.figdraw.com
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reagent	kit	(G1504,	Servicebio).	After	the	sections	were	fixed	and	
permeabilized,	the	reaction	mixture	was	prepared	according	to	the	
instructions and added dropwise following the appropriate steps. 
After	staining	and	sealing,	the	sections	were	viewed	under	a	fluo-
rescence	microscope.	At	high	magnification,	six	fields	of	view	were	
selected	from	each	slice	to	count	TUNEL-	positive	(green)	cells	and	
cell	nuclei	(DAPI,	blue).

2.18  |  Statistical analysis

The	 experimental	 data	were	 processed	 by	 GraphPad	 Prism	 9.5.0	
software	(GraphPad	Software,	La	Jolla,	CA,	USA),	and	the	data	are	
expressed	 as	 the	 mean ± SD.	 When	 the	 normal	 distribution	 was	
satisfied	 (Shapiro–Wilk	W	 test)	 and	 the	 variance	was	 homogene-
ous, the data between the two groups were compared by t-	test,	the	
data between the multiple groups were compared by single factor 
analysis	of	variance	(ANOVA).	When	the	data	does	not	follow	the	
normal distribution or the variance is uneven, the data between the 
two	 groups	were	 compared	 by	Wilcoxon	 rank-	sum	 test,	 the	 data	
between	 the	 multiple	 groups	 were	 compared	 by	 Kruskal-	Wallis	
test. The LSD test was used for pairwise comparison. The bilateral 
inspection level was α = 0.05.

3  |  RESULTS

3.1  | HIF- 1α  alleviated ferroptosis in NPCs

HIF-	1α is an important protein produced by cells to adapt to hy-
poxic	environments.	In	this	study,	we	cultured	NPCs	under	1%	hy-
poxia	 (HO)	 to	mimic	 the	 hypoxic	microenvironment	 in	which	 the	
NP	resides	in	vivo	(He	et	al.,	2021; Lu, Xu, Lin, Song, et al., 2023).	
Consistent	 with	 previous	 studies,	 NPCs	 highly	 expressed	 HIF-	1α 
protein	 in	 the	 hypoxic	 environment	 (Figure 1a).	We	 collected	NP	
tissue	 from	 the	 control	 and	 IVDD	 groups.	 For	 the	 control	 group,	
the	 NP	was	 obtained	 from	 postoperative	 tissue	 of	 patients	 with	
Hirayama	disease,	and	the	NP	from	these	patients	showed	a	high	
signal	on	MRI	without	degeneration	 (Lu,	Xu,	et	al.,	2021; Lu, Zou, 
et al., 2021; Lu, Zou, et al., 2022).	 For	 the	 IVDD	 group,	 the	 NP	
was	obtained	from	patients	with	cervical	spondylosis,	and	the	NP	
from	these	patients	showed	a	low	signal	on	MRI,	indicating	degen-
eration	of	 the	NP	 (Figure 1b, Table S1).	Glutathione	peroxidase	4	
(GPX4)	 is	 a	 key	 protein	 that	 inhibits	 ferroptosis	 (Li	 et	 al.,	 2023).	
Immunohistochemistry	 suggested	 a	 significant	 decrease	 in	 GPX4	
content	in	the	NP	of	the	IVDD	group	compared	with	that	in	the	NP	
of	the	control	group	(Figure 1c).	We	induced	ferroptosis	with	tert-	
butyl	hydroperoxide	(TBHP)	in	vitro	to	construct	a	cellular	model	to	
study	ferroptosis	 in	NPCs.	Erastin,	a	ferroptosis	 inducer,	caused	a	
decrease	in	GPX4	levels	in	NPCs,	and	the	overexpression	of	HIF-	1α 
led	to	an	increase	in	GPX4	levels	(Figure 1d).	The	results	of	CCK-	8	
assays suggested that erastin significantly reduced the viability of 
NPCs	and	 that	 the	overexpression	of	HIF-	1α reversed this effect 

(Figure 1e).	The	intracellular	Fe2+ level can reflect the level of fer-
roptosis,	and	the	overexpression	of	HIF-	1α reduced the cellular Fe2+ 
overload	caused	by	erastin	(Figure 1f).	The	change	in	malondialde-
hyde	(MDA)	content	represents	the	level	of	lipid	peroxidation	and	
indirectly reflects the attack by free radicals on cells. The results 
showed	 that	 erastin	 increased	 MDA	 levels	 in	 NPCs;	 that	 trend	
was	not	observed	after	 the	overexpression	of	HIF-	1α	 (Figure 1g).	
Correspondingly, erastin increased the total intracellular reactive 
oxygen	 species	 (ROS)	 (Figure 1h)	 and	mitochondrial	 ROS	 content	
(Figure 1i),	but	 the	overexpression	of	HIF-	1α partially cleared the 
accumulated ROS in the cells.

In	 addition,	 we	 alleviated	 TBHP-	induced	 ferroptosis	 through	
ferrostatin-	1	(Fer-	1),	a	ferroptosis	inhibitor,	and	then	knocked	down	
HIF-	1α	with	small	interfering	siRNA	to	further	investigate	the	role	of	
HIF-	1α	 in	ferroptosis.	Fer-	1	increased	the	GPX4	expression	level	in	
and	viability	of	NPCs	and	reduced	the	accumulation	of	Fe2+ caused 
by	TBHP;	however,	these	effects	were	attenuated	when	HIF-	1α was 
inhibited	 (Figure 1j–l).	 In	 addition,	 the	 levels	 of	 intracellular	 total	
ROS,	mitochondrial	ROS,	and	lipid	peroxides	decreased	after	treat-
ment	with	Fer-	1,	but	this	effect	was	not	observed	when	HIF-	1α was 
inhibited	 (Figure 1m–o).	Overall,	 the	 above	 results	 suggested	 that	
HIF-	1α	alleviated	ferroptosis	in	NPCs.

3.2  | HIF- 1α  is a transcription factor for YTHDF1

We	next	investigated	the	relationship	between	HIF-	1α	and	YTHDF1.	
The	expression	levels	of	HIF-	1α	and	YTHDF1	were	higher	in	the	NP	
of	the	control	group	than	in	the	NP	of	the	IVDD	group	(Figure 2a).	
After	the	overexpression	of	HIF-	1α,	YTHDF1	significantly	increased	
at	both	the	protein	and	RNA	levels	(Figure 2b,c).

Similarly,	 when	 HIF-	1α	 was	 inhibited,	 the	 expression	 level	 of	
YTHDF1	also	decreased	substantially	(Figure 2d,e).	In	addition,	the	
use	 of	 the	HIF-	1α	 inhibitor	 LW6	 after	 transfection	with	YTHDF1-	
FLAG	did	not	affect	the	expression	of	YTHDF1-	FLAG	(Figure 2f,g).	
These	 results	 indicated	a	positive	correlation	between	HIF-	1α and 
YTHDF1	and	that	the	regulation	of	YTHDF1	by	HIF-	1α occurred be-
fore translation.

