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Abstract
Rejuvenation	of	nucleus	pulposus	cells	(NPCs)	 in	degenerative	discs	can	reverse	in-
tervertebral	 disc	 degeneration	 (IDD).	 Partial	 reprogramming	 is	 used	 to	 rejuvenate	
aging cells and ameliorate progression of aging tissue to avoiding formation of tumors 
by classical reprogramming. Understanding the effects and potential mechanisms of 
partial reprogramming in degenerative discs provides insights for development of 
new therapies for IDD treatment. The findings of the present study show that partial 
reprogramming	through	short-	term	cyclic	expression	of	Oct-	3/4,	Sox2,	Klf4,	and	c-	
Myc	(OSKM)	inhibits	progression	of	IDD,	and	significantly	reduces	senescence	related	
phenotypes	in	aging	NPCs.	Mechanistically,	short-	term	induction	of	OSKM	in	aging	
NPCs	activates	energy	metabolism	as	a	“energy	switch”	by	upregulating	expression	of	
Hexokinase	2	(HK2)	ultimately	promoting	redistribution	of	cytoskeleton	and	restor-
ing	the	aging	state	in	aging	NPCs.	These	findings	indicate	that	partial	reprogramming	
through short- term induction of OSKM has high therapeutic potential in the treat-
ment of IDD.
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1  |  INTRODUC TION

Reprogramming	 of	 somatic	 cells	 by	 overexpression	 of	 Yamanaka	
factors	 (Oct-	3/4,	 Sox2,	 Klf4,	 and	 c-	Myc	 [OSKM])	 can	 reverse	 cell	
differentiation and promote terminal differentiated cells to attain 
pluripotent	state	(Polo	et	al.,	2012;	Takahashi	et	al.,	2007;	Takahashi	
&	 Yamanaka,	 2006).	 However,	 the	 process	 induces	 tumor	 forma-
tion in vivo	 (Abad	et	 al.,	 2013;	Ohnishi	 et	 al.,	 2014;	 Shibata	 et	 al.,	
2018).	 Partial	 reprogramming	method	 (Lu	 et	 al.,	 2020;	 Rodríguez-	
Matellán	et	al.,	2020;	Sarkar	et	al.,	2020)	through	short-	term	cyclic	
expression	of	reprogramming	factors	circumvents	the	 limitation	of	
tumor	formation	and	can	be	applied	 in	vivo	 (Ocampo	et	al.,	2016).	
Partial reprogramming ameliorates cellular aging and mice aging 
state.	Moreover,	Hutchinson–	Gilford	progeria	syndrome	(HGPS)	in-
duced aging cell hallmarks such as nuclear envelope abnormalities, 
shorter	 telomere	 size,	 and	 increased	oxidative	 stress	 are	 reversed	
by	partial	programming	(Ocampo	et	al.,	2016).	In	addition,	transient	
reprogramming of nuclear factors resets epigenetic clock, reduces 
inflammation of chondrocytes, and restores the youthful regen-
erative	 response	 in	human	muscle	 stem	cells	 (Sarkar	 et	 al.,	 2020).	
Furthermore,	the	short-	term	induction	of	Oct4,	Sox2,	and	Klf4	(OSK)	
promotes	axon	regeneration	after	injury,	and	reverses	vision	loss	in	
an	aged	mouse	model	of	glaucoma	(Lu	et	al.,	2020).	Transient	cyclic	
reprogramming	in	the	dentate	gyrus	(DG)	increases	the	survival	of	
newborn DG neurons during their maturation and increases synaptic 
plasticity	in	mature	neurons	(Rodríguez-	Matellán	et	al.,	2020).	These	
findings indicate that partial reprogramming is a potential strategy 
for slowing aging.

Low	 back	 pain	 (LBP)	 is	 strongly	 associated	with	 intervertebral	
disc	degeneration	(IDD)	and	a	major	cause	of	disability	worldwide.	
LBP	 imposes	 an	 enormous	 clinical	 and	 socioeconomic	 burden	 on	

society	 (“Global,	 regional,	 and	 national	 mortality	 among	 young	
people aged 10– 24 years, 1950– 2019: a systematic analysis for the 
Global	 Burden	 of	 Disease	 Study	 2019,”	 2021).	 Intervertebral	 disc	
(IVD)	combines	with	a	gel-	like	nucleus	pulposus	(NP)	and	circumfer-
entially	annulus	fibrosus	(AF)	(Roberts	et	al.,	2006).	NP	plays	essen-
tial roles in maintaining homeostasis by secreting type II collagen 
and	proteoglycans	to	form	extracellular	matrix	(ECM)	(Wang	et	al.,	
2013).	Although,	 the	precise	pathogenesis	of	 IDD	remains	elusive,	
recuperating	 NP	 aging	 state	 can	 arrest	 progression	 of	 IDD.	 IVD	
exhibits	 unique	 features	 such	 as	 avascularity,	 hypoxia,	 acidic	 en-
vironment,	 low	nutrition,	 and	 low	cellularity	 (Sakai	&	Grad,	2015).	
Therefore,	glycolysis	is	the	main	energy	metabolism	pathway	in	NP	
cells	(Madhu	et	al.,	2020).	Aging	NP	cells	have	low	glycolysis	levels	
resulting	in	severe	energy	stress	and	high	levels	of	reactive	oxygen	
species	 (ROS).	 Yamanaka	 factors	 have	high	potential	 in	 enhancing	
the	process	of	glycolysis	(Sone	et	al.,	2017).	Therefore,	the	present	
study	sought	to	explore	whether	the	upregulation	of	expression	of	
Yamanaka	factors	in	aging	NP	cells	can	ameliorate	the	energy	stress	
and restore the young state. Moreover, that the role of partial repro-
gramming by Yamanaka factors in treatment of IDD was evaluated.

