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Abstract
Background: Dcf1 has	been	demonstrated	to	play	vital	roles	in	many	CNS	dis-
eases,	it	also	has	a	destructive	role	on	cell	mitochondria	in	glioma	cells	and	pro-
motes	the	autophagy.	Hitherto,	it	is	unclear	whether	the	viability	of	glioblastoma	
cells	 is	affected	by	Dcf1,	 in	particular	Dcf1	possesses	broad	 localization	on	dif-
ferent	organelles,	and	the	organelles	interaction	frequently	implicated	in	cancer	
cells	survival.
Methods: Surgically	excised	WHO	grade	 IV	human	glioblastoma	 tissues	were	
collected	 and	 cells	 isolated	 for	 culturing.	 RT-	PCR	 and	 DNA	 sequencing	 assay	
to	 estimate	 the	 abundance	 and	 mutation	 of	 Dcf1.	 iTRAQ	 sequencing	 and	 bio-
informatic	 analysis	 were	 performed.	 Subsequently,	 immunoprecipitation	 assay	
to	 evaluate	 the	 degradation	 of	 HistoneH2A	 isomers	 by	 UBA52	 ubiquitylation.	
Transmission	electron	microscopy	 (TEM)	was	applied	 to	observe	 the	 structure	
change	of	mitochondria	and	autophagosome.	Organelle	isolated	assay	to	deter-
mine	the	distribution	of	protein.	Cell	cycle	and	apoptosis	were	evaluated	by	flow	
cytometric	assays.
Results: Dcf1	 was	 downregulated	 in	 WHO	 grade	 IV	 tumor	 without	 mutation,	
and	 overexpression	 of	 Dcf1	 was	 found	 to	 significantly	 regulate	 glioblastoma	
cells.	One	hundred	and	seventy-	six	differentially	expressed	proteins	were	identi-
fied	by	 iTRAQ	sequencing.	Furthermore,	we	confirmed	 that	overexpression	of	
Dcf1	destabilized	the	structure	of	 the	nucleosome	via	UBA52	ubiquitination	to	
downregulate	 HistoneH2A.X	 but	 not	 macroH2A	 or	 HistoneH2A.Z,	 decreased	
the	mitochondrial	DNA	copy	number	and	inhibited	the	mitochondrial	biogen-
esis,	thus	causing	mitochondrial	destruction	and	dysfunction	in	order	to	supply	
cellular	energy	and	induce	mitophagy	preferentially	but	not	apoptosis.	Dcf1	also	
has	disrupted	the	integrity	of	lysosomes	to	block	autolysosome	degradation	and	
autophagy	and	to	increase	the	release	of	Cathepsin	B	and	D	from	lysosomes	into	
cytosol.	 These	 proteins	 cleaved	 and	 activated	 BID	 to	 induce	 glioblastoma	 cells	
apoptosis.
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1 	 | 	 INTRODUCTION

Glioblastoma	 is	 the	 most	 common	 and	 the	 most	 lethal	
primary	malignancy	of	the	central	nervous	system	(CNS),	
which	has	a	high	recurrence	rate	and	mortality	rate,	thus,	
threatening	 human	 health	 and	 life	 worldwide	 severely.1	
Currently,	 conventional	 therapies,	 such	 as	 surgery,	 radi-
ation,	 and	 chemotherapy,	 and	 novel	 therapies,	 such	 as	
immunotherapy2	and	nanoparticle-	based	treatment	meth-
ods,3,4	have	not	been	successful	because	of	poor	treatment	
outcomes	 and	 intolerable	 side	 effects.	 Furthermore,	 the	
key	 diagnostic	 and	 therapeutic	 targets	 are	 far	 being	 re-
vealed	 due	 to	 the	 high	 heterogeneity	 of	 glioblastoma.	
Therefore,	elucidation	of	the	pathology	and	molecular	bi-
ology	of	glioblastoma	is	urgently	needed	to	improve	treat-
ment	outcomes.

Thus	 far,	 many	 endeavors	 from	 have	 been	
made	 to	 determine	 the	 molecular	 mechanism	 of	
glioblastoma,5–	7however,	 the	 heterogeneity	 of	 cellu-
lar	 populations	 and	 complex	 tumor	 microenvironment	
compositing	 glioblastoma	 tissue	 have	 hindered	 thor-
oughly	 exploration.	 Importantly,	 glioblastoma	 cells	
have	 metabolic	 dependencies,	 organellar	 interactions,	
and/or	 communication	 discrepancies	 that	 distinguish	
them	 from	 their	 normal	 counterparts,	 for	 example,	
it	 is	 known	 to	 activate	 or	 block	 pathways	 to	 consume	
more	glucose	and	produce	more	lactic	acid,	even	in	nor-
moxic	 conditions.8,9	 Mitochondria	 are	 powerhouses	 of	
cellular	 activities	 that	 are	 involved	 in	 mediating	 vari-
ous	biological	processes	of	glioblastoma	cells,10,11	 such	
as	 proliferation,	 apoptosis,	 multidrug	 resistance,	 sig-
nal	 transmission,	oxidative	stresses	sensors,	and	so	on.	
Mitochondria	also	act	as	switches	to	regulate	tumor	de-
velopment12	and	control	 the	 transformation	of	cellular	
phenotype.13	Although	there	are	many	sources	of	energy	
for	cellular	activities,	the	main	energy	process	that	pro-
vides	energy	for	glioblastoma	cells	development	and	pro-
gression	is	still	mitochondrial	respiration.14,15	In	cancer	
cells,	 mitochondrial	 damage	 reduces	 ATP	 production	
and	 facilitates	 apoptosis	 or	 autophagy,	 which	 further	
accelerates	 lysosomal	 degradation	 to	 maintain	 cellular	
compartment	homeostasis	and	mediate	the	survival.16,17	

Thus,	 mitochondria	 are	 emerging	 as	 promising	 targets	
in	clinical	treatments.18

Dcf1,	also	known	as	dendritic	factor	1	or	TMEM59,	is	
a	one-	pass	transmembrane	protein	that	has	been	demon-
strated	to	play	vital	roles	in	glioblastoma	cell	lines	in	pre-
vious	 studies.	 Our	 group	 have	 demonstrated	 that	 Dcf1	
overexpression	 inhibits	 U251	 cells	 through	 the	 destruc-
tion	 of	 mitochondria	 and	 the	 activation	 of	 apoptosis,19	
and	puried	TAT-	DCF1	protein	 is	capable	 to	promote	 the	
apoptosis	 of	 U251	 cells.20	 More	 importantly,	 the	 Dcf1	
also	 identified	 to	 be	 crucial	 for	 energy	 balance.21	 Thus,	
Dcf1	 is	 an	 important	 regulator	 of	 survival	 in	 glioblas-
toma	 cells.	 For	 interaction	 of	 organelles,	 Emilio	 Boada-	
Romero	 et	 al	 demonstrated	 that	 Dcf1  motif	 from	 amino	
acids	 263–	281	 mediates	 the	 interaction	 of	 Dcf1	 with	 the	
WD-	repeat	 domain	 of	 ATG16L1	 to	 promote	 LC3	 activa-
tion	and	 lysosomal	 targeting	of	 the	endosomal	compart-
ment	to	promote	the	autophagy,22,23	and	the	alteration	of	
ATG16L1	 (T300A)	 changes	 the	 ability	 of	 the	 C-	terminal	
WD40-	repeat	domain	to	interact	with	an	amino	acid	motif	
that	recognizes	this	region,	then,	impairing	the	unconven-
tional	 autophagic	 activity	 with	 TMEM59,	 thus,	 disrupt-
ing	 its	 normal	 intracellular	 trafficking	 and	 its	 response	
to	bacterial	 infection	 to	 increase	 the	 risk	of	Crohn's	dis-
ease.24	Moreover,	Dcf1 has	been	identified	to	interact	with	
FZD	 and	 LRP6	 to	 form	 mature	 Wnt	 signalosomes	 that	
significantly	 to	 activate	 Wnt3a,	 which	 is	 responsible	 for	
regulating	cell	proliferation	and	cell	fate	decisions,25	and	
maintaining	the	stemness	of	neural	stem	cells26	and	acti-
vation	 of	 microglia.27	 However,	 the	 precise	 mechanisms	
of	Dcf1	in	primary	glioblastoma	cells	have	not	been	eluci-
dated	clearly	due	to	the	high	heterogeneity	and	complex	
microenvironment	constitution.