Luciferase	 reporter	 analysis	 showed	 that	 HIF-	1α interacted 
with	WT-	YTHDF1	and	promoted	 its	 transcription	but	did	not	 in-
teract	with	MUT-	YTHDF1	 (Figure 2h).	Chromatin	 immunoprecip-
itation	 qPCR	 (ChIP–qPCR)	 assays	 confirmed	 HIF-	1α occupancy 
at	YTHDF1	promoters	in	NPCs	(Figure 2i).	The	online	tool	Jaspar	
was	employed	to	 identify	putative	HIF-	1α-	binding	sites	 (HBSs)	 in	
the genomic sequence adjacent to the transcription start site of 
the	YTHDF1	gene.	We	observed	 three	putative	HBSs	within	 the	
genomic	 region	 (NM_017798)	 (Figure 2j).	We	next	mutated	each	
HBS	and	examined	luciferase	activity	 (Figure 2k).	When	HBS1	or	
HBS3	was	mutated,	luciferase	activity	decreased	by	approximately	
half.	When	both	were	mutated	simultaneously,	 luciferase	activity	
was	abolished	(Figure 2l).	ChIP–qPCR	analysis	showed	that	chro-
matin	fragments	containing	HBS1	or	HBS3	were	more	readily	en-
riched	 by	 the	 anti-	HIF-	1α	 antibody	 (Figure 2m).	 Collectively,	 the	
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F IGURE  1 HIF-	1α	alleviated	ferroptosis	in	NPCs.	(a)	WB	was	used	to	measure	HIF-	1α	expression	in	the	NPCs	under	normoxia	and	hypoxia	
environments.	(b)	MRI	of	patients	with	Hirayama	disease	(control	group)	and	cervical	spondylosis	(IVDD	group).	(c)	Immunohistochemistry	
was	used	to	detect	the	expression	of	GPX4	in	the	NP	tissues	of	the	control	group	and	the	ICDD	group.	Scale	bar:	200 μm.	(d)	WB	was	used	
to	detect	GPX4	expression	in	the	NPCs.	HO:	hypoxia.	(e)	CCK-	8	kit	was	used	to	detect	cell	viability.	(f)	Detecting	the	relative	levels	of	Fe2+ 
in	NPCs.	(g)	Detecting	the	relative	levels	of	MDA	in	NPCs.	(h)	Total	intracellular	ROS	levels	were	detected	by	flow	cytometry.	(i)	MitoSOX	
staining	was	used	to	detect	intramitochondrial	ROS	levels.	The	intensity	of	red	fluorescence	represents	the	level	of	ROS.	Scale	bar:	20 μm. 
(j)	WB	was	used	to	detect	GPX4	expression	in	the	NPCs.	(k)	CCK-	8	kit	was	used	to	detect	cell	viability.	(l)	Detecting	the	relative	levels	of	
Fe2+	in	NPCs.	(m)	Detecting	the	relative	levels	of	MDA	in	NPCs.	(n)	Total	intracellular	ROS	levels	were	detected	by	flow	cytometry.	(o)	
MitoSOX	staining	was	used	to	detect	intramitochondrial	ROS	levels.	Scale	bar:	20 μm.	(TBHP	group:	HO + TBHP	group.	Erastin	group:	
HO + TBHP+Erastin	group.	OE-	NC	group:	HO + TBHP+Erastin+OE-	NC	group.	OE-	HIF-	1α	group:	HO + TBHP+Erastin+OE-	HIF-	1α	group.	Fer-	
1	group:	HO + TBHP+Fer-	1	group.	si-	NC	group:	HO + TBHP+Fer-	1 + si-	NC	group.	si-	HIF-	1α	group:	HO + TBHP+Fer-	1 + si-	HIF-	1α group. n = 3.	
Data	are	presented	as	the	mean ± SD	of	three	independent	experiments.	*p < 0.05,	**p < 0.01,	***p < 0.001,	****p < 0.0001,	ns:	not	significant).
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above	 results	 demonstrated	 that	HIF-	1α is a transcription factor 
for	YTHDF1.

3.3  |  YTHDF1 alleviated ferroptosis in NPCs

We	next	investigated	the	role	of	YTHDF1	in	ferroptosis	in	NPCs.	
We	first	overexpressed	YTHDF1	to	observe	whether	 it	can	alle-
viate ferroptosis caused by erastin. From the results, the over-
expression	of	YTHDF1	reversed	the	erastin-	induced	decrease	 in	
GPX4	levels	and	cell	viability	and	the	erastin-	induced	increase	in	
Fe2+	 (Figure 3a–c).	 In	 addition,	 the	 overexpression	 of	 YTHDF1	

mitigated	 erastin-	induced	 oxide	 accumulation,	 including	 MDA	
(Figure 3d),	total	intracellular	ROS	(Figure 3e,f),	and	mitochondrial	
ROS	(Figure 3g,h).

We	 next	 knocked	 down	 YTHDF1.	 si-	YTHDF1	 impaired	 the	
inhibitory	effect	of	Fer-	1	on	ferroptosis.	Specifically,	after	knock-
ing	 down	 YTHDF1,	 the	 expression	 of	 GPX4	 and	 cell	 viability	
decreased	 (Figure 3i,j),	 and	 intracellular	 Fe2+	 (Figure 3k),	 MDA	
(Figure 3l),	total	intracellular	ROS	(Figure 3m,n),	and	mitochondrial	
ROS	 (Figure 3o,p)	 levels	 increased.	 The	 above	 results	 indicated	
that	 YTHDF1	 alleviated	 ferroptosis	 in	 NPCs.	 Furthermore,	 we	
found	that	the	attenuation	of	ferroptosis	by	the	overexpression	of	
HIF-	1α	was	abolished	after	the	inhibition	of	YTHDF1	(Figure 3q–s).	

F IGURE  2 HIF-	1α	is	a	transcription	factor	for	YTHDF1.	(a)	Immunohistochemistry	was	used	to	detect	HIF-	1α	and	YTHDF1	in	the	NP	
of	control	and	IVDD	groups.	(b)	WB	was	used	to	determine	the	protein	levels	of	HIF-	1α	and	YTHDF1.	(c)	qRT-	PCR	was	used	to	determine	
the	mRNA	levels	of	HIF-	1α	and	YTHDF1.	(d)	WB	was	used	to	determine	the	protein	levels	of	HIF-	1α	and	YTHDF1.	(e)	qRT-	PCR	was	used	to	
determine	the	mRNA	levels	of	HIF-	1α	and	YTHDF1.	(f)	WB	was	used	to	examine	the	levels	of	YTHDF1	in	in	CMV-	driven	FLAG-	YTHDF1-	
overexpressing	NPCs	treated	with	or	without	LW6.	(g)	Semiquantitative	analysis	of	YTHDF1-	FLAG.	(h)	Dual	luciferase	reporter	was	used	to	
verify	the	interaction	between	HIF-	1α	and	YTHDF1.	(i)	ChIP-	qPCR	assays	confirmed	HIF-	1α	occupancy	at	YTHDF1	promoters	in	NPCs.	(j)	
The	online	tool	Jaspar	was	employed	to	identify	putative	HIF-	1α-	binding	sites	(HBS)	in	the	genomic	sequence	adjacent	to	the	transcription	
start	site	of	the	YTHDF1	gene.	(k)	Mutations	were	made	sequentially	for	each	HBS.	(l)	Dual	luciferase	reporter	was	used	to	detect	the	
interaction	between	HIF-	1α	and	MUT-	YTHDF1.	(m)	ChIP-	qPCR	was	used	to	detect	the	binding	between	HIF-	1α	and	HBS.	(n = 3.	Data	are	
presented	as	the	mean ± SD	of	three	independent	experiments.	**p < 0.01,	***p < 0.001,	****p < 0.0001,	ns:	not	significant).
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In	contrast,	 the	promotion	of	 ferroptosis	by	si-	HIF-	1α was weak-
ened	when	YTHDF1	was	overexpressed	(Figure 3t).	These	findings	
suggested	that	HIF-	1α	may	exert	an	inhibitory	effect	on	ferropto-
sis	through	YTHDF1.

3.4  |  The function of YTHDF1 in attenuating 
ferroptosis is dependent on m6A- binding pockets 
in the YTH domain

As	an	m6A	“reader”,	the	ability	of	YTHDF1	to	recognize	m6A	modi-
fications	 depends	 on	 m6A-	binding	 pockets	 in	 the	 YTH	 domain.	
Mutations	in	K395	and	Y397	abrogated	the	capacity	of	YTHDF1	to	
bind	with	mRNA	(Li	et	al.,	2021)	(Figure 4a).	Therefore,	we	mutated	
the	YTH	domain	to	determine	whether	YTHDF1	exerts	an	inhibitory	

effect	 on	 ferroptosis	 by	 recognizing	 m6A	 modifications.	 As	 ex-
pected,	only	WT-	YTHDF1	increased	cell	activity	and	reduced	Fe2+ 
(Figure 4b,c).	In	addition,	WT-	YTHDF1	attenuated	TBHP-	induced	in-
tracellular	peroxide	accumulation	(Figure 4d–f)	and	promoted	GPX4	
expression	 (Figure 4g,h).	MUT-	YTHDF1	did	not	have	 the	ability	 to	
rescue	NPCs.	Thus,	we	can	conclude	that	the	function	of	YTHDF1	
in	attenuating	ferroptosis	is	dependent	on	m6A-	binding	pockets	in	
the	YTH	domain.