In the current study, surgically induced IDD mouse model was 
established	to	explore	the	effect	of	short-	term	cyclic	induction	of	
OSKM	in	vivo.	 In	addition,	NP	cells	 (NPCs)	were	 isolated	and	cul-
tured	 to	 P6	 to	 establish	 a	 replicative	 senescence	 (RS)	 model	 of	
NPCs	 (aging	NPCs).	This	model	was	used	to	explore	the	potential	
mechanism of amelioration of IDD in vitro. The findings showed 
that short- term cyclic OSKM induction ameliorates progression of 
IDD. Partial reprogramming inhibits phenotypes associated with 
aging	in	aging	NPCs	by	upregulating	the	expression	of	hexokinase	
2	(HK2)	to	activate	energy	metabolism	and	promote	redistribution	
of	the	cytoskeleton		(Scheme	1).	These	changes	induce	a	“younger”	

S C H E M E  1 Schematic	Diagram	of	partial	reprogramming	in	aging	NPCs
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state	in	aging	NPCs.	These	results	indicate	that	partial	reprogram-
ming	 induced	by	OSKM	improves	aging	state	of	NPCs	and	delays	
progression of IDD.

2  |  RESULTS

2.1  |  In vivo short- term cyclic reprogramming 
ameliorates intervertebral disc degeneration

Metabolic disease and muscle injury in aging mice can be amelio-
rated	by	transient	expression	of	Yamanaka	factors	in	vivo	(Ocampo	
et	 al.,	 2016);	 however,	 studies	 have	 not	 elucidated	whether	 this	
kind	of	partial	reprogramming	in	nucleus	pulposus	cells	(NPCs)	can	
promote degenerative disc regeneration. Therefore, the effect of 
cyclic	OSKM	 induction	 in	 4F	mice	 from	8	weeks	 of	 age	was	 ex-
plored in the present study and the genotype for each mouse was 
evaluated	(Supplementary	Figure	S1a).	 Intervertebral	disc	degen-
eration	(IDD)	model	was	established	by	AF	needle	puncture	after	
degeneration	for	2	weeks.	Doxycycline	(dox)	was	administered	for	
2 days and then withdrawn for 5 days in the treatment group. The 
treatment groups received several cycles of the treatment regimen 
whereas	the	IDD	group	received	normal	water	(Figure	1a).	Results	
from	 qPCR	 (Supplementary	 Figure	 S1b–	e)	 and	 WB	 (Figure	 1b)	
showed	specific	expression	of	Oct4,	Sox2,	Klf4,	and	c-	Myc	in	disc	
tissue	after	administration	of	dox	 for	2	days.	Mice	 in	 the	control	
group	 presented	 well-	organized	 NP	 and	 annulus	 fibrosus	 (AF).	
Histological analysis at 4 weeks post- surgery in mice administered 
with	 dox	 for	 2	 weeks	 showed	 slighter	 degenerative	 changes	 in	
IVDs	compared	with	mice	in	the	IDD	group.	This	finding	indicates	
significant	 different	 damage	 of	NP	 and	AF	 in	 IVDs.	 This	 pheno-
type was more evident at Week 14 post- surgery. Mice in the treat-
ment	group	which	were	induced	short	cycle	of	dox	presented	less	
damage of discs compared with mice in the IDD group after the 
same	 period	 (Figure	 1c–	d	 and	 Supplementary	 Figure	 S1f),	 These	
results were verified by significant decrease in histologic scores 
(Figure	 1e).	 Further,	 three	 groups	 including	 4F	 mice	 at	 2	 weeks	
of	 age	 (2	week	 group),	 12	months	 of	 age	 (12	month	 group),	 and	
12	 months	 of	 age	 received	 dox	 cyclic	 treatment	 for	 2	 weeks	
(12	month@cyclic	doxycycline)	to	explore	the	effect	of	age	on	IVD.	
Histological	analysis	showed	that	dox-	induced	2-	week-	old	4F	mice	
presented less degenerative changes compared with the 12 month 
group	 (Supplementary	 Figure	 S1g–	h).	 5-	mC%	 is	 an	 indicator	 of	
the	 level	of	DNA	methylation.	Notably,	DNA	hypomethylation	 is	
directly	 proportional	 to	 cell	 aging	 (Murgatroyd	et	 al.,	 2010).	 The	
findings	showed	that	5-	mC%	significantly	increased	after	dox	cy-
clic	treatment	of	IVD	in	aged	4F	mice	(Supplementary	Figure	S1i).	
Moreover,	the	expression	of	aging	relative	gene	was	improved	at	
varying	degrees	(Supplementary	Figure	S1k–	q).	In	summary,	these	
findings	indicate	that	short-	term	cyclic	reprogramming	in	4F	mice	
alleviates	surgically	induced	IDD	and	age-	related	IVD	can	be	also	
reversed through cyclic OSKM induction.