In	this	study,	we	 investigated	the	molecular	mecha-
nism	 of	 Dcf1	 in	 glioblastoma	 cells	 separated	 from	 sur-
gical	grade	IV	glioblastoma	patients.	In	total,	proteomic	
analysis	revealed	that	overexpression	of	Dcf1	altered	the	
change	of	176	proteins	significantly	and	the	differentially	
expressed	proteins	(DEPs)	involved	in	the	regulation	of	
genetic	 materials	 stability	 and	 cellular	 energy	 supply.	
Taken	 deeper	 exploration,	 we	 found	 out	 the	 Dcf1	 de-
stabilized	the	nucleosome	structure	by	downregulating	

Conclusions: In	this	study,	we	demonstrated	that	unmutated	Dcf1	expression	is	
negatively	related	to	the	malignancy	of	glioblastoma,	Dcf1	overexpression	causes	
nucleosomes	 destabilization,	 mitochondria	 destruction	 and	 dysfunction	 to	 in-
duce	mitophagy	preferentially,	and	block	autophagy	by	impairing	lysosomes	to	
induce	apoptosis	in	glioblastoma.
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the	expression	of	HistoneH2A.X	but	not	macroH2A	or	
HistoneH2A.Z	 to	 induce	 DNA	 damage,	 inhibiting	 the	
binding	 to	 UBA52	 for	 recruiting	 the	 DNA	 repair	 com-
plex,	 decreased	 mitochondrial	 DNA	 (mtDNA)	 copy	
number,	inhibited	mitochondrial	biogenesis,	destructed	
the	 structure	 and	 function	 of	 mitochondria,	 which	 in-
hibited	the	supply	cellular	energy	and	induced	mitoph-
agy	 directly	 and	 preferentially	 but	 not	 mitochondrial	
apoptosis.	Moreover,	Dcf1	also	led	to	lysosomal	dysfunc-
tion	and	destruction,	which	prevented	forming	mature	
autolysosomes	 and	 blocked	 the	 process	 of	 autophagy,	
and	increased	the	release	of	lysosomal	content	to	cyto-
sol,	 activated	 and	 executed	 apoptosis	 via	 cleaving	 BID	
finally	(Graphical	ToC).	Overall,	we	found,	for	the	first	
time,	that	the	expression	of	Dcf1	is	correlated	with	glio-
blastoma	malignancy	and	revealed	the	key	role	of	Dcf1	
in	the	survival	of	human	glioblastoma	cells,	it	provides	
new	insight	for	understanding	glioblastoma.

2 	 | 	 MATERIALS AND METHODS

All	patients	 in	 this	 study	consented	 to	 an	 institutional	
review	 board-	approved	 protocol	 that	 allows	 compre-
hensive	analysis	of	 tumor	samples	 (Ethics	Committees	
of	 Shanghai	 University,	 PR	 China,	 the	 Fifth	 People's	
Hospital	of	Shanghai,	Fudan	University,	PR	China	and	
Karolinska	Institutet,	Stockholm,	Sweden.).	All	human	
glioblastoma	 tumor	 and	 brain	 tissue	 from	 trauma	 pa-
tients	 were	 collected	 at	 The	 Fifth	 People's	 Hospital	 of	
Shanghai,	Fudan	University,	Shanghai,	China.	And	all	
human	 glioblastoma	 tissue	 experienced	 curative	 sur-
gery,	but	did	not	receive	other	therapies,	and	the	tissue	
samples	 were	 confirmed	 as	 glioblastoma	 by	 a	 neuro-
pathologist.	 This	 study	 conforms	 to	 the	 Declaration	
of	 Shanghai	 University,	 PR	 China,	 the	 Fifth	 People's	
Hospital	of	Shanghai,	Fudan	University,	PR	China	and	
Karolinska	Institutet,	Stockholm,	Sweden.	All	the	anti-
bodies’	information	is	referred	to	Table	S1;	the	plasmids’	
information	is	referred	to	Table	S2;	the	primes’	informa-
tion	is	referred	to	Table	S3;	the	chemicals,	kits’	informa-
tion	is	referred	to	Table	S4.

2.1	 |	 Glioblastoma cell isolation and  
culture

The	 glioblastoma	 tissues	 were	 separated	 into	 single	
cells	 using	 collagenase	 I	 for	 30  min	 with	 gentle	 mix-
ing	 every	 5  min	 and	 the	 blood	 red	 cells	 were	 lysed	
with	 Red	 Blood	 Cell	 Lysis	 Buffer.	 The	 cells	 were	 cul-
tured	 in	 DMEM/F12	 (BI)	 medium	 with	 15%	 FBS	 plus	
sodium	pyruvate	and	GlutaMAX™	Supplement	and	1%	

penicillin-	streptomycin	(Life)	at	37	℃	under	5%	CO2	in	
an	 incubator.	 The	 cell	 line	 used	 in	 this	 study	 was	 iso-
lated	from	surgically	obtained	glioblastoma	tissue,	and	
no	other	cell	lines	were	included.

2.2	 |	 Real- time quantitative reverse 
transcription PCR (RT- PCR)

Isolated	tumor	tissues	and	normal	tissues	were	carefully	
dissected	using	surgical	scissors	and	stored	in	RNA	stor-
age	reagent.	Total	RNA	was	isolated	using	a	total	Eastep®	
Super	RNA	extraction	kit.	RNA	(3 μg)	was	reverse	 tran-
scribed	into	cDNA	using	a	ReverTra	Ace	Kit	for	RT-	PCR.	
Quantitative	PCR	was	performed	on	a	Rotor-	Gene	Three-	
Step	 Real-	Time	 PCR	 system.	 PCR	 was	 performed	 with	
SYBR®	Green	Realtime	PCR	Master	Mix	with	the	follow-
ing	specific	primers	as	Table S3.	A	total	of	20 ng	of	cDNA	
or	genome	DNA	was	used	per	reaction.	All	standard	curve	
reactions	 and	 samples	 were	 run	 in	 triplicate	 along	 with	
no-	template	 control	 reactions	 for	 all	 primer	 sets.	 The	
PCR	 cycling	 parameters	 followed	 the	 manufacturer's	
recommendations.