3.5  |  YTHDF1 promotes the translation of 
SLC7A11 mRNA upon binding to it

The	SRAMP	online	tool	was	employed	to	predict	the	m6A	modifica-
tion	sites	of	SLC7A11	mRNA.	The	results	showed	that	 there	were	

F IGURE  3 YTHDF1	alleviated	ferroptosis	in	NPCs.	(a)	WB	was	used	to	detect	GPX4	expression	in	the	NPCs.	(b)	CCK-	8	kit	was	
used	to	detect	cell	viability.	(c)	Detecting	the	relative	levels	of	Fe2+	in	NPCs.	(d)	Detecting	the	relative	levels	of	MDA	in	NPCs.	(e)	Total	
intracellular	ROS	levels	were	detected	by	flow	cytometry.	(f)	Quantification	analysis	of	ROS	mean	fluorescence	intensity.	(g)	MitoSOX	
staining	was	used	to	detect	intramitochondrial	ROS	levels.	Scale	bar:	20 μm.	(h)	Relative	fluorescence	intensity	of	MitoSOX.	(i)	WB	was	
used	to	detect	GPX4	expression	in	the	NPCs.	(j)	CCK-	8	kit	was	used	to	detect	cell	viability.	(k)	Detecting	the	relative	levels	of	Fe2+	in	NPCs.	
(l)	Detecting	the	relative	levels	of	MDA	in	NPCs.	(m)	Total	intracellular	ROS	levels	were	detected	by	flow	cytometry.	(n)	Quantification	
analysis	of	ROS	mean	fluorescence	intensity.	(o)	MitoSOX	staining	was	used	to	detect	intramitochondrial	ROS	levels.	Scale	bar:	20 μm.	(p)	
Relative	fluorescence	intensity	of	MitoSOX.	(TBHP	group:	HO + TBHP	group.	Erastin	group:	HO + TBHP+Erastin	group.	OE-	NC	group:	
HO + TBHP+Erastin+OE-	NC	group.	OE-	YTHDF1	group:	HO + TBHP+Erastin+YTHDF1	group.	Fer-	1	group:	HO + TBHP+Fer-	1	group.	si-	
NC	group:	HO + TBHP+Fer-	1 + si-	NC	group.	si-	YTHDF1	group:	HO + TBHP+Fer-	1 + si-	YTHDF1	group.)	(q)	WB	was	used	to	detect	GPX4	
expression	in	the	NPCs.	(r)	Semiquantitative	analysis	of	GPX4	protein.	(s)	qRT-	PCR	was	used	to	determine	the	mRNA	levels	of	GPX4.	(t)	
qRT-	PCR	was	used	to	determine	the	mRNA	levels	of	GPX4.	(n = 3.	Data	are	presented	as	the	mean ± SD	of	three	independent	experiments.	
*p < 0.05,	**p < 0.01,	***p < 0.001,	****p < 0.0001,	ns:	not	significant).

F IGURE  4 The	function	of	YTHDF1	in	attenuating	ferroptosis	is	dependent	on	m6A-	binding	pockets	in	the	YTH	domain.	(a)	YTHDF1's	
ability	to	recognize	m6A	modifications	depends	on	m6A-	binding	pockets	in	the	YTH	domain.	(b)	CCK-	8	kit	was	used	to	detect	cell	viability.	
(c)	Detecting	the	relative	levels	of	Fe2+	in	NPCs.	(d)	Detecting	the	relative	levels	of	MDA	in	NPCs.	(e)	Total	intracellular	ROS	levels	were	
detected	by	flow	cytometry.	(f)	MitoSOX	staining	was	used	to	detect	intramitochondrial	ROS	levels.	Scale	bar:	20 μm.	(g)	WB	was	used	
to	detect	GPX4	expression	in	the	NPCs.	(h)	Semiquantitative	analysis	of	GPX4	and	YTHDF1	protein.	(n = 3.	Data	are	presented	as	the	
mean ± SD	of	three	independent	experiments.	*p < 0.05,	**p < 0.01,	****p < 0.0001,	ns:	not	significant).
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four	sites	with	moderate	predictive	strength	or	higher	(Figure 5a).	RIP	
suggested	that	YTHDF1	could	bind	to	SLC7A11	mRNA	(Figure 5b).	
The	expression	of	SLC7A11	 increased	after	 the	overexpression	of	
YTHDF1,	and	the	two	were	positively	correlated	(Figure 5c,d).	These	
results	implied	that	YTHDF1	promoted	SLC7A11	protein	expression	
after	binding	to	SLC7A11	mRNA.

We	 further	 treated	 NPCs	 with	 actinomycin	 D	 (a	 transcrip-
tion	inhibitor)	and	found	that	after	knocking	down	YTHDF1,	the	
SLC7A11	 mRNA	 level	 decreased	 to	 the	 same	 extent	 at	 various	
time	points	as	SLC7A11	mRNA	in	control	cells	(Figure 5e).	In	ad-
dition,	the	overexpression	of	YTHDF1	did	not	affect	the	decrease	

in	 the	 SLC7A11	mRNA	 level	 (Figure 5f).	 These	 results	 indicated	
that	 YTHDF1	 did	 not	 affect	 the	 stability	 of	 SLC7A11	 mRNA.	
Additionally,	we	treated	cells	with	the	protein	translation	inhibitor	
cycloheximide	 (CHX)	and	found	that	YTHDF1	did	not	affect	 the	
stability	of	the	SLC7A11	protein,	as	it	did	not	affect	the	degrada-
tion	rate	of	the	SLC7A11	protein	(Figure 5g,h).	However,	polysome	
profiling	demonstrated	that	YTHDF1	knockdown	resulted	in	a	de-
crease	in	SLC7A11	mRNA	in	the	translation	fractions	(Figure 5i).	
In	 contrast,	 the	 overexpression	 of	 YTHDF1	 increased	 SLC7A11	
mRNA	in	the	translation	fractions	 (Figure 5j).	These	results	sug-
gested	that	YTHDF1	regulated	the	translation	of	SLC7A11.

F IGURE  5 YTHDF1	promotes	translation	of	SLC7A11	mRNA	upon	binding	to	it.	(a)	SRAMP	online	tool	was	employed	to	predict	the	m6A	
modification	sites	of	SLC7A11	mRNA.	(b)	RIP-	derived	protein	and	RNA	in	NPCs	examined	using	Western	blotting	and	RT-	qPCR,	respectively.	
(c)	WB	was	used	to	detect	YTHDF1	and	SLC7A11	expression	in	the	NPCs.	(d)	Semiquantitative	analysis	of	YTHDF1	and	SLC7A11	protein.	
(e)	After	treating	NPCs	with	actinomycin	D	and	si-	YTHDF1,	mRNA	was	detected	by	qRT-	PCR	at	0,	3,	6,	and	9 h,	respectively.	The	Y-	axis	
represents	the	relative	level	of	mRNA	compared	to	0 h.	(f)	After	treating	NPCs	with	actinomycin	D	and	OE-	YTHDF1,	mRNA	was	detected	
by	qRT-	PCR	at	0,	3,	6	and	9 h,	respectively.	(g)	After	treating	NPCs	with	CHX	and	si-	YTHDF1,	protein	was	detected	by	WB	at	0,	3,	6,	and	
9 h,	respectively.	The	Y-	axis	represents	the	relative	level	of	protein	compared	to	0 h.	(h)	After	treating	NPCs	with	CHX	and	OE-	YTHDF1,	
protein	was	detected	by	WB	at	0,	3,	6,	and	9 h,	respectively.	(i)	After	treating	NPCs	with	si-	YTHDF1,	qRT-	PCR	analysis	of	SLC7A11	mRNA	
distribution	in	different	ribosome	populations.	(j)	After	treating	NPCs	with	OE-	YTHDF1,	qRT-	PCR	analysis	of	SLC7A11	mRNA	distribution	
in	different	ribosome	populations.	(k)	RIP-	derived	protein	and	RNA	in	NPCs	examined	using	western	blotting	and	RT-	qPCR,	respectively.	(l)	
WB	was	used	to	detect	SLC7A11	expression	in	the	NPCs.	(n = 3.	Data	are	presented	as	the	mean ± SD	of	three	independent	experiments.	
*p < 0.05,	**p < 0.01,	****p < 0.0001,	ns:	not	significant).
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RIP	analysis	showed	that	WT-	YTHDF1	effectively	 immunopre-
cipitated	SLC7A11	mRNA	in	NPCs	but	that	the	interaction	between	
MUT-	YTHDF1	and	SLC7A11	mRNA	was	significantly	weakened,	in-
dicating	that	the	m6A-	binding	pockets	of	YTHDF1	were	crucial	for	
its	 binding	 to	 SLC7A11	mRNA	 (Figure 5k).	 Furthermore,	Western	
blotting	showed	that	WT-	YTHDF1,	rather	than	MUT-	YTHDF1,	pro-
moted	SLC7A11	expression	(Figure 5l).

3.6  |  YTHDF1 mitigates ferroptosis in NPCs 
through the regulation of SLC7A11

When	we	knocked	down	SLC7A11,	the	expression	of	YTHDF1	was	
not	 affected,	 and	 the	 expression	 of	 GPX4	 decreased	 (Figure 6a).	
Similarly,	 when	 SLC7A11	 was	 inhibited,	 the	 effect	 of	 the	 over-
expression	 of	 YTHDF1	 on	 easing	 ferroptosis	 became	 limited	
(Figure 6b–f).	We	 further	 suppressed	YTHDF1	and	overexpressed	
SLC7A11	and	found	that	the	overexpression	of	SLC7A11	had	no	ef-
fect	on	YTHDF1	expression	but	increased	the	level	of	GPX4	mRNA	
(Figure 6g).	 Furthermore,	 the	overexpression	of	 SLC7A11	 rescued	
the	 aggravation	 of	 NPC	 ferroptosis	 caused	 by	 the	 inhibition	 of	
YTHDF1	 (Figure 6h–l).	The	above	 results	 suggested	 that	YTHDF1	
played a role in reducing ferroptosis through the upstream regula-
tion	of	SLC7A11.