2.2  |  Partial reprogramming rejuvenates 
phenotypes associated with aging in degenerative 
nucleus pulposus cells

Hayflick	 and	 Moorhead	 reported	 replicative	 senescence	 (RS)	 in	
human	 dermal	 fibroblasts	 (HDFs)	 (Hayflick	 &	 Moorhead,	 1961).	
Notably,	NPCs	reach	the	state	of	RS	faster	compared	with	HDFs	(Ji	
et	al.,	2018).	 In	the	present	study,	the	RS	model	of	NPCs	(P6)	was	
used	to	explore	whether	short-	term	induction	of	OSKM	promotes	re-
generation	of	aging	NPCs.	NPCs	were	isolated	from	IVD	of	4F	mice,	
then	cultured	to	P6	(aging).	The	short-	term	induction	of	OSKM	was	
performed	by	doxycycline	administration	for	2	days	(dox2d).	The	ex-
pression	of	OSKM	was	confirmed	by	qPCR	and	immunofluorescence	
analysis	(Figure	2a,b	and	Supplementary	Figure	S2a–	d).	The	results	
showed that cellular identity was not lost after short- term induction 
of	OSKM	as	shown	by	expression	of	the	NPCs	related	maker,	SOX9.	
The	expression	 level	of	SOX9	significantly	 increased	with	 increase	
in	 time	 of	 dox	 induction	 (Figure	 2c).	 Notably,	 induction	 of	OSKM	
did	not	promote	expression	of	pluripotency	marker	Nanog	for	2	or	
4	days	(dox4d)	(Supplementary	Figure	S2e).	These	results	indicated	
that reprogramming did not induce formation of pluripotent stem 
cells	(ipsc).	Additionally,	aging	NPCs	showed	morphological	charac-
teristics for young cells including cell reduction and thickening with 
decrease in size of the nucleus and nucleoli. Moreover, senescence- 
associated β-	galactosidase	 activity	 decreased	 in	 aging	NPCs	 after	
short-	term	induction	of	OSKM	(Figure	2d).	Furthermore,	the	short-	
term	induction	of	OSKM	in	aging	NPCs	downregulated	expression	
of age- related stress response genes in the p53 tumor suppressor 
pathway,	including	p16INK4a, p21CIP1,	atf3,	and	gadd45b	(Figure	2e–	
h).	In	addition,	the	induction	of	OSKM	promoted	function	recovery	
in	 aging	NPCs,	 such	 as	boosting	 anabolism	 factor	 col2	 expression	
and	 downregulating	 expression	 of	 catabolism	 factor	 mmp13	 and	
adamts5	 (Figure	2i–	k).	 The	 level	 of	 anabolism	and	 catabolism	was	
explored	by	determination	of	 immunofluorescence	of	col2	and	ad-
amts5	after	short-	term	 induction	of	OSKM	(Supplementary	Figure	
S2m,n).	with	the	findings	showed	progression	of	RS	process	and	a	
significant increase in the positive cells of histone γ- H2AX indicat-
ing	 nuclear	DNA	 double-	strand	 breaks	 associated	with	 aging	was	
observed	 (Supplementary	Figure	S2f,	Figure	2i).	The	expression	of	
H3K9me3 and H4K20me3, which are involved in maintenance of 
heterochromatin	 showed	 aging-	related	 changes	 (H3K9me3	 level	
showed significant decrease, whereas H4K20me3 showed signifi-
cant	 increase	 in	expression	 level	 (Supplementary	Figure	S2g,h,j,k)).	
The	short-	term	induction	of	OSKM	in	aging	NPCs	reduced	the	level	
of γ-	H2AX	 compared	with	 that	 of	 the	 control	 NPCs	 (Figure	 2l,o).	
Moreover, it restored the levels of H3K9me3 and H4K20me3 to 
young	state	 (Figure	2m,n,p,q).	Apoptosis	 is	a	characteristic	feature	
of	 aging;	 therefore,	 the	 expression	 level	 of	 bcl2,	 a	 specific	 apop-
totic protective protein was determined. The findings from Western 
blot	 analysis	 showed	 a	 significant	 increase	 in	 expression	 levels	 of	
bcl2	 (Supplementary	Figure	2l).	Notably,	 the	proliferation	of	aging	
NPCs	 was	 significantly	 activated	 (Supplementary	 Figure	 S2p	 and	
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Figure	2s).	ROS	are	responsible	for	oxidative	damage	and	are	major	
drivers of physiological aging. Short- term induction of OSKM signifi-
cantly	inhibited	production	of	ROS	(Supplementary	Figure	S2o	and	

Figure	2r).	These	results	indicate	that	short-	term	induction	of	aging	
NPCs	with	OSKM	remodels	the	aging	process	and	promotes	activa-
tion	of	a	younger	state	in	NPCs.