2.3	 |	 Cell invasion assay

A	BioCoatTM	MatrigelTM	 Invasion	Chamber	was	used	 to	
assess	the	effect	of	Dcf1	on	cellular	invasive	ability.	After	
transfection	with	pcDNA3.1	or	pcDNA3.1-	Dcf1	for	48 h,	
cells	were	harvested	and	adjusted	to	a	density	of	5 × 105/
mL.	 After	 incubation	 in	 the	 invasion	 chamber	 for	 24  h,	
noninvaded	cells	were	scrubbed	with	a	cotton	swab,	and	
invaded	cells	were	stained	with	crystal	violet	and	observed	
using	a	Nikon	Ti-	S	fluorescence	microscope	at	a	magnifi-
cation	of	100×.

2.4	 |	 Flow cytometry assay

After	 transfection	 with	 pcDNA3.1	 or	 pcDNA3.1-	Dcf1	
for	48 h,	glioblastoma	cells	were	digested	with	trypLE,	
harvested	 in	 10%	 FBS	 in	 DMEM/F12,	 washed	 twice	
with	2%	BSA	in	PBS,	resuspended	in	100 μl	of	binding	
buffer,	combined	with	5 μl	of	annexin	V-	FITC	and	5 μl	
of	PI	according	to	the	protocol	of	an	Annexin	V-	FITC/
PI	Apoptosis	Detection	Kit,	mixed	gently	and	stained	at	
room	temperature	for	15 min	before	flow	cytometry	de-
tection.	 The	 cell	 cycle	 was	 detected	 by	 flow	 cytometry	
after	digestion	with	10 μg/ml	RNase	at	37℃	for	30 min	
and	 staining	 with	 50  μg/ml	 PI	 at	 4℃	 for	 30  min.	 The	
percentages	of	apoptotic	cells	and	cells	in	each	phase	of	
the	cell	cycle	were	calculated.
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2.5	 |	 Wound healing assay

Scratch	 wound	 healing	 assays	 were	 performed	 in	 24-	
well	 culture	 plates.	 Cells	 at	 40%–	45%	 confluence	 were	
transfected	with	pcDNA3.1	or	pcDNA3.1-	Dcf1	plasmids	
to	enhance	protein	expression	for	24 h.	Scratches	were	
made	 using	 1-	ml	 pipette	 tips	 and	 washed	 twice	 with	
culture	 medium.	 The	 cells	 were	 permitted	 to	 grow	 for	
an	 additional	 48  h,	 fixed	 in	 4%	 paraformaldehyde	 for	
30 min	and	stained	with	1%	crystal	violet	in	2%	ethanol	
for	15 min.	Photographs	were	taken	on	a	Nikon	inverted	
microscope	with	an	objective	of	10×.	The	gap	distance	
of	the	wound	was	measured	using	Image-	Pro	Plus	soft-
ware,	and	the	data	were	normalized	to	the	data	for	the	
control	group.

2.6	 |	 Real- time monitoring of cellular 
migration assay

Real-	time	 monitoring	 of	 cellular	 migration	 was	 per-
formed	using	an	xCELLigence	RTCA	DPlus	Instrument	
and	 cell	 invasion	 and	 migration	 (CIM)	 plates.	 The	 as-
says	were	performed	after	glioblastoma	cells	were	trans-
fected	with	pcDNA3.1	or	pcDNA3.1-	Dcf1	for	12 h.	The	
cells	 were	 harvested	 and	 placed	 into	 the	 upper	 cham-
bers	of	CIM	plates	in	serum-	free	DMEM/F12 medium	at	
a	density	of	25,000	cells	per	well.	The	bottom	chambers	
of	the	CIM	plates	were	filled	with	15%	serum-	containing	
medium	 to	 promote	 migration	 across	 the	 membrane.	
The	CIM	plates	were	transferred	into	the	RTCA	DP	in-
strument,	 and	 continuous	 readouts	 were	 obtained	 for	
72 h	at	15-	min	intervals.	The	experiment	was	performed	
in	quadruplicate.

2.7	 |	 Isobaric tags for relative and 
absolute quantification

The	 isobaric	 tags	 for	 relative	 and	 absolute	 quantifica-
tion	(iTRAQ)	were	conducted	with	the	help	of	Shanghai	
Majorbio	 Bio-	Pharm	 Technology	 Co.,	 Ltd.	 The	 entire	
process	 including:	 (1)	 Protein	 extraction	 and	 quan-
tification;	 (2)	 Protein	 digestion	 and	 iTRAQ	 labeling;	
(3)	 High-	pH	 reversed-	phase	 liquid	 chromatography	
(RPLC);	 (4)	 Mass	 spectrometry	 analysis;	 (5)	 Sequence	
database	 searching	 using	 Proteom	 DiscovererTM	
Software	2.1	against	the	Homo sapiens	database	(70,611	
entries);	 (6)	 Function	 annotation	 using	 the	 Blast2GO	
program	 against	 the	 nonredundant	 (NR)	 protein	 da-
tabase	 (NCBI).	 The	 Kyoto	 Encyclopedia	 of	 Genes	 and	
Genomes	 (KEGG)	 database	 (http://www.genome.jp/
kegg/)	 and	 the	 Clusters	 of	 Orthologous	 Groups	 (COG)	

database	 (http://www.ncbi.nlm.nih.gov/COG/)	 were	
used	to	classify	and	group	these	identified	proteins.

2.8	 |	 Cellular ATP assay

ATP	concentrations	were	detected	using	an	ATP	Assay	
Kit.	 In	 brief,	 cells	 were	 cultured	 in	 6  cm	 dishes	 after	
transfection	with	pcDNA3.1	or	pcDNA3.1-	Dcf1	for	48 h,	
lysed,	and	then	centrifuged	at	12,000 rpm	for	10 min	to	
isolate	 total	 proteins.	 Then,	 100  μl	 of	 supernatant	 was	
added	to	100 μl	of	ATP	detection	solution,	and	standard	
samples	 were	 generated.	 Luminescence	 was	 immedi-
ately	detected	using	a	plate	 reader	 (PerkinElmer).	The	
protein	 concentration	 was	 measured	 using	 a	 Bradford	
assay.

2.9	 |	 Mitochondrial membrane potential 
assay (JC- 1 assay)

Mitochondrial	 membrane	 potential	 was	 evaluated	 with	
a	 JC-	1  Mitochondrial	 Membrane	 Potential	 Detection	
Kit.	 In	 brief,	 before	 staining,	 cells	 were	 incubated	 with	
1:1000-	diluted	 CCCP	 as	 a	 positive	 control	 for	 30  min.	
After	transfection	for	48 h,	the	cells	were	incubated	with	
1×	JC-	1 staining	solution	in	24-	well	plates	for	20 min	at	
37℃	 and	 rinsed	 twice	 with	 1×	 staining	 buffer.	 Finally,	
cells	cultured	in	10%	FBS/DMEM	were	detected	using	an	
LSM710 fluorescence	microscope.

2.10	 |	 Acridine Orange staining

After	 transfection	 for	 48  h,	 glioblastoma	 cells	 were	
stained	with	Acridine	Orange	(AO)	at	a	final	concentra-
tion	of	5 μg/ml	for	15 min	(37°C,	5%	CO2).	Fluorescence	
images	 were	 captured	 using	 a	 Zeiss	 710	 LSM	 confocal	
microscope.	 AO	 produces	 red	 fluorescence	 (with	 an	
emission	 peak	 at	 approximately	 650  nm)	 in	 lysosomal	
compartments	 and	 green	 fluorescence	 (with	 an	 emis-
sion	 peak	 between	 530	 and	 550  nm)	 in	 cytosolic	 and	
nuclear	 compartments.	 The	 fluorescence	 intensity	 per	
pixel	was	quantified	with	Image-	Pro	Plus	software,	and	
the	 ratio	 of	 red	 and	 green	 fluorescence	 intensity	 per	
pixel	was	calculated.