3.7  |  YTHDF1 alleviates ferroptosis in vivo and 
delays IVDD in rats

We	further	investigated	the	role	of	YTHDF1	in	vivo.	Acupuncture	of	
the intervertebral disc causes degeneration of the caudal interver-
tebral	 disc	 in	 rats.	 Subsequently,	 we	 injected	 adeno-	associated	
virus	 (AAV)	 with	 YTHDF1	 into	 the	 IVDs	 of	 rats	 to	 overexpress	
YTHDF1	 and	 injected	 AAV	 with	 short	 hairpin	 (sh)RNA	 to	 knock	
down	SLC7A11.	Consistent	with	 the	 results	of	 the	 in	vitro	experi-
ments,	 YTHDF1	 increased	 the	 expression	 levels	 of	 SLC7A11	 and	
GPX4	 in	vivo	 (Figure S1A–D).	 In	addition,	acupuncture	caused	 the	
degeneration	of	the	IVD,	and	Fe2+	and	MDA	levels	increased,	indi-
cating	that	ferroptosis	occurred.	AAV-	YTHDF1	alleviated	ferroptosis	
in intervertebral discs; however, this therapeutic effect was signifi-
cantly	attenuated	after	SLC7A11	was	knocked	down	(Figure S1E,F).	
TUNEL	staining	suggested	 that	AAV-	YTHDF1	alleviated	 the	death	
of	NPCs	caused	by	acupuncture	but	that	sh-	SLC7A11	increased	the	
death	rate	(Figure S1G,H).	These	results	suggest	that	YTHDF1	de-
layed	IVDD	in	vivo.

4  | DISCUSSION

The	IVD	is	a	special	structure	without	blood	vessels	and	is	in	an	is-
chaemic	and	hypoxic	microenvironment	under	normal	physiological	
conditions.	The	homeostatic	balance	of	the	IVD	microenvironment	
is	the	basis	for	maintaining	the	normal	function	of	IVDs.	Members	

of the HIF family play important roles in maintaining the homeo-
static	 balance	 of	 the	 IVD	 microenvironment.	 The	 HIF	 family	 in-
cludes	several	members,	among	which	HIF-	1α	 is	widely	expressed	
in various cells and is considered a master regulator of metabolism, 
the	cell	cycle,	angiogenesis,	and	tumorigenesis	 (Silagi	et	al.,	2021).	
Studies have shown that during the occurrence and development 
of	IVDD,	HIF-	1α	is	involved	in	various	aspects,	such	as	extracellular	
matrix	metabolism,	 the	 inflammatory	 response,	apoptosis,	and	 the	
regeneration	and	repair	of	IVDs	(He	et	al.,	2021; Silagi et al., 2021).	
Richardson	 et	 al.	 (2008)	 found	 that	 HIF-	1α promotes glycolysis 
by	 regulating	 glucose	 transporters	 in	 hypoxic	 environments.	 Ha	
et	al.	(2006)	found	that	the	expression	of	HIF-	1α	in	degenerative	IVD	
tissue	was	 associated	with	 the	 level	of	NPC	apoptosis.	Therefore,	
the	expression	of	HIF-	1α is related to the stability of the microenvi-
ronment	in	which	IVD	tissue	resides.

However,	 in	 the	 late	stage	of	 IVDD,	neovascularization	occurs,	
which	increases	the	oxygen	content	in	the	NP	(Chacko	et	al.,	2010; 
Nerlich et al., 2007),	 thereby	 accelerating	 the	 oxygen-	dependent	
degradation	of	HIF-	1α	(Jiang	et	al.,	1997).	Therefore,	in	this	study,	we	
focused	on	HIF-	1α	degradation	during	IVDD	as	the	initiating	factor	
of	 ferroptosis	 in	NPCs	by	combining	the	characteristics	of	 the	hy-
poxic	microenvironment	of	the	NP.	The	immunohistochemistry	re-
sults	showed	that	HIF-	1α	expression	was	higher	in	normal	NP	tissue	
than	in	degenerative	NP	tissue	and	that	HIF-	1α was induced under 
hypoxic	conditions.	The	overexpression	of	HIF-	1α reversed the de-
crease	in	GPX4	caused	by	erastin	and	alleviated	ferroptosis	in	NPCs.	
In	contrast,	knocking	down	HIF-	1α	exacerbated	ferroptosis	in	NPCs	
(Figure 1).	In	addition,	HIF-	1α,	as	a	transcription	factor	of	YTHDF1,	
participated	in	the	regulation	of	m6A	modification	(Figure 2).

m6A	 refers	 to	 the	 methylation	 of	 the	 sixth	 nitrogen	 atom	 of	
adenine.	m6A	modifications	mainly	occur	at	the	stop	codon,	the	3′ 
noncoding	region,	and	the	RRACH	sequence	of	exons	(Dominissini	
et al., 2012).	The	m6A	modification	process	is	conserved,	dynamic,	
and reversible and is dependent on a variety of related proteins 
and	enzymes,	 including	methyltransferases	 (writers),	demethylases	
(erasers),	 and	 methylation-	related	 specific	 binding	 proteins	 (read-
ers).	The	m6A	modification	of	RNA	participates	 in	various	cellular	
biological	processes	by	regulating	RNA	metabolism,	mRNA	stability,	
and	gene	expression,	playing	a	crucial	 role	 in	mammalian	develop-
ment	and	disease	progression.	Zhao	et	al.	 (2017)	 found	that	m6A-	
modified	miR-	129-	5p	 can	 promote	 autophagy	 in	NPCs,	 leading	 to	
IVDD.	Additionally,	there	have	been	reports	that	m6A-	modified	ln-
cRNA	LOC102555094	is	also	involved	in	regulating	the	development	
of	IVDD	(Wang,	Chen,	Du,	et	al.,	2020).

m6A-	binding	proteins	play	roles	in	regulating	RNA	metabolism,	
processing,	 translation,	 and	 stability	 by	 recognizing	 m6A	 meth-
ylation	 sites.	 The	m6A-	binding	 proteins	mainly	 include	 YTH	 do-
main family proteins, heterogeneous nuclear ribonucleoproteins 
(HNRNPs),	 insulin-	like	 growth	 factor	 2	 mRNA-	binding	 proteins	
(IGF2BPs),	 eukaryotic	 initiation	 factor	 3	 (eIF3),	 and	 proline-	rich	
coiled-	coil	 2A	 (PRRC2A)	 (Li	 et	 al.,	 2021; Li et al., 2019;	 Wang,	
Chen, Ding, et al., 2020).	The	YTH	domain	family	proteins	include	
YTH	 N6-	methyladenosine	 RNA-	binding	 protein	 1	 (YTHDF1),	
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YTH	 N6-	methyladenosine	 RNA-	binding	 protein	 2	 (YTHDF2),	
YTH	 N6-	methyladenosine	 RNA-	binding	 protein	 3	 (YTHDF3),	
YTH	 domain-	containing	 protein	 1	 (YTHDC1),	 and	 YTH	 domain-	
containing	 protein	 2	 (YTHDC2)	 (X.	Wang	 et	 al.,	2014).	 YTHDF2	

was	 the	 first	 m6A-	binding	 protein	 discovered	 and	 can	 promote	
mRNA	 degradation	 and	 reduce	 the	 stability	 of	 targeted	 tran-
scripts	(Du	et	al.,	2016).	YTHDF1	can	enhance	mRNA	translation	
and	 promote	 protein	 synthesis.	 YTHDF3	 is	 interconnected	with	