F I G U R E  1 In	vivo	short-	term	cyclic	reprogramming	ameliorates	intervertebral	disc	degeneration.	(a)	Overview	of	the	experimental	
set-	up	on	induction	of	doxycycline	after	surgery	and	representation	of	cyclic	doxycycline	administration	protocol.	(b)	4	factor	mice	were	
administered	with	doxycycline	(1	mg/ml)	through	drinking	water	or	not	for	2	days	and	then	the	levels	of	Oct4,	Sox2,	Klf4,	and	c-	Myc	from	
NP	tissue	were	determined	by	Western	blotting.	(c,d)	HE	(c)	and	Safranin	O	(d)	staining	of	disc	sections	in	control	groups	and	treatment	
groups	at	Week	4	and	Week	14	after	surgery	and	blank	groups	(water	groups,	n =	5;	doxycycline	groups,	n = 5; blank groups, n =	5).	Scale	
bar = 50 μm.	(e)	Histological	score	of	mice	in	control	groups	and	treatment	groups	mice,	as	determined	by	Safranin	O	staining.	***p < 0.001, 
****p < 0.0001 unpaired two- sample Student's t- test
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2.3  |  Maintenance of rejuvenated aging- associated 
phenotypes after cyclic induction of OSKM

Doxycycline	 treatment	was	 stopped	 at	 the	 fourth	 day	 for	 a	 du-
ration	of	4	days	 (dox4d-	4d)	 to	evaluate	 the	 short-	term	effect	or	
for	 a	 duration	 of	 8	 days	 (dox4d-	8d)	 for	 a	 long-	term	 effect	 after	
induction	of	OSKM	in	aging	NPCs	to	explore	if	the	effect	was	re-
producible.	In	addition,	induction	was	performed	for	extra	4	days	

(dox4d-	4d+4d)	for	a	short-	term	cyclic	induction	stage	again.	The	
findings showed that cellular identity was not lost after periodic in-
duction	of	OSKM	as	shown	by	the	expression	of	SOX9.	Expression	
of SOX9 increased and decreased after induction and withdrawal 
of	dox	induction	(Figure	3a).	Notably,	induction	of	OSKM	did	not	
upregulate	expression	of	pluripotency	marker	Nanog	at	any	time	
point	(Supplementary	Figure	S3a).	The	expression	of	various	age-	
related stress response genes was modulated by induction of 

F I G U R E  2 Partial	reprogramming	promotes	phenotypes	associated	with	aging	in	degenerative	nucleus	pulposus	cells.	(a,b)	
Immunofluorescence	intensity	of	Oct4	(a)	and	Sox2	(b)	in	4F	aging	NPCs	after	doxycycline	treatment.	Scale	bar,	25	μm.	(c)	Cultured	primary	
4F	aging	NPCs	were	treated	with	doxycycline	(1	μg/ml)	for	2	days	(dox2d)	and	4	days	(dox4d),	then	the	levels	of	sox9	were	determined	
by	Western	blotting.	(d)	Light	microscope	(LM)	and	β-	galactosidase	activity	in	aging,	dox2d,	and	dox4d	samples.	LM,	scale	bar,	100	μm; β- 
galactosidase staining, scale bar, 50 μm.	(e–	h)	qPCR	analysis	of	stress	response	genes	in	the	p53	pathway	in	4F	aging	NPCs	after	doxycycline	
treatment.	(i–	k)	qPCR	analysis	of	senescence-	associated	catabolism	index	MMP13,	ADAMTS5,	and	anabolism	index	COL2	in	4F	aging	NPCs	
after	doxycycline	treatment.	(l–	n)	Immunofluorescence	intensity	of	γH2AX,	H3K9me3,	and	H4K20me3	in	4F	aging	NPCs	after	doxycycline	
treatment. Scale bar, 25 μm.	(o–	q)	Quantification	of	γH2AX,	H3K9me3,	and	H4K20me3	levels	in	4F	aging	NPCs	after	doxycycline	treatment.	
Scale bar, 25 μm.	(r)	ROS	levels	in	4F	aging	NPCs	after	doxycycline	treatment.	(s)	Proliferation	of	aging	NPCs	cultured	in	inducing	OSKM	
lasting	2	or	4	days	as	determined	by	EdU	incorporation.	****p < 0.0001, according to unpaired two- sample Student's t- test. Data are 
presented as mean ±	SEM
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OSKM.	For	instance,	the	expression	of	p21CIP1 and gadd45b was 
downregulated	 at	dox4d-	4d	and	dox4d-	8d,	whereas	 the	expres-
sion	 of	 p16INK4a	 and	 atf3	 was	 slightly	 upregulated	 at	 dox4d-	8d.	
Moreover,	the	expression	of	p16INK4a and atf3 was downregulated 
in	the	dox4d-	4d+4d	group	(Figure	3b–	e).	Increase	in	expression	of	
catabolism factor mmp13 and adamts5 was restored to the aging 
level	in	the	dox4d-	8d	group.	Expression	level	of	the	anabolism	fac-
tor	col2	was	maximum	at	dox4d-	4d	and	was	restored	to	the	aging	
level	at	dox4d-	8d.	Notably,	dox4d-	4d+4d reversed the effect of 
short-	term	 induction	 of	 OSKM	 (Supplementary	 Figure	 S3b–	d).	
The	analysis	of	 the	 level	of	DNA	damage	 (γ-	H2AX)	 (Figure	3f,g),	
H3K9me3	 (Figure	 3h,i),	 and	 H4K20me3	 (Supplementary	 Figure	

S3e,f)	 at	dox4d-	4d	and	dox4d-	8d	 revealed	a	gradual	 restoration	
of	 rejuvenated	 age-	associated	 phenotypes.	 However,	 dox4d-	
4d+4d reversed the aging- associated phenotypes. Senescence- 
associated β- galactosidase activity was significantly high at 
dox4d-	4d	 and	 dox4d-	8d	 compared	 with	 dox4d.	 However,	
dox4d-	4d+4d decreased the level of β- galactosidase activity 
(Supplementary	 Figure	 S3g).	 ROS	 levels	 showed	 a	 similar	 trend	
to that of β-	galactosidase	activity	(Supplementary	Figure	S3h	and	
Figure	3j).	The	proliferation	of	aging	NPCs	was	inhibited	when	in-
duction was stopped. However, increase in proliferation was ob-
served	at	dox4d-	4d+4d	(Supplementary	Figure	S3i	and	Figure	3k).	
These results demonstrate that maintenance of the ameliorated 