2.11	 |	 Transmission electron microscope

Primary	glioblastoma	cells	transfected	with	pcDNA3.1	or	
pcDNA3.1-	Dcf1	 were	 cultured	 in	 complete	 medium	 for	
48 h,	and	then,	 the	cells	were	 fixed	 in	2%	formaldehyde	

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://www.ncbi.nlm.nih.gov/COG/
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and	 2.5%	 glutaraldehyde.	 The	 fixed	 samples	 were	 post-
fixed	with	osmium	tetroxide,	dehydrated,	and	embedded	
in	 Araldite	 Durcupan	 ACM.	 Then,	 ultrathin	 sectioning	
was	conducted,	and	the	sections	were	photographed	with	
a	transmission	electron	microscope.

2.12	 |	 Isolation of the lysosomal fraction

Cells	 transfected	 with	 pcDNA3.1	 or	 pcDNA3.1-	Dcf1	
for	 48  h	 were	 washed	 in	 precooled	 PBS,	 trypsinized,	
quenched	with	medium,	and	centrifuged	at	500× g	 for	
3  min	 to	 produce	 cell	 pellets.	 After	 medium	 removal,	
the	 pellets	 were	 washed	 with	 precooled	 PBS	 and	 cen-
trifuged	 at	 500×  g	 for	 3  min	 again.	 The	 primary	 glio-
blastoma	 cell	 pellets	 were	 resuspended	 in	 sucrose	
homogenization	buffer	(0.25 M	sucrose,	20 mM	HEPES)	
containing	 PMSF,	 protease	 inhibitor,	 and	 phosphatase	
inhibitor;	homogenized	by	sonication;	and	ground.	The	
homogenates	were	centrifuged	at	500× g	for	5 min,	and	
the	 unbroken	 cell	 debris	 was	 discarded.	 The	 resulting	
supernatant	 (S1)	 was	 centrifuged	 at	 6800  g	 for	 10  min	
to	yield	P2	(mitochondrial	fraction).	The	remaining	su-
pernatant	 (S2)	 was	 centrifuged	 again	 at	 20,000×  g	 for	
40 min	to	yield	P3	(the	lysosomal	fraction),	which	was	
washed	 with	 fresh	 sucrose	 homogenization	 buffer	 and	
centrifuged	at	20,000× g	for	15 min.	The	P2	and	P3	frac-
tions	were	resuspended	in	RIPA	buffer	containing	pro-
tease	and	phosphatase	inhibitors	for	further	detection.

2.13	 |	 Labeling of mitochondria/
lysosomes

Mitochondria	 and	 lysosomes	 were	 labeled	 with	
MitoTracker	 Green	 and	 LysoTracker	 Red,	 respectively,	
according	to	the	manufacturer's	protocol.	Briefly,	 the	la-
beling	reagent	was	added	to	cultured	cells	at	a	1:1,000	di-
lution,	and	the	cells	were	 incubated	at	37°C	for	30 min.	
Images	were	obtained	using	a	fluorescence	microscope.

2.14	 |	 Lysosomal acid phosphatase 
(ACP) assay

ACP	 activity	 was	 assayed	 with	 a	 commercially	 avail-
able	 kit	 according	 to	 the	 manufacturer's	 instructions.	
Glioblastoma	 cells	 transfected	 with	 pcDNA3.1-	Dcf1	
or	 pcDNA3.1	 were	 collected,	 lysed	 and	 centrifuged	 at	
10,000 rpm	at	4℃	for	5 min,	and	the	supernatant	was	re-
moved	and	placed	in	a	new	tube	for	testing.	After	incuba-
tion	with	detection	reagent,	the	absorbance	was	recorded	
at	450 nm	using	a	microplate	reader.

2.15	 |	 Immunofluorescence (IF)

Glioblastoma	 cells	 were	 seeded,	 transfected	 for	 48  h,	
rinsed	with	PBS,	fixed	in	4%	paraformaldehyde	for	15 min	
at	room	temperature,	permeabilized	with	0.1%	Triton	X-	
100	for	15 min,	blocked	with	5%	BSA-	PBS	at	room	temper-
ature	for	90 min,	and	incubated	with	primary	antibodies	
at	4°C	overnight.	After	 they	were	washed	with	PBS,	 the	
cells	were	incubated	with	secondary	antibodies	for	2 h	at	
room	temperature,	and	fluorescence	was	obtained	using	
an	LSM710 fluorescence	microscope.

2.16	 |	 Immunoprecipitation assay

Glioblastoma	cells	were	 seeded	 in	10-	cm	culture	dishes,	
transfected	 with	 pcDNA3.1	 or	 pcDNA3.1-	Dcf1	 for	 48  h,	
rinsed	 with	 PBS	 three	 times	 and	 collected	 in	 to	 10  ml	
centrifuge	 tube,	 and	 lysed	 with	 cell	 lysis	 buffer	 contain	
protein	inhibitors.	The	lysate	was	incubated	with	the	pro-
tein	 A/G	 beads	 that	 coupled	 with	 UBA52	 antibody	 4°C	
overnight.	Then,	the	protein	A/G	beads	were	collected	via	
centrifuging	at	3000 rpm	for	5 min	and	washed	with	PBS	
three	times,	the	desorption	of	bound	protein	were	treated	
with	 glycine	 (0.1  M,	 pH2.5),	 boiled	 and	 examined	 with	
western	blotting.

2.17	 |	 Western blotting analysis

The	protein	abundance	values	of	the	pooled	samples	pre-
viously	analyzed	by	 iTRAQ	LC-	MS/MS	were	confirmed.	
Protein	 samples	 (35  μg)	 were	 added	 to	 electrophoretic	
buffer	containing	β-	mercaptoethanol	prior	to	SDS-	PAGE	
and	transferred	onto	0.45	or	0.22 μm	nitrocellulose	mem-
branes.	 The	 membranes	 were	 blocked	 with	 5%	 milk	 in	
PBS	for	1.5 h	and	subsequently	probed	by	using	the	 fol-
lowing	primary-	specific	antibodies	(as	shown	in	Table	S1).	
Tubulin	and	GAPDH	were	used	as	loading	controls.	After	
the	 samples	 were	 incubated	 with	 affinity-	purified	 goat	
anti-	rabbit	 DyLight	 800-	conjugated	 or	 goat	 anti-	mouse	
DyLight	 680-	conjugated	 secondary	 antibodies	 (1:10,000)	
for	1.5 h,	images	were	acquired	by	using	an	Odyssey	infra-
red	imaging	system	at	700	and	800 nm	in	the	16-	bit	TIFF	
format.	Odyssey	software	was	applied	for	the	quantifica-
tion	of	protein	expression.