F IGURE  6 YTHDF1	mitigates	ferroptosis	in	NPCs	through	regulation	of	SLC7A11.	(a)	WB	was	used	to	detect	YTHDF1,	SLC7A11,	and	
GPX4	expression	in	the	NPCs.	(b)	CCK-	8	kit	was	used	to	detect	cell	viability.	(c)	Detecting	the	relative	levels	of	Fe2+	in	NPCs.	(d)	Detecting	
the	relative	levels	of	MDA	in	NPCs.	(e)	Total	intracellular	ROS	levels	were	detected	by	flow	cytometry.	(f)	MitoSOX	staining	was	used	to	
detect	intramitochondrial	ROS	levels.	Scale	bar:	20 μm.	(OE-	NC	group:	HO + TBHP+OE-	NC	group.	OE-	YTHDF1	group:	HO + TBHP+OE-	
YTHDF1	group.	si-	NC	group:	HO + TBHP+OE-	YTHDF1 + si-	NC	group.	si-	SLC7A11	group:	HO + TBHP+OE-	YTHDF1 + si-	SLC7A11	group.)	
(g)	qRT-	PCR	was	used	to	detect	YTHDF1,	SLC7A11,	and	GPX4	mRNA	expression	levels	in	the	NPCs.	(h)	CCK-	8	kit	was	used	to	detect	
cell	viability.	(i)	Detecting	the	relative	levels	of	Fe2+	in	NPCs.	(j)	Detecting	the	relative	levels	of	MDA	in	NPCs.	(k)	Total	intracellular	ROS	
levels	were	detected	by	flow	cytometry.	(l)	MitoSOX	staining	was	used	to	detect	intramitochondrial	ROS	levels.	Scale	bar:	20 μm.	(si-	NC	
group:	HO + TBHP+si-	NC	group.	si-	YTHDF1	group:	HO + TBHP+si-	YTHDF1	group.	OE-	NC	group:	HO + TBHP+si-	YTHDF1 + OE-	NC	group.	
OE-	SLC7A11	group:	HO + TBHP+si-	YTHDF1 + OE-	SLC7A11	group.)	(n = 3.	Data	are	presented	as	the	mean ± SD	of	three	independent	
experiments.	*p < 0.05,	**p < 0.01,	***p < 0.001,	****p < 0.0001,	ns:	not	significant).
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YTHDF1-	2	and	plays	an	 important	 role	 in	 regulating	 the	specific	
binding	of	YTHDF1-	2	to	RNA.	Functionally,	YTHDF3	can	interact	
with	 YTHDF1	 to	 enhance	 the	 translation	 of	 methylated	mRNA,	
promote	 protein	 expression,	 and	 enhance	 YTHDF2-	mediated	
mRNA	degradation	and	 instability	 (A.	Li	et	al.,	2017).	YTHDF1-	3	
are	 involved	 in	 the	 regulation	of	mRNA	metabolism,	 processing,	
translation,	and	degradation	by	m6A	methylation	in	an	integrated	
and cooperative manner.

In	this	study,	we	found	that	YTHDF1	recognizes	the	m6A	modi-
fication	site	of	SLC7A11	through	its	m6A-	binding	pocket	in	the	YTH	
domain,	thereby	promoting	the	translation	of	SLC7A11	and	reducing	
ferroptosis	in	NPCs	(Figures 3–5).

Ferroptosis, although classified as regulated cell death, can be 
differentiated from other types of regulated cell death by mor-
phological	 and	 biochemical	 characteristics	 (D.	 Li	 et	 al.,	 2023).	
The main morphological features of ferroptosis include reduced 
mitochondrial volume, blurred cristae, outer membrane rupture, 
increased membrane density, and an intact nuclear membrane. 
Biochemical	features	include	inhibition	of	the	cysteine/glutamate	
transporter	 system	 (system	 Xc

−),	 decreased	 glutathione	 (GSH)	
synthesis,	decreased	GPX4	activity,	and	the	accumulation	of	iron	
ions	and	PUFA	peroxides.	GPX4,	as	the	main	endogenous	antioxi-
dant	enzyme,	can	convert	toxic	lipid	peroxides	into	nontoxic	lipid	
alcohols	and	is	considered	a	core	inhibitor	of	ferroptosis	(Ohnishi	
et al., 2022).	However,	the	system	Xc

−-	GSH-	GPX4	pathway	must	
function properly. System Xc

−	consists	of	a	light	chain,	SLC7A11,	
and	a	heavy	chain	SLC3A2,	and	 its	 function	 is	 to	pump	out	glu-
tamic acid and import cystine. Cystine is subsequently reduced 
to cysteine and is involved in the synthesis of GSH. Ultimately, 
assisted	by	GSH,	GPX4	changes	peroxyl	bonds	generated	by	lipid	
peroxidation	 to	 hydroxyl	 bonds,	 and	 lipid	 peroxides	 lose	 their	
peroxidative	activity.

To	our	knowledge,	we	are	the	first	to	report	that	in	the	hypoxic	
microenvironment,	NPCs	regulate	YTHDF1	through	HIF-	1α, thereby 
regulating the system Xc

−-	GSH-	GPX4	pathway,	reducing	ferroptosis,	
and	delaying	IVDD.

There	are	some	limitations	to	the	present	study.	First,	HIF-	1α 
may	 also	 regulate	 other	 “readers”,	 and	 we	 only	 investigated	
YTHDF1	 in	 this	 study.	 Second,	 in	 the	 study	 of	 m6A	 modifica-
tions,	we	 focused	 on	 “readers”	 and	 ignored	 “writers”	 and	 “eras-
ers”. Second, in the study of ferroptosis, we focused on the system 
Xc
−-	GSH-	GPX4	pathway	without	considering	other	signaling	path-

ways.	We	will	conduct	further	research	on	these	issues	in	the	fu-
ture. Finally, this study did not focus on the morphological and 
functional changes of mitochondria in ferroptosis, which will be 
investigated in future studies.

Collectively,	we	 found	 that	HIF-	1α is a transcription factor for 
YTHDF1	 and	 can	 promote	 the	 expression	 of	 YTHDF1.	 YTHDF1	
recognizes	the	m6A	modification	site	of	SLC7A11	through	its	m6A-	
binding	pocket	in	the	YTH	domain,	thereby	promoting	the	transla-
tion	of	SLC7A11	and	reducing	NPC	ferroptosis.	During	the	process	
of	IVDD,	HIF-	1α	undergoes	oxygen-	dependent	degradation,	and	the	
level	of	ferroptosis	in	the	NP	increases	(Figure S2).	For	the	first	time,	

we	revealed	the	underlying	mechanism	by	which	the	NP	maintains	
physiological	 functions	 in	 a	 hypoxic	 environment.	 This	 study	may	
provide	a	theoretical	basis	for	the	treatment	of	IVDD	and	provide	a	
new target for drug development.

AUTHOR CONTRIBUTIONS
XL,	DL,	ZL,	and	TG:	Methodology,	Software,	Writing—original	draft.	
ZG	and	YZ:	Methodology,	Software.	HW,	XX,	FL,	and	JS:	Supervision;	
Validation;	Visualization.	GX,	 JJ,	 XM,	 and	 FZ:	 Funding	 acquisition,	
Investigation,	Project	administration.	All	authors	have	read	and	ap-
proved the final manuscript.

ACKNOWLEDGMENTS
This work was supported by National Natural Science Foundation 
of	 China,	 China	 (82072488,	 82272549,	 and	 82102620);	 National	
key	 Research	 and	 Development	 plan,	 Ministry	 of	 Science	 and	
Technology	of	the	People's	Republic	of	China	 (2022YFC2407203);	
the	Young	Health	Talents	of	Shanghai	Municipal	Health	Commission,	
China	 (2022YQ011);	Hospital	New	Stars	 -		Young	Medical	 Talents,	
Shanghai	 Municipal	 Health	 Commission,	 China	 (3030289002);	
China	Medical	Education	Association	 (2023-	020);	Shanghai	Sailing	
Program,	China	(20YF1429900).

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available in the 
main	text	or	the	Supplementary	Materials	or	from	the	corresponding	
author upon reasonable request.