F I G U R E  3 Maintenance	of	the	rejuvenated	aging-	associated	phenotypes	after	induction	of	OSKM.	(a)	Cultured	primary	4F	aging	NPCs	
were	treated	with	doxycycline	(1	μg/ml)	for	4	days	(dox4d);	4	days	and	stopped	for	4	days	(dox4d-	4d);	4	days	and	stopped	for	8	days	
(dox4d-	8d);	4	days	and	stopped	for	4	days	and	then	treated	for	4	days	(dox4d-	4d+4d).	Levels	of	sox9	were	determined	by	Western	blotting.	
(b–	e)	qPCR	analysis	of	stress	response	genes	in	the	p53	pathway	in	4F	aging	NPCs	after	doxycycline	treatment.	(f,h)	Immunofluorescence	
and	quantification	of	γH2AX	expression	in	4F	aging	NPCs	after	doxycycline	treatment.	Scale	bar,	25	μm.	(g,i)	Immunofluorescence	and	
quantification	of	γH2AX	and	H3K9me3	expression	in	4F	aging	NPCs	after	doxycycline	treatment.	Scale	bar,	25	μm.	(j)	Levels	of	ROS	in	4F	
aging	NPCs	after	doxycycline	treatment.	(k)	Proliferation	of	aging	NPCs	cultured	in	inducing	OSKM	lasting	2	or	4	days	as	determined	by	
EdU	incorporation.	*p <	0.05,	**p <	0.01,	***p <	0.001,	****p <	0.0001,	according	to	one-	way	ANOVA	with	Bonferroni	correction.	Data	are	
presented as mean ±	SEM
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aging- associated phenotypes can be achieved when induction 
is	 stopped	 for	 short	periods	 (like	4	days).	However,	 the	effect	 is	
lost	when	induction	treatment	is	terminated	for	a	long	period	(like	
8	days).	Notably,	short-	term	cyclic	induction	again	restores	rejuve-
nation of short- term induction of OSKM.

2.4  |  Partial reprogramming promotes 
redistribution of cytoskeleton organization

The previous findings showed younger morphological change in 
aging	NPCs	modulated	by	short-	term	induction	of	OSKM	(Figure	2d).	

Further	analysis	was	performed	to	explore	whether	cytoskeleton	was	
redistributed	 after	 the	 short-	term	 induction	of	OSKM.	Fluorescent	
staining	of	F-	actin	and	γ- H2AX revealed higher organized network 
of	 fibers	 in	 short-	term	 induction	 aging	 NPCs	 consistent	 with	 low	
level	 of	 nuclear	 DNA	 double-	strand	 breaks.	 Notably,	 disorganiza-
tion	of	F-	actin	fibers	was	observed	in	aging	NPCs	which	accumulated	
in	 the	 sub-	membrane	 region	 (Supplementary	 Figure	 S4a).	 In	 addi-
tion, highly organized cytoskeleton consistent with the significant 
increase in level of H3K9me3 was observed through immunofluo-
rescence	of	F-	actin	 and	H3K9me3	 (Supplementary	Figure	S4b	and	
Figure	4c).	The	short-	term	induction	of	OSKM	resulted	in	lesser	cell	
surface	(Supplementary	Figure	S4d).	Short-	term	induction	of	OSKM	

F I G U R E  4 Partial	reprogramming	promotes	redistribution	of	cytoskeleton	organization.	(a)	Immunofluorescence	intensity	of	γ- H2AX 
and	F-	actin	in	4F	aging	NPCs	during	periodicity	induction.	Scale	bar,	25	μm.	(b)	Immunofluorescence	of	H3K9me3	and	F-	actin	in	periodic	
induction during periodic induction. Scale bar, 25 μm.	(c)	Quantification	of	F-	actin	in	4F	aging	NPCs	during	periodic	induction.	Scale	
bar, 25 μm.	(d)	Quantification	of	cell	area	surface	in	4F	aging	NPCs	during	periodic	induction.	Scale	bar,	25	μm.	*p <	0.05,	**p < 0.01, 
***p <	0.001,	****p <	0.0001,	according	to	one-	way	ANOVA	with	Bonferroni	correction
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promoted	cytoskeleton	formation	in	aging	NPCs.	Further	analysis	on	
the	organization	of	cytoskeleton	at	dox4d-	4d	and	dox4d-	8d	was	con-
ducted	to	explore	whether	the	change	in	cytoskeleton	was	long-	term.	
Fluorescent	staining	of	F-	actin	and	γ-	H2AX	(Figure	4a)	or	H3K9me3	
(Figure	4b)	showed	gradual	disorganization	of	F-	actin	fibers.	Although	
the	findings	showed	ordered	cytoskeleton	at	dox4d-	4d,	whereas	the	
cells	 showed	 significantly	 disorganized	 F-	actin	 fibers	 at	 dox4d-	8d.	
Notably,	 induction	 in	the	dox4d-	4d+4d group restored distribution 
of	 fibers.	 The	 analysis	 of	mean	 influorescence	 intensity	 of	 F-	actin	
showed	 similar	 results	 (Figure	 4c).	 Expression	 of	 CDC42	 and	 p70	
S6	kinase,	which	are	the	regulators	of	cytoskeleton	(Ip	et	al.,	2011;	
Nobes	&	Hall,	1995),	was	significantly	upregulated	at	dox4d	and	at	
dox4d-	4d.	Notably,	 the	expression	was	 restored	 to	 the	aging	state	
at	 dox4d-	8d,	 and	 was	 activated	 at	 dox4d-	4d+4d	 (Supplementary	
Figure	S4e,	Figure	4f).	The	cell	surface	showed	a	similar	trend	in	F-	
actin	fibers	after	induction	with	dox	(Figure	4d).	These	findings	imply	
that induction of OSKM promoted redistribution of cytoskeleton 
organization.