2.18	 |	 Statistical analysis

For	cell-	based	assays,	independent	experiments	were	per-
formed.	 The	 results	 of	 Western	 blotting	 analyses	 of	 dif-
ferential	protein	expression	were	validated	in	cell	lysates	
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from	 three	 biological	 replicates.	 Statistical	 significance	
was	analyzed	using	Student's	 t-	test	or	ANOVA	by	using	
GraphPad	 Prism	 v7.01  software	 (GraphPad	 Software).	
Statistical	significance	is	expressed	as	*p < 0.05,	**p < 0.01,	
***p < 0.001,	and	****p < 0.0001.

3 	 | 	 RESULTS

3.1	 |	 Dcf1 expression is decreased with 
tumor malignancy but lacks mutation

To	thoroughly	 investigate	 the	relationship	between	Dcf1	
and	glioblastoma,	24 WHO	grade	IV	surgical	glioblastoma	
tissues	were	collected,	and	11	glioblastoma	cell	lines	were	
isolated	 for	 culture	 successfully.	 First,	 the	 expression	 of	
Dcf1	was	explored,	and	the	results	showed	that	Dcf1	was	
downregulated	in	glioblastoma	tissue	compared	to	normal	
tissue	in	mRNA	and	protein	(Figure S1A,B),	it	is	consent	
with	data	from	the	gene	microarray	database	(GDS2853,	
GSE12305;	Figure S1C),	which	implies	that	the	expression	
level	is	negatively	related	to	tumor	malignancy.	Moreover,	
we	 explored	 the	 mutation	 by	 DNA	 sequencing,	 the	 re-
sults	 showed	 that	 there	 is	 no	 mutation	 in	 full	 length	 of	
Dcf1 gene	(Figure S1D),	which	is	not	similar	with	the	on-
cogenes	or	antioncogenes,	such	P53,	KRAS,	and	PTEN	in	
glioblastoma.

3.2	 |	 Dcf1 destabilizes the stability of 
genetic material

In	 previous	 studies,	 Dcf1	 promoted	 apoptosis	 in	 U251	
cell.19,20	Hence,	we	applied	iTRAQ-	based	proteomics	ap-
proach	to	obtain	a	comprehensive	understanding	profile	
of	 the	 molecular	 mechanisms	 in	 primary	 glioblastoma	
cells.	A	total	of	176	DEPs	were	identified	after	Dcf1	over-
expression	(Figure 1A;	64	were	upregulated,	Table 1),	112	
were	downregulated	(Table 2),	and	the	differential	expres-
sion	 was	 confirmed	 by	 western	 blotting	 (Figure  S2A,B).	
Given	 the	 results	 of	 deeper	 bioinformatic	 analysis	 com-
bined	 with	 the	 results	 of	 previous	 study,28,29	 the	 DEPs	
mainly	involved	in	regulating	the	stability	of	genetic	ma-
terial	and	cellular	energy	supply	(Figure S2C,D),	both	are	
crucial	 for	 the	 cell	 survival.	 As	 expected,	 Dcf1	 induced	
the	most	significant	decrease	in	HistoneH2A	(Accession:	

A0A0U1RRH7,	Figure 1A),	the	core	component	of	nucle-
osomes	 and	 a	 modulator	 that	 stabilizes	 DNA	 to	 control	
different	biological	processes.	However,	Dcf1	did	not	alter	
HistoneH2B,	HistoneH3,	HistoneH4	via	iTRAQ	sequenc-
ing	 data;	 thus,	 we	 assumed	 that	 Dcf1	 induces	 primary	
glioblastoma	 cells	 into	 apoptosis	 via	 altering	 the	 stabil-
ity	 of	 genetic	 material.	 And	 the	 bioinformatic	 analysis	
revealed	that	the	Dcf1	 leaded	to	the	reduction	of	UBA52	
(Figure S2E),	a	ribosomal	protein,	which	links	to	proteins	
and	 is	 responsive	 for	 the	degradation	of	protein	and	 the	
recruitment	 of	 the	 DNA	 damage	 repair	 complex.30,31	 As	
shown	in	Figure 1B,	the	western	blotting	results	showed	
that	Dcf1	induced	the	downregulation	of	three	isomers	of	
HistoneH2A	 significantly,	 and	 the	 immunoprecipitation	
results	 revealed	 that	 only	 HistoneH2A.X	 was	 decreased	
linked	to	UBA52	(Figure 1C),	 thus,	Dcf1	 inhibits	 the	re-
cruitment	 of	 the	 DNA	 damage	 repair	 complex.	 In	 addi-
tion,	the	bioinformatic	analysis	results	confirmed	that	the	
expression	of	nucleosome	core-	related	proteins,	including	
HIST1H2AB,	HIST2H2AB,	HIST1H1C,	and	HIST3H2BB	
(Figure  1D),	 was	 also	 decreased	 significantly,	 which	
prevented	 DNA	 histone	 assembly	 and	 thus	 prevented	
formation	of	nucleosome	and	condensation	to	form	chro-
mosomes.	 Moreover,	 Dcf1	 also	 induced	 the	 decrease	 of	
HMGN1,	 HMGN3,	 and	 HMGN4	 (Figure  1D),	 exposing	
transcription	 activation/inactivation	 regions	 to	 cause	
DNA	damage	 (Figure 1E,F)	 that	affected	 the	 stability	of	
genetic	material	and	induced	apoptosis,32	which	is	similar	
to	our	group's	research	in	U251	cells.29

3.3	 |	 Dcf1 causes mitochondrial 
destruction and dysfunction to 
induce mitophagy

The	previous	results	showed	that	Dcf1	destabilized	genetic	
material,	 and	 the	 crucial	 regulation	 of	 genetic	 materials	
in	cell	survival	and	fate.	On	the	other	hand,	the	Dcf1	has	
been	identified	to	express	at	mitochondria	and	induces	the	
loss	of	mitochondrial	localization	of	MGST1.28	However,	
the	precise	molecular	mechanism	of	Dcf1	between	genetic	
materials	and	cellular	survival	is	still	unknown.	Hence,	we	
conducted	deeper	bioinformatic	analysis	on	the	iTRAQ	se-
quencing	data.	The	results	showed	that	the	localization	of	
DEPs	in	mitochondria	and	lysosomes	was	opposite	that	in	
the	remaining	organelles	(Figure S3A,B),	which	suggested	

F I G U R E  1  Dcf1	destabilized	the	structure	of	nucleosomes	and	damaged	DNA.	(A)	Scatter	plot	of	the	protein	expression	(n = 3).	Red:	
upregulated	proteins;	green:	downregulated	proteins;	gray:	unchanged	proteins.	(B)	Detection	of	HistoneH2A	isomer	expression	using	
Western	blotting	(n = 3).	(C)	Immunoprecipitation	of	UBA52	and	HistoneH2A	isomers.	(D)	Summary	of	nucleosome-	related	protein	
changes	determined	by	iTRAQ	(n = 3).	(E)	Evaluation	of	DNA	damage	with	γ-	H2A.X	(n = 3).	(F)	Immunofluorescence	image	of	γ-	H2A.X.	
Scale	bar:	50 μm.	Data	were	presented	as	mean ± SEM.	Significance	between	every	two	groups	was	calculated	by	the	Student's	t-	test.	
*p < 0.05,	**p < 0.01,	***p < 0.001
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that	 the	 Dcf1	 controls	 the	 viability	 of	 glioblastoma	 cell	
via	 the	 structure	 and	 function	 of	 mitochondria	 and	 lys-
osomes.	 As	 we	 all	 known,	 the	 status	 of	 mitochondrial	
DNA	(mtDNA)	and	mitochondrial	physiology	were	con-
trolled	by	nucleus	DNA	(nDNA),	and	mitochondria	and	
lysosome	 are	 critical	 for	 cell	 death	 and	 apoptosis.19,33,34	