ORCID
Fei Zou  https://orcid.org/0000-0003-4358-9620 

REFERENCES
Belozerov,	V.	E.,	&	Van	Meir,	E.	G.	(2005).	Hypoxia	inducible	factor-	1:	A	

novel target for cancer therapy. Anti- Cancer Drugs, 16(9),	901–909.	
https://	doi.	org/	10.	1097/	01.	cad.	00001	80116.	85912.	69

Chacko,	 S.	M.,	 Ahmed,	 S.,	 Selvendiran,	 K.,	 Kuppusamy,	M.	 L.,	 Khan,	
M.,	&	Kuppusamy,	P.	(2010).	Hypoxic	preconditioning	induces	the	
expression	of	prosurvival	and	proangiogenic	markers	 in	mesen-
chymal stem cells. American Journal of Physiology. Cell Physiology, 
299(6),	 C1562–C1570.	 https://	doi.	org/	10.	1152/	ajpce	ll.	00221.	
2010

Dai,	 X.,	 Chen,	 Y.,	 Yu,	 Z.,	 Liao,	 C.,	 Liu,	 Z.,	 Chen,	 J.,	 &	 Wu,	 Q.	 (2022).	
Advanced	oxidation	protein	products	induce	annulus	fibrosus	cell	
senescence	through	a	NOX4-	dependent,	MAPK-	mediated	pathway	
and accelerate intervertebral disc degeneration. PeerJ, 10,	e13826.	
https://	doi.	org/	10.	7717/	peerj.	13826	

Dixon,	 S.	 J.,	 Lemberg,	 K.	M.,	 Lamprecht,	M.	 R.,	 Skouta,	 R.,	 Zaitsev,	 E.	
M.,	Gleason,	C.	E.,	Patel,	D.	N.,	Bauer,	A.	J.,	Cantley,	A.	M.,	Yang,	
W.	S.,	Morrison,	B.,	3rd,	&	Stockwell,	B.	R.	(2012).	Ferroptosis:	An	
iron-	dependent	form	of	nonapoptotic	cell	death.	Cell, 149(5),	1060–
1072.	https://	doi.	org/	10.	1016/j.	cell.	2012.	03.	042

Dominissini,	D.,	Moshitch-	Moshkovitz,	 S.,	 Schwartz,	 S.,	 Salmon-	Divon,	
M.,	Ungar,	L.,	Osenberg,	S.,	Cesarkas,	K.,	Jacob-	Hirsch,	J.,	Amariglio,	
N.,	 Kupiec,	M.,	 Sorek,	 R.,	 &	 Rechavi,	 G.	 (2012).	 Topology	 of	 the	

https://orcid.org/0000-0003-4358-9620
https://orcid.org/0000-0003-4358-9620
https://doi.org/10.1097/01.cad.0000180116.85912.69
https://doi.org/10.1152/ajpcell.00221.2010
https://doi.org/10.1152/ajpcell.00221.2010
https://doi.org/10.7717/peerj.13826
https://doi.org/10.1016/j.cell.2012.03.042


14 of 15  |     LU et al.

human	 and	mouse	m6A	RNA	methylomes	 revealed	 by	m6A-	seq.	
Nature, 485(7397),	201–206.	https://	doi.	org/	10.	1038/	natur	e11112

Du,	 H.,	 Zhao,	 Y.,	 He,	 J.,	 Zhang,	 Y.,	 Xi,	 H.,	 Liu,	 M.,	 Ma,	 J.,	 &	 Wu,	 L.	
(2016).	 YTHDF2	 destabilizes	 m6A-	containing	 RNA	 through	 di-
rect	 recruitment	of	 the	CCR4-	NOT	deadenylase	complex.	Nature 
Communications, 7,	12626.	https://	doi.	org/	10.	1038/	ncomm	s12626

Guan,	Z.,	Jin,	X.,	Guan,	Z.,	Liu,	S.,	Tao,	K.,	&	Luo,	L.	(2023).	The	gut	micro-
biota	metabolite	 capsiate	 regulate	 SLC2A1	 expression	 by	 target-
ing	HIF-	1α	to	inhibit	knee	osteoarthritis-	induced	ferroptosis.	Aging 
Cell, 22(6),	e13807.	https://	doi.	org/	10.	1111/	acel.	13807	

Ha,	K.	Y.,	Koh,	 I.	J.,	Kirpalani,	P.	A.,	Kim,	Y.	Y.,	Cho,	Y.	K.,	Khang,	G.	S.,	
&	Han,	C.	W.	 (2006).	The	expression	of	hypoxia	 inducible	 factor-	
1alpha and apoptosis in herniated discs. Spine (Phila Pa 1976), 
31(12),	 1309–1313.	 https://	doi.	org/	10.	1097/	01.	brs.	00002	19493.	
76081.	d6

He,	R.,	Wang,	Z.,	Cui,	M.,	Liu,	S.,	Wu,	W.,	Chen,	M.,	Wu,	Y.,	Qu,	Y.,	Lin,	H.,	
Chen,	S.,	Wang,	B.,	&	Shao,	Z.	(2021).	HIF1A	alleviates	compression-	
induced apoptosis of nucleus pulposus derived stem cells via upreg-
ulating autophagy. Autophagy, 17(11),	3338–3360.	https:// doi. org/ 
10.	1080/	15548	627.	2021.	1872227

Jiang,	B.	H.,	Zheng,	J.	Z.,	Leung,	S.	W.,	Roe,	R.,	&	Semenza,	G.	L.	(1997).	
Transactivation	and	inhibitory	domains	of	hypoxia-	inducible	factor	
1alpha.	Modulation	of	 transcriptional	 activity	by	oxygen	 tension.	
The Journal of Biological Chemistry, 272(31),	19253–19260.	https:// 
doi.	org/	10.	1074/	jbc.	272.	31.	19253	

Li,	A.,	Chen,	Y.	S.,	Ping,	X.	L.,	Yang,	X.,	Xiao,	W.,	Yang,	Y.,	Sun,	H.	Y.,	Zhu,	
Q.,	Baidya,	P.,	Wang,	X.,	Bhattarai,	D.	P.,	Zhao,	Y.	L.,	Sun,	B.	F.,	&	
Yang,	 Y.	 G.	 (2017).	 Cytoplasmic	 m6A	 reader	 YTHDF3	 promotes	
mRNA	 translation.	Cell Research, 27(3),	 444–447.	https:// doi. org/ 
10.	1038/	cr.	2017.	10

Li,	D.,	Lu,	X.,	Xu,	G.,	Liu,	S.,	Gong,	Z.,	Lu,	F.,	Xia,	X.,	Jiang,	J.,	Wang,	H.,	
Zou,	F.,	&	Ma,	X.	(2023).	Dihydroorotate	dehydrogenase	regulates	
ferroptosis	in	neurons	after	spinal	cord	injury	via	the	P53-	ALOX15	
signaling pathway. CNS Neuroscience & Therapeutics, 29, 1923–1939. 
https://	doi.	org/	10.	1111/	cns.	14150	

Li,	Q.,	Ni,	Y.,	Zhang,	L.,	Jiang,	R.,	Xu,	J.,	Yang,	H.,	Hu,	Y.,	Qiu,	J.,	Pu,	L.,	
Tang,	 J.,	 &	Wang,	 X.	 (2021).	 HIF-	1α-	induced	 expression	 of	 m6A	
reader	YTHDF1	drives	hypoxia-	induced	autophagy	and	malignancy	
of	hepatocellular	carcinoma	by	promoting	ATG2A	and	ATG14	trans-
lation. Signal Transduction and Targeted Therapy, 6(1),	76.	https:// doi. 
org/	10.	1038/	s4139	2-		020-		00453	-		8

Li,	T.,	Hu,	P.	S.,	Zuo,	Z.,	Lin,	J.	F.,	Li,	X.,	Wu,	Q.	N.,	Chen,	Z.	H.,	Zeng,	Z.	
L.,	Wang,	F.,	Zheng,	J.,	Chen,	D.,	Li,	B.,	Kang,	T.	B.,	Xie,	D.,	Lin,	D.,	
Ju,	H.	Q.,	&	Xu,	R.	H.	(2019).	METTL3	facilitates	tumor	progression	
via an m6A-	IGF2BP2-	dependent	 mechanism	 in	 colorectal	 carci-
noma. Molecular Cancer, 18(1),	112.	https://	doi.	org/	10.	1186/	s1294	
3-		019-		1038-		7

Li,	Z.,	Peng,	Y.,	Li,	J.,	Chen,	Z.,	Chen,	F.,	Tu,	J.,	Lin,	S.,	&	Wang,	H.	(2020).	
N(6)-	methyladenosine	regulates	glycolysis	of	cancer	cells	through	
PDK4.	 Nature Communications, 11(1),	 2578.	 https:// doi. org/ 10. 
1038/	s4146	7-		020-		16306	-		5

Liu,	L.,	Wang,	J.,	Sun,	G.,	Wu,	Q.,	Ma,	J.,	Zhang,	X.,	Huang,	N.,	Bian,	Z.,	Gu,	
S.,	Xu,	M.,	Yin,	M.,	Sun,	F.,	&	Pan,	Q.	(2019).	m6A	mRNA	methyla-
tion	regulates	CTNNB1	to	promote	the	proliferation	of	hepatoblas-
toma. Molecular Cancer, 18(1),	188.	https://	doi.	org/	10.	1186/	s1294	
3-		019-		1119-		7

Lu,	X.,	Li,	D.,	Wang,	H.,	Xia,	X.,	Ma,	X.,	Lv,	F.,	Zou,	F.,	&	Jiang,	J.	(2022).	
Biomechanical	 effects	 of	 interbody	 cage	 height	 on	 adjacent	 seg-
ments	 in	patients	with	 lumbar	degeneration:	A	3D	finite	element	
study. Journal of Orthopaedic Surgery and Research, 17(1),	 325.	
https://	doi.	org/	10.	1186/	s1301	8-		022-		03220	-		3