2.5  |  Enhancement of energy metabolism 
promotes redistribution of cytoskeleton organization 
in aging NPCs induced by OSKM

Further,	the	cause	of	redistribution	of	cytoskeleton	induced	by	OSKM	
in	aging	NPCs	was	evaluated.	Aging	NPCs	were	induced	for	4	days,	
and	RNA-	seq	analysis	was	performed	to	explore	the	underlying	mech-
anism of OSKM induced effects. Analysis of genes identified through 
RNA-	seq	analysis	 revealed	a	significant	difference	 in	several	meta-
bolic	pathways	 in	 the	KEGG	database.	Moreover,	gene	set	analysis	
significant	enrichment	of	energy	metabolic	pathways	(Supplementary	
Figure	 S5).	 The	 findings	 showed	 significant	 enrichment	 of	 glucose	
metabolism;	 therefore,	 further	 analysis	 was	 conducted	 to	 explore	
if the glucose metabolic shift was mediated by induction of OSKM. 
Glycolysis was promoted by short- term induction and reversed to 
aging	 level	at	dox4d-	4d	and	dox4d-	8d.	However,	dox4d-	4d+4d ac-
tivated	glycolysis	 (Figure	5a,c).	Notably,	OxPhos	was	activated	and	
showed a significant increase, which is contrary to classical repro-
gramming.	 The	 results	 showed	 that	 dox4d	 promoted	OxPhos	 pro-
cess	 in	aging	NPCs,	and	 the	activation	was	abrogated	at	dox4d-	4d	
and	dox4d-	8d,	mainly	on	the	level	of	basic	respiration.	Maximal	res-
piration	gradually	decreased	at	dox4d-	4d	and	dox4d-	8d.	However,	
dox4d-	4d+4d	activated	OxPhos	(Figure	5b,d,e).	Further	analysis	was	
conducted to determine the mechanism underlying the enriched en-
ergy	metabolism.	RNA-	seq	genes	associated	with	glycolysis	and	tri-
carboxylic	acid	cycle	 (TAC)	were	selected	for	analysis.	The	findings	
showed that several respiratory enzymes involved in glycolysis and 
TAC	 were	 significantly	 upregulated	 (Figure	 5f,g).	 Analysis	 showed	
that	hexokinase	2	(HK2)	played	a	crucial	role	in	activating	energy	me-
tabolism	in	aging	NPCs	under	the	induction	of	OSKM.	The	expression	
of HK2 was significantly upregulated compared with respiratory en-
zymes	(Figure	5h).	3-	Bromopyruvic	acid	(3-	Br	PA),	a	specific	inhibitor	
of HK2 was used to verify the function of HK2 in redistribution of 

cytoskeleton	(Huang	et	al.,	2020).	Immunofluorescence	of	oct3/4	and	
F-	actin	was	performed	to	determine	the	level	of	organization	of	the	
cytoskeleton.	 The	 results	 showed	more	disorganized	F-	actin	 fibers	
after	 treatment	 of	NPC	 cells	with	 3-	Br	 PA	under	 induction	 of	 dox	
(Figure	5i).	Moreover,	a	significant	decrease	in	number	of	fibers	was	
observed	(Figure	5j).	The	cell	surface	was	enlarged	after	addition	of	
3-	Br	PA	(Figure	5k).	These	results	indicate	that	the	activation	of	HK2	
promoted energy metabolism resulting in redistribution of cytoskel-
eton	in	aging	NPCs	which	were	induced	by	OSKM.

2.6  |  Enhancement of energy metabolism 
promotes rejuvenated phenotypes in aging NPCs 
induced by OSKM

Further	analysis	was	conducted	to	explore	whether	rejuvenated	phe-
notypes would be obtained by inhibiting activation of HK2. Aging 
NPCs	 showed	 aging	 morphological	 changes	 such	 as	 cell	 enlarge-
ment	and	flattening	after	addition	of	3-	Br	PA	(Supplementary	Figure	
S6a).	 Senescence-	associated	 β- galactosidase activity significantly 
increased	owing	to	the	inhibitory	effect	of	3-	Br	PA	(Supplementary	
Figure	S6a).	 In	addition,	the	expression	levels	of	age-	related	stress	
response	genes,	including	p16INK4a, p21CIP1, atf3, and gadd45b, sig-
nificantly	increased	after	treatment	of	cells	with	3-	Br	PA	(Figure	6a–	
d).	Furthermore,	anabolism	and	catabolism	were	reversed,	induction	
was	inhibited	as	shown	by	the	expression	levels	of	col2,	mmp13,	and	
adamts5	(Figure	6e–	g).	Addition	of	3-	Br	PA	to	aging	NPCs	upregu-
lated	expression	of	γ-	H2AX	(Figure	6h,i),	and	restored	H3K9me3	to	
aging level. However, the level of H4K20me3 did not show signifi-
cant	change	after	addition	of	3-	Br	PA	(Supplementary	Figure	S6b,c	
and	Figure	6j,k).	These	results	indicate	that	HK2	plays	an	important	
role	 in	 promoting	 rejuvenated	phenotypes	 in	 aging	NPCs	 induced	
by OSKM.