Therefore,	 we	 explored	 the	 relationships	 of	 Dcf1	 with	
mitochondria	 and	 inter-	organelle	 interactions	 in	 glio-
blastoma	 cells.	 First,	 we	 observed	 that	 Dcf1	 decreased	
the	 ratio	 of	 mtDNA	 to	 nDNA	 (Figure  2A),	 which	 could	
alter	 the	 physiology	 and	 function	 of	 mitochondria,	 in-
cluding	cellular	respiration.	Mito-	Tracker	Green	staining	

Rank# Accession
Gene 
symbol

FC (DCF1/
EGFP)

Unique 
peptides AA

MW 
(kDa)

1 V9GZ17 TUBA8 1.82 1 275 31.051

2 Q9H993 ARMT1 1.292 3 441 51.14

3 Q8NHH9 QTL2 1.299 3 583 66.187

4 Q969Y2 GTPBP3 1.31 1 432 52.026

5 O00401 WASL 1.3 2 505 54.793

6 P48163 ME1 1.455 1 572 64.109

7 Q9UKV5 AMFR 1.59 1 643 72.949

8 Q96CW5 TUBGCP3 1.347 1 907 103.506

9 Q9UNI6 DUSP12 1.287 1 340 37.663

10 Q7Z4G4 TRMT11 1.333 1 463 53.387

11 P07948 LYN 1.283 1 512 58.537

12 Q9Y2H2 INPP5F 1.286 2 1132 128.326

13 P48201 ATP5G3 1.328 1 142 14.684

14 Q9H4I9 SMDT1 1.303 1 107 11.434

15 M0QYN0 MYDGF 1.278 1 189 20.375

16 Q8TD26 CHD6 1.248 1 2715 305.22

Note: FC:	expression	fold	change,	the	abundance	ratio	of	DCF1	and	EGFP.	AA:	the	number	of	amino	
acid.	MW:	molecular	weight	of	selected	protein.

T A B L E  1 	 List	of	selected	differentially	
upregulated	expressed	proteins	in	
glioblastoma	cells

Rank# Accession
Gene 
symbol

FC (DCF1/
EGFP)

Unique 
peptides AA

MW 
(kDa)

1 M0QZM1 HNRNPM 0.482 1 383 40.016

2 P62987 UAB52 0.665 1 128 14.719

3 A0A0U1RRH7 Histone	H2A 0.384 1 170 18.541

4 P04908 HISTAH2AB 0.55 1 130 14.127

5 Q15642 TRIP10 0.701 3 601 68.31

6 Q8IUE6 HIST2H2AB 0.65 1 130 13.987

7 Q13480 GAB1 0.703 1 694 76.569

8 P50552 VASP 0.59 1 380 39.805

9 Q6UXH1 CRELD2 0.68 2 353 38.166

10 Q9UNZ5 C19orf53 0.665 2 99 10.57

11 P48509 CD151 0.698 2 253 28.276

12 P20933 AGA 0.648 1 346 37.184

13 O14734 ACOT8 0.673 1 319 35.891

14 Q9Y639 NPTN 0.599 1 398 44.36

15 Q92551 IP6K1 0.68 1 441 50.204

16 P16104 H2AFX 0.758 5 143 15.135

Note: FC:	expression	fold	change,	the	abundance	ratio	of	DCF1	and	EGFP.	AA:	the	number	of	amino	acid.	
MW:	molecular	weight	of	selected	protein.

T A B L E  2 	 List	of	selected	differentially	
downregulated	expressed	proteins	in	
glioblastoma	cells
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revealed	that	Dcf1	decreased	the	number	of	mitochondria	
(Figure  2B)	 and	 inhibited	 the	 biogenesis	 of	 mitochon-
dria	 via	 the	 SIRT1/SIRT3-	PGC1α-	NRF1-	TFAM	 pathway	
(Figure  2C).35,36	 More,	 the	 mitochondrial	 membrane	
potential	examination	conclusively	showed	that	Dcf1	 re-
duced	the	membrane	potential	(Figure 2D)	and	increased	
the	permeability	of	 the	mitochondria	membrane	via	 the	
permeability	 transition	pore	(PTP;	Figure 2E),	 these	can	
lead	to	decreased	release	(efflux)	or	increased	uptake	(in-
flux)	of	ions	and	materials	by	above	destruction	synergis-
tically,	 such	 as	 Ca2+	 and	 K+.	 Immunofluorescence	 with	
COX8-	DsRed	revealed	mitochondrial	fragmentation	upon	
ectopic	Dcf1	expression	(Figure 2F),	implying	Dcf1 has	a	
destructive	effect	on	mitochondrial	structure	and	induced	
the	 dysfunction	 of	 mitochondria.	 As	 expected,	 the	 ATP	

concentrations	in	glioblastoma	cells	were	significantly	re-
duced	(Figure 2G).	The	results	of	further	examination	also	
showed	that	the	content	of	intracellular	Ca2+	was	elevated	
(Figure  S3C),	 suggesting	 the	 existence	 of	 mitochondrial	
dysfunction	and	communication	improper	between	orga-
nelles	that	impacted	cell	viability.

Mitochondria	 play	 important	 roles	 in	 cell	 survival	
and	the	response	of	stress	different	stimulus,	damaged	
mitochondria	 can	 induce	 autophagy	 or	 apoptosis	 via	
the	 mitochondrial	 pathway,37	 however,	 the	 processes	
of	 apoptosis	 and	 autophagy	 in	 glioblastoma	 cells	 are	
interdependent	and	antagonistic.	A	previous	study	has	
reported	 that	 the	 disordered	 autophagy	 and	 apoptosis	
favor	 to	 the	 genesis	 and	 development	 of	 tumors;	 thus,	
autophagy	and	apoptosis	are	essential	to	cancer	survival.	

F I G U R E  2  Dcf1	destroyed	mitochondria.	(A)	The	mtDNA/nDNA	ratio	detected	with	RT-	PCR	(n = 6).	(B)	Mitochondrial	staining	with	
MitoTracker	Green.	(C)	Detection	of	mitochondrial	membrane	potential	with	a	JC-	1 kit.	(D)	Western	blotting	results	for	the	mitochondrial	
biogenesis	pathway	(n = 3).	(E)	Detection	of	isolated	mitochondrial	membrane	permeability	transition	pores	(MPTPs)	with	Ca2+	absorbance	
examination.	(F)	Immunofluorescence	images	of	mitochondrial	structure.	(G)	ATP	concentrations	in	glioblastoma	cells	determined	using	
an	ATP	Assay	Kit	(n = 4).	Scale	bars:	50 μm.	Data	were	presented	as	mean ± SEM.	Significance	between	every	two	groups	was	calculated	by	
the	Student's	t-	test.	*p < 0.05,	**p < 0.01,	***p < 0.001



216 |   LUO et al.



   | 217LUO et al.