Lu,	X.,	Xu,	G.,	Lin,	Z.,	Song,	J.,	Zhang,	Y.,	Wang,	H.,	Lu,	F.,	Xia,	X.,	Ma,	X.,	
Zou,	F.,	&	Jiang,	J.	 (2023).	Sulforaphane	delays	intervertebral	disc	
degeneration by alleviating endoplasmic reticulum stress in nucleus 
Pulposus	 cells	 via	 activating	 Nrf-	2/HO-	1.	Oxidative Medicine and 

Cellular Longevity, 2023,	 3626091.	 https://	doi.	org/	10.	1155/	2023/	
3626091

Lu,	X.,	Xu,	G.,	Lin,	Z.,	Zou,	F.,	Liu,	S.,	Zhang,	Y.,	Fu,	W.,	Jiang,	J.,	Ma,	X.,	&	
Song,	J.	(2023).	Engineered	exosomes	enriched	in	netrin-	1	modRNA	
promote	axonal	growth	in	spinal	cord	injury	by	attenuating	inflam-
mation and pyroptosis. Biomaterials Research, 27(1),	3.	https:// doi. 
org/	10.	1186/	s4082	4-		023-		00339	-		0

Lu,	X.,	Xu,	G.	Y.,	Nie,	C.,	Zhang,	Y.	X.,	Song,	J.,	&	Jiang,	J.	Y.	(2021).	The	
relationship between preoperative cervical sagittal balance and 
clinical outcome of patients with Hirayama disease treated with an-
terior cervical discectomy and fusion. Neurospine, 18(3),	618–627.	
https://	doi.	org/	10.	14245/		ns.	21425	64.	282

Lu,	X.,	Zou,	F.,	Lu,	F.,	Ma,	X.,	Xia,	X.,	&	Jiang,	J.	(2021).	Bibliometric	and	
visualized analysis of current research trends in the finite element 
analysis of lumbar spine. Interdisciplinary Neurosurgery, 26,	101350.	
https://	doi.	org/	10.	1016/j.	inat.	2021.	101350

Lu,	X.,	Zou,	F.,	Lu,	F.,	Ma,	X.,	Xia,	X.,	&	Jiang,	J.	(2022).	How	to	reconstruct	
the lordosis of cervical spine in patients with Hirayama disease? 
A	 finite	 element	 analysis	 of	 biomechanical	 changes	 focusing	 on	
adjacent segments after anterior cervical discectomy and fusion. 
Journal of Orthopaedic Surgery and Research, 17(1),	101.	https:// doi. 
org/	10.	1186/	s1301	8-		022-		02984	-		y

Ma,	P.	W.,	Wang,	W.	L.,	Chen,	J.	W.,	Yuan,	H.,	Lu,	P.	H.,	Gao,	W.,	Ding,	
X.	R.,	 Lun,	Y.	Q.,	 Liang,	R.,	He,	Z.	H.,	Yang,	Q.,	&	Lu,	L.	 J.	 (2022).	
Treatment	with	 the	Ferroptosis	 inhibitor	Ferrostatin-	1	attenuates	
noise-	induced	hearing	 loss	by	 suppressing	Ferroptosis	 and	apop-
tosis. Oxidative Medicine and Cellular Longevity, 2022,	 3373828.	
https://	doi.	org/	10.	1155/	2022/	3373828

Merceron,	 C.,	 Mangiavini,	 L.,	 Robling,	 A.,	Wilson,	 T.	 L.,	 Giaccia,	 A.	 J.,	
Shapiro,	I.	M.,	Schipani,	E.,	&	Risbud,	M.	V.	(2014).	Loss	of	HIF-	1alpha	
in the notochord results in cell death and complete disappearance 
of the nucleus pulposus. PLoS One, 9(10),	e110768.	https:// doi. org/ 
10.	1371/	journ	al.	pone.	0110768

Molinos,	M.,	Fiordalisi,	M.	F.,	Caldeira,	J.,	Almeida,	C.	R.,	Barbosa,	M.	A.,	
&	Gonçalves,	R.	M.	(2023).	Alterations	of	bovine	nucleus	pulposus	
cells with aging. Aging Cell, 22(8),	e13873.	https:// doi. org/ 10. 1111/ 
acel.	13873	

Nerlich,	A.	G.,	Schaaf,	R.,	Wälchli,	B.,	&	Boos,	N.	(2007).	Temporo-	spatial	
distribution of blood vessels in human lumbar intervertebral discs. 
European Spine Journal, 16(4),	 547–555.	 https://	doi.	org/	10.	1007/	
s0058	6-		006-		0213-		x

Ohnishi,	T.,	Iwasaki,	N.,	&	Sudo,	H.	(2022).	Causes	of	and	molecular	tar-
gets	 for	 the	 treatment	 of	 intervertebral	 disc	 degeneration:	A	 re-
view. Cells, 11(3),	394.	https:// doi. org/ 10. 3390/ cells 11030394

Pan,	T.,	Wu,	F.,	Li,	L.,	Wu,	S.,	Zhou,	F.,	Zhang,	P.,	Sun,	C.,	&	Xia,	L.	(2021).	
The role m6A	 RNA	methylation	 is	 CNS	 development	 and	 glioma	
pathogenesis. Molecular Brain, 14(1),	119.	https://	doi.	org/	10.	1186/	
s1304	1-		021-		00831	-		5

Richardson,	 S.	M.,	 Knowles,	 R.,	 Tyler,	 J.,	Mobasheri,	 A.,	 &	Hoyland,	 J.	
A.	 (2008).	 Expression	 of	 glucose	 transporters	 GLUT-	1,	 GLUT-	3,	
GLUT-	9	 and	 HIF-	1alpha	 in	 normal	 and	 degenerate	 human	 inter-
vertebral disc. Histochemistry and Cell Biology, 129(4),	 503–511.	
https://	doi.	org/	10.	1007/	s0041	8-		007-		0372-		9

Ru,	Q.,	Li,	Y.,	Xie,	W.,	Ding,	Y.,	Chen,	L.,	Xu,	G.,	Wu,	Y.,	&	Wang,	F.	(2023).	
Fighting	age-	related	orthopedic	diseases:	Focusing	on	ferroptosis.	
Bone Research, 11(1),	 12.	 https://	doi.	org/	10.	1038/	s4141	3-		023-		
00247	-		y

Semenza,	G.	L.	 (2001).	Hypoxia-	inducible	 factor	1:	Oxygen	homeosta-
sis and disease pathophysiology. Trends in Molecular Medicine, 7(8),	
345–350.	https://	doi.	org/	10.	1016/	s1471	-		4914(01)	02090	-		1

Shen,	C.,	Xuan,	B.,	Yan,	T.,	Ma,	Y.,	Xu,	P.,	Tian,	X.,	Zhang,	X.,	Cao,	Y.,	Ma,	
D.,	Zhu,	X.,	Zhang,	Y.,	Fang,	J.	Y.,	Chen,	H.,	&	Hong,	J.	(2020).	m6A-	
dependent glycolysis enhances colorectal cancer progression. 
Molecular Cancer, 19(1),	 72.	 https://	doi.	org/	10.	1186/	s1294	3-		020-		
01190	-		w

https://doi.org/10.1038/nature11112
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1111/acel.13807
https://doi.org/10.1097/01.brs.0000219493.76081.d6
https://doi.org/10.1097/01.brs.0000219493.76081.d6
https://doi.org/10.1080/15548627.2021.1872227
https://doi.org/10.1080/15548627.2021.1872227
https://doi.org/10.1074/jbc.272.31.19253
https://doi.org/10.1074/jbc.272.31.19253
https://doi.org/10.1038/cr.2017.10
https://doi.org/10.1038/cr.2017.10
https://doi.org/10.1111/cns.14150
https://doi.org/10.1038/s41392-020-00453-8
https://doi.org/10.1038/s41392-020-00453-8
https://doi.org/10.1186/s12943-019-1038-7
https://doi.org/10.1186/s12943-019-1038-7
https://doi.org/10.1038/s41467-020-16306-5
https://doi.org/10.1038/s41467-020-16306-5
https://doi.org/10.1186/s12943-019-1119-7
https://doi.org/10.1186/s12943-019-1119-7
https://doi.org/10.1186/s13018-022-03220-3
https://doi.org/10.1155/2023/3626091
https://doi.org/10.1155/2023/3626091
https://doi.org/10.1186/s40824-023-00339-0
https://doi.org/10.1186/s40824-023-00339-0
https://doi.org/10.14245/ns.2142564.282
https://doi.org/10.1016/j.inat.2021.101350
https://doi.org/10.1186/s13018-022-02984-y
https://doi.org/10.1186/s13018-022-02984-y
https://doi.org/10.1155/2022/3373828
https://doi.org/10.1371/journal.pone.0110768
https://doi.org/10.1371/journal.pone.0110768
https://doi.org/10.1111/acel.13873
https://doi.org/10.1111/acel.13873
https://doi.org/10.1007/s00586-006-0213-x
https://doi.org/10.1007/s00586-006-0213-x
https://doi.org/10.3390/cells11030394
https://doi.org/10.1186/s13041-021-00831-5
https://doi.org/10.1186/s13041-021-00831-5
https://doi.org/10.1007/s00418-007-0372-9
https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1016/s1471-4914(01)02090-1
https://doi.org/10.1186/s12943-020-01190-w
https://doi.org/10.1186/s12943-020-01190-w


    | 15 of 15LU et al.