3  |  DISCUSSION

Partial reprogramming is a potential strategy to delay senescent 
process	 (Ocampo	 et	 al.,	 2016).	 The	 findings	 of	 the	 present	 study	
showed that partial reprogramming significantly relieved IDD in a 
needle puncture model and age- related model. In the current study, 
32- G needle was used to induce changes in neutral zone mechanics 
of	IVD	without	histology	changes,	ultimately	causing	a	gradual	de-
generation	process.	Notably,	4F	mice	under	dox	therapy	showed	less	
disc damage, which provides a basis for the development of novel 
therapies for IDD treatment.

NPCs	are	the	key	functional	cells	that	maintain	homeostasis	of	
the	 vertebral	 disc	 (Bian	 et	 al.,	 2021).	 Therefore,	 analysis	was	 per-
formed	to	explore	the	changes	in	aging	NPCs	to	further	understand	
partial reprogramming in vertebral disc. Physiological aging has sim-
ilar	features	as	RS,	including	high	levels	of	DNA	damage,	changes	in	
chromatin conformation, increased ROS production, decreased pro-
liferation, activated apoptosis and initiation of senescence- associated 
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secretory	 phenotype	 (SASP)	 (Boulestreau	 et	 al.,	 2021;	 Guarente,	
2008;	Haigis	&	Sinclair,	2010;	Kennedy	&	Lamming,	2016;	Soultoukis	
&	Partridge,	2016;	Steffen	&	Dillin,	2016).	The	phenotypes	associated	
with aging achieve recovery at different degree, through short- term 
expression	 of	 Yamanaka	 factors.	 Moreover,	 the	 rejuvenation	 was	
achieved through short- term cyclic induction, indicating that partial 
reprogramming	can	rejuvenate	aging	NPCs.	Notably,	the	identity	of	

aging	NPCs	was	not	changed	at	any	time	point	similar	to	the	findings	
on partial reprogramming in vitro. SOX9 is a marker for determin-
ing	 the	 fate	 and	 differentiation	 of	 chondrocyte	 lineage	 (Lefebvre	
&	Dvir-	Ginzberg,	2017).	A	previous	study	reported	a	positive	rela-
tionship	between	SOX9	expression,	cellularity,	and	extracellular	ma-
trix	 in	disc,	 implying	that	SOX9	plays	a	crucial	 role	 in	the	function	
of	NPCs	(Tsingas	et	al.,	2020).	SOX9	level	showed	parallel	increase	

F I G U R E  5 Enhancement	of	energy	metabolism	boosts	redistribution	of	cytoskeleton	organization	in	aging	NPCs	induced	by	OSKM.	(a,b)	
ECAR	determined	by	glycolysis	stress	test	(Injection	1:	Glucose,	Injection	2:	Oligomycin,	Injection	3:	2-	DG),	OCR	level	as	determined	by	
MitoStress	test	(Injection	1:	Oligomycin,	Injection	2:	FCCP,	Injection	3:	Antimycin	A/Rotenone)	using	Seahorse	Instrument.	Measurements	
were performed every 5 min per timepoint for each condition. Data shown in c, d represent mean ±	SD	for	6	wells,	representative	of	one	of	
the	three	independent	experiments.	(c)	Quantification	of	glycolysis	from	one	timepoint	in	Glycolysis	Stress	Test	(mean	± SD for n =	6	wells).	
(d,e)	Quantification	of	basal	respiration	and	maximal	respiration	for	each	timepoint	using	MitoStress	test	(mean	± SD for n =	6	wells).	(f,g)	
RNA	sequencing	analysis	of	4F	aging	NPCs	treated	with	doxycycline	(1	μg/ml)	for	4	days	compared	with	untreated	4F	aging	NPCs.	Heatmap	
and	volcano	plots	showing	expression	levels	of	respiratory	enzymes	associated	genes.	(h)	qPCR	analysis	of	respiratory	enzymes	associated	
genes	in	glycolysis	and	tricarboxylic	acid	cycle	(TAC)	in	4F	aging	NPCs.	(i,j)	Immunofluorescence	and	quantification	of	F-	actin	in	4F	aging	
NPCs	subjected	to	short-	term	expression	of	OSKM	in	the	presence	of	3-	Br	PA	(HK2	specific	inhibitor).	Scale	bar,	25	μm.	(k)	Quantification	of	
cell	area	surface	in	4F	aging	NPCs	subjected	to	short-	term	expression	of	OSKM	in	the	presence	of	3-	Br	PA	(HK2	specific	inhibitor).	Scale	bar,	
25 μm.	**p <	0.01,	****p <	0.0001	according	to	one-	way	ANOVA	with	Bonferroni	correction
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and decrease with the use and withdrawal of OSKM in the present 
study.	This	indicates	that	OSKM	significantly	upregulates	expression	
of SOX9. Therefore, short- term induction of OSKM can restore the 

function	of	aging	NPCs	by	upregulating	SOX9	expression.	A	signif-
icant decrease in levels of catabolism factors such as mmp13 and 
adamts5	was	 reported	 previously	 (Sarkar	 et	 al.,	 2020).	 Anabolism	