These	 processes	 are	 regulated	 by	 PARL38	 and	 BECN1/
Bcl-	2.39,40	Western	 blotting	 showed	 that	 Dcf1	 inhibited	
the	expression	of	PARL	(Figure 3A),	and	the	subcellular	
colocalization	of	BECN1-	Bcl-	2	in	endoplasmic	reticulum	
(ER)	was	not	changed	by	Dcf1	(Figure S4A),	suggesting	
that	autophagy	and	apoptosis	occurred	in	glioblastoma	
cells	simultaneously.	However,	Dcf1	 increased	BECN1/
Bcl-	2	ratio	after	24 h,	which	suggested	that	Dcf1	prefer-
entially	drove	glioblastoma	cells	 to	undergo	autophagy	
(Figure S4B).

Then,	 mitophagy	 receptors,	 such	 as	 NDP52	 (also	
known	 as	 CALCOCO2),	 NBR1,	 OPTN,	 and	 SQSTM1,41	
were	 examined	 as	 indexes	 of	 mitophagy.	 As	 shown	 in	
Figure 3B,	NDP52,	OPTN,	and	SQSTM1	were	significantly	
increased	but	NBR1	was	not	changed,	as	well	as	the	other	
results	of	immunofluorescence	and	western	blotting	with	
VDAC1-	GRP75-	ITPR3	complex	(Figure 3C;	Figure S4C).	
Directly,	 the	 results	 showed	 that	 Dcf1  significantly	 in-
creased	 the	 levels	 of	 the	 autophagic	 markers	 LC3-	II/
LC3-	I	and	BECN1	(Figure 3D).	Furthermore,	autophagy	
was	 validated	 performed	 by	 immunofluorescence	 and	
transmission	 electron	 microscopy	 (TEM).	The	 signals	 of	
autophagosome	(AP)-	associated	LC3	(GFP	puncta)	were	
significantly	 increased	 and	 AP	 puncta	 were	 less	 able	 to	
form	 in	 the	absence	of	Dcf1	overexpression	 (Figure 3E).	
TEM	 directly	 confirmed	 the	 increase	 in	 the	 number	 of	
Aps	(Figure 3F).	Interestingly,	we	also	observed	that	the	
APs	 were	 larger	 in	 the	 Dcf1	 overexpression	 group	 than	
in	the	control	group	(Figure 3F).	In	addition,	the	colocal-
ization	of	GFP-	LC3	and	mCherry-	LC3	was	observed	with	
pN1-	DsRed,	Dcf1	promoted	mCherry-	LC3	colocalization,	
but	few	GFP-	LC3	puncta	between	GFP-	LC3	and	mCher-
ry-	LC3,	 suggesting	 the	 existence	 of	 functional	 autolyso-
somes	and	the	fusion	of	APs	with	lysosomes	(Figure 3G).	
Meanwhile,	 the	 mitochondrial	 destruction	 and	 dysfunc-
tion	 with	 Dcf1	 to	 induce	 mitophagy	 via	 the	 PI3K/Akt/
MAPK/mTOR/Ulk1	pathway	(Figure 3D).42,43

3.4	 |	 Dcf1 disrupts the integrality of 
lysosomes and blocks autophagy

Intact	 autophagy	 involves	 the	 fusion	 of	 APs	 with	 lys-
osomes	to	form	mature	autolysosomes	that	the cargo	from	
autophagic	vesicles	were	degraded	via	lysosomal	enzymes,	
and	 autophagy	 malfunction	 can	 directly	 affect	 cancer	
cell	 survival.44,45	We	observed	that	Dcf1  significantly	de-
creased	the	number	of	 lysosomes	(Figure 4A),	disrupted	

the	integrality	of	lysosomes	and	obviously	enhancing	the	
permeability	of	the	lysosomal	membrane	(causing	lysoso-
mal	 membrane	 permeabilization,	 LMP;	 Figure  4B).	 For	
example,	V-	ATPase	and	TFEB	were	downregulated,	and	
the	 lysosomal	 inclusions	 Cathepsin	 D	 and	 Cathepsin	 B	
were	 upregulated	 (Figure  4C).	 The	 reduction	 V-	ATPase	
led	to	the	failure	of	establishment	and	maintenance	of	the	
lysosomal	lumen	pH	at	approximately	4.6	to	keep	the	ac-
tivity	of	most	 lysosomal	hydrolases,46,47	 the	inhibition	of	
TFEB	represses	the	biogenesis	of	lysosomes	and	increases	
the	formation	of	Aps.48,49	The	changes	in	lysosomal	struc-
ture	and	constitution	 induced	 the	 formation	 to	dysfunc-
tional	 lysosomes,	 sequentially,	 inhibiting	 the	 activity	 of	
hydrolases,	 increasing	 the	 release	 of	 lysosomal	 compo-
nents	into	cytosol	and	changing	lysosomal	inclusions.	As	
expected,	the	lysosome	pH	was	basic	(Figure 4D)	and	the	
activity	 of	 acid	 phosphatase	 was	 inhibited	 (Figure  5E),	
the	increases	in	lysosomal	pH	and	decreases	in	acid	phos-
phatase	activity	 lead	to	dysfunction	of	hydrolysis,	which	
hinders	degradation	and	 trafficking.50	Besides,	 the	west-
ern	blotting	results	of	Rab5	and	Rab7	in	tumor	tissue	were	
decreased,	it	implied	that	the	hydrolases	within	lysosomes	
from	endosomes	were	reduced	and	the	proper	function	of	
lysosome	was	hindered	(Figure S5A);	however,	Dcf1 sig-
nificantly	 increased	 the	 expression	 of	 EEA1,	 Rab5,	 and	
Rab7	 (Figure  S5B),	 suggesting	 that	 the	 sufficient	 supply	
of	hydrolases	to	lysosomes	from	endosomes.	Given	these	
finding,	we	concluded	that	Dcf1	disrupts	the	integrity	of	
lysosomes	in	glioblastoma	cells.	Moreover,	Dcf1	also	pro-
moted	 the	 fusion	 of	 lysosome	 to	 APs	 via	 enhances	 the	
expression	of	presenilin	1	 (PS1)	 (Figure 4F).51	However,	
Dcf1  suppressed	 lysosome-	associated	 membrane	 protein	
1	 (LAMP1)	 expression	 significantly	 and	 induced	 the	 ag-
gregation	 obviously	 (Figure  S5B,C),	 which	 hindered	 the	
formation	 of	 autolysosomes.52,53	 Due	 to	 the	 change	 of	
lysosome	membrane	protein	and	the	integrity	with	Dcf1,	
accelerated	 the	 release	 of	 inclusion	 in	 the	 lysosomal	
lumen	to	the	cytosol,	here,	we	observed	that	the	level	of	
lysosomal	 aspartyl	 protease,	 Cathepsin	 D,	 acid	 phos-
phatase,	 Cathepsin	 B	 in	 cytoplasm	 was	 increased	 after	
isolated	the	lysosome	from	glioblastoma	cells	(Figure 5G;	
Figure S5D,E,	indicated	by	the	arrow).