Silagi,	E.	S.,	Schipani,	E.,	Shapiro,	I.	M.,	&	Risbud,	M.	V.	(2021).	The	role	of	
HIF proteins in maintaining the metabolic health of the interverte-
bral disc. Nature Reviews Rheumatology, 17(7),	426–439.	https:// doi. 
org/	10.	1038/	s4158	4-		021-		00621	-		2

Wang,	Q.,	Chen,	C.,	Ding,	Q.,	 Zhao,	 Y.,	Wang,	 Z.,	 Chen,	 J.,	 Jiang,	 Z.,	
Zhang,	Y.,	Xu,	G.,	 Zhang,	 J.,	 Zhou,	 J.,	 Sun,	B.,	 Zou,	X.,	&	Wang,	
S.	 (2020).	METTL3-	mediated	m6A	modification	of	HDGF	mRNA	
promotes gastric cancer progression and has prognostic signif-
icance. Gut, 69(7),	 1193–1205.	 https://	doi.	org/	10.	1136/	gutjn	
l-		2019-		319639

Wang,	 X.,	 Chen,	 N.,	 Du,	 Z.,	 Ling,	 Z.,	 Zhang,	 P.,	 Yang,	 J.,	 Khaleel,	 M.,	
Khoury,	A.	N.,	Li,	J.,	Li,	S.,	Huang,	H.,	Zhou,	X.,	Han,	Y.,	&	Wei,	F.	
(2020).	 Bioinformatics	 analysis	 integrating	 metabolomics	 of	 m6A	
RNA	microarray	 in	 intervertebral	 disc	 degeneration.	Epigenomics, 
12(16),	1419–1441.	https://	doi.	org/	10.	2217/	epi-		2020-		0101

Wang,	 X.,	 Lu,	 Z.,	 Gomez,	 A.,	 Hon,	 G.	 C.,	 Yue,	 Y.,	 Han,	 D.,	 Fu,	 Y.,	
Parisien,	M.,	Dai,	Q.,	Jia,	G.,	Ren,	B.,	Pan,	T.,	&	He,	C.	(2014).	N6-	
methyladenosine-	dependent	 regulation	 of	 messenger	 RNA	 sta-
bility. Nature, 505(7481),	117–120.	https://	doi.	org/	10.	1038/	natur	
e12730

Wang,	Z.,	Chen,	H.,	Tan,	Q.,	Huang,	J.,	Zhou,	S.,	Luo,	F.,	Zhang,	D.,	Yang,	
J.,	 Li,	C.,	Chen,	B.,	Sun,	X.,	Kuang,	L.,	 Jiang,	W.,	Ni,	Z.,	Wang,	Q.,	
Chen,	S.,	Du,	X.,	Chen,	D.,	Deng,	C.,	…	Xie,	Y.	(2022).	Inhibition	of	
aberrant Hif1α activation delays intervertebral disc degeneration in 
adult mice. Bone Research, 10(1),	2.	https://	doi.	org/	10.	1038/	s4141	
3-		021-		00165	-		x

Wu,	T.,	 Jia,	X.,	Zhu,	Z.,	Guo,	K.,	Wang,	Q.,	Gao,	Z.,	 Li,	X.,	Huang,	Y.,	&	
Wu,	D.	(2022).	 Inhibition	of	miR-	130b-	3p	restores	autophagy	and	
attenuates intervertebral disc degeneration through mediating 

ATG14	and	PRKAA1.	Apoptosis, 27(5–6),	409–425.	https:// doi. org/ 
10.	1007/	s1049	5-		022-		01725	-		0

Wu,	 Z.,	 Ren,	 J.,	 &	 Liu,	 G.	H.	 (2023).	Deciphering	 RNA	m6A	 regulation	
in	aging:	Perspectives	on	current	advances	and	future	directions.	
Aging Cell, 22(10),	e13972.	https://	doi.	org/	10.	1111/	acel.	13972	

Zhao,	K.,	Zhang,	Y.,	Kang,	L.,	Song,	Y.,	Wang,	K.,	Li,	S.,	Wu,	X.,	Hua,	W.,	
Shao,	 Z.,	 Yang,	 S.,	 &	 Yang,	 C.	 (2017).	Methylation	 of	microRNA-	
129-	5P	 modulates	 nucleus	 pulposus	 cell	 autophagy	 by	 targeting	
Beclin-	1	 in	 intervertebral	 disc	 degeneration.	 Oncotarget, 8(49),	
86264–86276.	https://	doi.	org/	10.	18632/		oncot	arget.	21137	

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting Information section at the end of this article.

How to cite this article: Lu, X., Li, D., Lin, Z., Gao, T., Gong, Z., 
Zhang,	Y.,	Wang,	H.,	Xia,	X.,	Lu,	F.,	Song,	J.,	Xu,	G.,	Jiang,	J.,	
Ma,	X.,	&	Zou,	F.	(2024).	HIF-	1α-	induced	expression	of	the	
m6A	reader	YTHDF1	inhibits	the	ferroptosis	of	nucleus	
pulposus	cells	by	promoting	SLC7A11	translation.	Aging Cell, 
23, e14210. https://doi.org/10.1111/acel.14210

https://doi.org/10.1038/s41584-021-00621-2
https://doi.org/10.1038/s41584-021-00621-2
https://doi.org/10.1136/gutjnl-2019-319639
https://doi.org/10.1136/gutjnl-2019-319639
https://doi.org/10.2217/epi-2020-0101
https://doi.org/10.1038/nature12730
https://doi.org/10.1038/nature12730
https://doi.org/10.1038/s41413-021-00165-x
https://doi.org/10.1038/s41413-021-00165-x
https://doi.org/10.1007/s10495-022-01725-0
https://doi.org/10.1007/s10495-022-01725-0
https://doi.org/10.1111/acel.13972
https://doi.org/10.18632/oncotarget.21137
https://doi.org/10.1111/acel.14210

	HIF-1α-induced expression of the m6A reader YTHDF1 inhibits the ferroptosis of nucleus pulposus cells by promoting SLC7A11 translation
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Acquisition of NP tissue and cultivation of NPCs
	2.2|NPC treatments
	2.3|Western blotting (WB)
	2.4|Immunohistochemical staining
	2.5|Cell counting Kit-8 (CCK-8) assay
	2.6|Measurement of Fe2+ and malondialdehyde (MDA) levels
	2.7|Measurement of intracellular reactive oxygen species (ROS) levels by flow cytometry
	2.8|MitoSOX red staining for mitochondrial ROS detection
	2.9|Quantitative real-time polymerase chain reaction (qRT–PCR)
	2.10|Dual-luciferase reporter assay
	2.11|Chromatin immunoprecipitation (ChIP)-PCR
	2.12|Online tools
	2.13|RNA-binding protein immunoprecipitation assay (RIP)
	2.14|RNA and protein stability assay
	2.15|Polysome profiling
	2.16|Establishment of a rat model of IVDD
	2.17|Transferase-mediated deoxyuridine triphosphate-biotin nick end labeling (TUNEL) fluorescence staining
	2.18|Statistical analysis

	3|RESULTS
	3.1|HIF-1α alleviated ferroptosis in NPCs
	3.2|HIF-1α is a transcription factor for YTHDF1
	3.3|YTHDF1 alleviated ferroptosis in NPCs
	3.4|The function of YTHDF1 in attenuating ferroptosis is dependent on m6A-binding pockets in the YTH domain
	3.5|YTHDF1 promotes the translation of SLC7A11 mRNA upon binding to it
	3.6|YTHDF1 mitigates ferroptosis in NPCs through the regulation of SLC7A11
	3.7|YTHDF1 alleviates ferroptosis in vivo and delays IVDD in rats

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