F I G U R E  6 Enhancement	of	energy	metabolism	promotes	rejuvenated	phenotypes	in	aging	NPCs	induced	by	OSKM.	(a–	d)	Expression	levels	of	
stress	response	genes	in	the	p53	pathway	in	4F	aging	NPCs	subjected	to	short-	term	induction	of	OSKM	in	the	presence	of	3-	Br	PA	as	determined	
by	qPCR	analysis.	(e–	g)	Expression	levels	of	senescence-	associated	catabolism	index	MMP13,	ADAMTS5,	and	anabolism	index	COL2	in	4F	aging	
NPCs	subjected	to	short-	term	expression	of	OSKM	in	the	presence	of	3-	Br	PA	as	determined	by	qPCR	analysis.	(h,i)	Immunofluorescence	and	
quantification	of	γH2AX	level	in	4F	aging	NPCs	subjected	to	short-	term	expression	of	OSKM	in	the	presence	of	3-	Br	PA.	Scale	bar,	25	μm.	(j,k)	
Immunofluorescence	and	quantification	of	H3K9me3	level	in	4F	aging	NPCs	subjected	to	short-	term	expression	of	OSKM	in	the	presence	of	3-	Br	
PA. Scale bar, 25 μm.	*p <	0.05,	**p <	0.01,	***p <	0.001,	****p < 0.0001 according to unpaired two- sample Student's t- test
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factors such as collagen II, which directly reflects the function of 
NPCs	had	higher	expression	at	dox2d	time	point	than	that	at	dox4d.	
Moreover,	the	higher	expression	of	collagen	II	was	observed	short-	
term	after	 induction	 (dox4d-	4d)	 than	the	 level	at	dox4d	 indicating	
that	lasting	induction	affects	expression	of	collagen	II.	Induction	of	
OSKM	enhanced	aging	NPCs	proliferation.	However,	 long-	term	in-
duction was unfavorable for function recovery. Induction- activated 
proliferation may impede collagen II synthesis; thus, short- term cy-
clic induction should be used to balance proliferation and function 
recovery	in	aging	NPCs.

Cytoskeleton plays a key role in maintaining cell shape and elas-
ticity	as	well	 as	cell	division	and	proliferation	 (Ikeda	et	al.,	2003).	
Short- term cyclic induction of Yamanaka factors promotes reor-
ganization of disordered cytoskeleton, and restores cell prolifer-
ation	 (Jeganathan	 et	 al.,	 2016).	 A	 well-	organized	 cytoskeleton	 in	
NPCs	 ensures	 that	 discs	 endure	 compression	 stress	 and	 prevent	
IVDD	progression	 (Ke	et	al.,	2021).	Partial	 reprogramming	 is	 thus	
a potential novel method for reorganizing disordered cytoskeleton, 
and provides new insights into development of effective therapy 
for	 inhibiting	 IVD	degeneration.	Furthermore,	energy	metabolism	
pathway showed significant changes during partial reprogramming 
in	 aging	 NPCs,	 compared	 with	 classical	 reprogramming	 (Zhang	
et	 al.,	 2012).	 Glycolysis	 and	OxPhos	 pathways	 were	 significantly	
enriched. Cyclic induction results demonstrated that OSKM acted 
like	a	“energy	switch”	to	initiate	energy	metabolism.	These	changes	
can	be	attributed	to	 the	aging	NPCs	state	because	glycolysis	and	
OxPhos	levels	are	significantly	low	in	aging	cells	(Azzu	&	Valencak,	
2017).	Aging	NPCs	have	no	enough	energy	to	achieve	rejuvenation	
unlike young cells in classical reprogramming. Partial reprogram-
ming	provides	enough	energy	for	the	proliferation	of	aging	NPCs.	
Short- term induction of OSKM can be used to improve energy me-
tabolism	in	aging	NPCs	and	rescue	its	state.	RNA	sequence	analysis	
between	 aging	NPCs	 and	 induced	 aging	NPCs	 showed	 that	HK2	
expression	was	significantly	high	in	partial	reprogramming	process,	
implying that HK2 plays a key role in initiating energy metabolism 
during partial reprogramming. Therefore, HK2 is a potential target 
for	activating	energy	metabolism	in	aging	NPCs	and	for	treatment	
of IDD.

In summary, the findings of the present study show that partial 
reprogramming through short- term cyclic induced OSKM in vivo ab-
rogates progression of IDD. Mechanistically, partial reprogramming 
in	 vitro	 promotes	 energy	metabolism	 as	 a	 “energy	 switch”	 by	 up-
regulating	 expression	of	 hexokinase	2	 (HK2)	 ultimately	 promoting	
redistribution of cytoskeleton and rejuvenating aging state in aging 
NPCs.	Further	studies	should	explore	the	relationship	between	pro-
liferation and function recovery, and other effect factors in partial 
reprogramming to achieve rejuvenation of aging cells and provide a 
basis for senescence treatment.

4  |  E XPERIMENTAL PROCEDURES

Experimental	procedures	are	described	in	the	Supplementary	S2.
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