Then,	we	observed	that	the	Cathepsin	B	and	Cathepsin	
D	in	cytosol	promoted	the	cleavage	and	activation	of	BID	
(Figure  4H),	 which	 could	 promote	 the	 mitochondrial	
release	 of	 proapoptotic	 factors	 into	 the	 cytosol	 to	 trig-
ger	 apoptosis	 sequentially.	 And	 the	 reduction	 in	 Bcl-	2	
(Figure 4F)	resulted	to	the	opening	of	the	mitochondrial	

F I G U R E  3  Dcf1	activated	mitophagy	in	glioblastoma	cellss.	(A)	PARL	expression	determined	by	Western	blotting	(n = 4).	(B)	Western	
blotting	results	for	mitophagy	receptors	(n = 4).	(C)	Immunofluorescence	image	of	mitophagy.	(D)	Western	blotting	of	LC3-	II/LC3-	I	(n = 4).	
(E)	Representative	images	of	GFP-	LC3	puncta	in	glioblastoma	cells.	(F)	Ultrastructural	evidence	showing	elevated	autophagy	levels	in	
glioblastoma	cells.	(G)	Dcf1	promoted	the	fusion	of	APs	and	lysosomes.	Scale	bars:	50 μm.	Data	were	presented	as	mean ± SEM.	Significance	
between	every	two	groups	was	calculated	by	the	Student's	t-	test.	*p < 0.05,	**p < 0.01
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voltage-	dependent	anion	channel	(VDAC),	which	leaded	
to	 the	 loss	of	membrane	potential	and	the	release	of	cy-
tochrome	 C	 into	 the	 cytosol	 to	 execute	 the	 process	 of	
apoptosis.54

3.5	 |	 Dcf1 inhibits the viability and 
promotes glioblastoma cells apoptosis

We	 have	 proved	 that	 the	 enhanced	 expression	 of	 Dcf1	
destabilized	the	genetic	materials,	resulted	to	DNA	dam-
age,	and	caused	mitochondria	to	inhibit	the	ATP	genera-
tion	and	induced	mitophagy,	then	also	caused	the	damage	
to	 lysosome	 that	 blocked	 the	 process	 of	 autophagy	 and	
increased	the	release	of	lysosomal	inclusion	into	cytosol,	

cleaved	 and	 activated	 BID.	 Hence,	 we	 explored	 the	 via-
bility	of	glioblastoma	cells	with	Dcf1.	First,	we	observed	
that	Dcf1 significantly	reduced	the	proliferation	rate	and	
migratory	 capacity	 of	 glioblastoma	 cells	 (Figure  S6A),	
which	are	critical	characteristics	for	cell	mobility	and	ab-
sorbability	(Figure S6B,C).	In	addition,	Dcf1 significantly	
inhibited	the	invasion	and	metastasis	of	glioblastoma	cells	
(Figure S6D,E).	On	 the	other	hand,	Dcf1	 failed	 to	arrest	
the	 cell	 cycle	 (Figure  S6F)	 but	 clearly	 induced	 glioblas-
toma	 cells	 to	 undergo	 apoptosis	 (Figure  S6G,H).	 These	
results	reveal	that	overexpression	of	Dcf1	is	crucial	for	the	
regulation	of	the	viability	of	glioblastoma.

Besides,	 we	 wondered	 that	 whether	 Dcf1	 was	 bene-
ficial	 for	 inducing	 glioblastoma	 cells	 to	 undergo	 cellular	
senescence	 and	 cellular	 death,	 because	 of	 the	 decreased	

F I G U R E  4  Dcf1	disrupted	the	integrity	of	lysosomes	and	blocked	the	process	of	autophagy.	(A)	Representative	images	of	LysoTracker	
Red	staining.	(B)	Representative	images	and	summary	of	the	results	of	lysosome	staining	with	acridine	orange.	(C)	Western	blotting	
detection	of	lysosomal	proteins	(n = 4).	(D)	Image	of	pH	determination	via	flow	cytometry.	(E)	Detection	of	acid	phosphatase	activity	with	
an	acid	phosphatase	kit	(n = 4).	(F)	Western	blotting	detection	of	PS1	(n = 4).	(G)	Western	blotting	detection	of	Cathepsin	B	and	Cathepsin	
D	release	from	lysosomes	into	the	cytosol	(n = 3).	(H)	Western	blotting	detection	of	cleaved	BID	and	Bcl-	2	(n = 4).	Scale	bars:	50 μm.	
Data	were	presented	as	mean ± SEM.	Significance	between	every	two	groups	was	calculated	by	the	Student's	t-	test.	*p < 0.05,	**p < 0.01,	
***p < 0.001

F I G U R E  5  Dcf1	regulated	apoptosis	
of	glioblastoma	cells	via	the	extrinsic	
death	receptor	apoptotic	pathway.	(A)	
Western	blotting	detection	of	apoptosis-	
related	proteins	(n = 4).	(B)	Western	
blotting	detection	of	the	extrinsic	death	
receptor	apoptosis	pathway	(n = 4).	
Data	were	presented	as	mean ± SEM.	
Significance	between	every	two	groups	
was	calculated	by	the	Student's	t-	test.	
*p < 0.05,	**p < 0.01,	***p < 0.001
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expression	 of	 HistoneH2A	 and	 destabilization	 of	 chro-
matin	to	affected	the	transcription	and	translation	within	
the	 glioblastoma	 cells.55	 Surprisingly,	 Dcf1	 was	 not	 ca-
pable	 of	 promoting	 the	 glioblastoma	 cell	 senescence	
(Figure  S7A,B).	 Meanwhile,	 we	 observed	 that	 Dcf1	 en-
hanced	the	expression	of	proapoptotic	factors	and	inhib-
ited	 the	expression	of	antiapoptotic	 factors;	 for	example,	
it	 decreased	 the	 phosphorylation	 of	TP53;	 enhanced	 the	
expression	 of	 PTEN,	 Cyto	 C	 and	 Bax;	 and	 inhibited	 the	
expression	 of	 antiapoptotic	 proteins	 survivin	 and	 Bcl-	2	
(Figures 4G	and	5A).	The	decreases	of	survivin	and	Bcl-	2	
favored	 direct	 activation	 of	 caspase-	3/-	7,	 bound	 to	 pro-	
caspase-	9,	and	promoted	the	recruitment	of	Apaf-	1	to	pro-
mote	apoptosis.	Thus,	these	decreases	drove	glioblastoma	
cells	to	undergo	apoptosis.	Then,	we	identified	that	the	de-
struction	and	dysfunction	of	mitochondria	and	the	block-
ade	of	autophagy	regulated	glioblastoma	cells	apoptosis	via	
the	extrinsic	death	receptor	apoptosis	 signaling	pathway.	
The	 levels	of	TRAIL,	Fas	and	their	corresponding	recep-
tor	and	PDGF,	PDGFR,	and	TRAIL,	TRAIL-	R,	Fas,	PDGF-	-
A/B	and	TRADD	showed	significant	activation;	however,	
PDGFR-	β	was	downregulated.	These	results	suggested	that	
Dcf1	induced	apoptosis	in	glioblastoma	cells	via	the	extrin-
sic	death	receptor	apoptosis	signaling	pathway	(Figure 5B;	
Figure  S8).	 Downstream	 of	 this	 pathway,	 TRAIL-	R,	 Fas	
and	TNF-	α-	R1	bound	to	the	cytosolic	Fas-	associated	death	
domain	adaptor	protein	(FADD;	Figure 5B),	and	the	apop-
tosis	 initiators	 procaspase-	8	 and/or	 procaspase-	10	 were	
bound	 to	 activated	 FADD,	 completing	 the	 formation	 of	
death-	inducing	 signaling	 complexes	 (DISCs).	Within	 the	
DISCs,	procaspase-	8	and	procaspase-	10	were	activated	via	
homodimerization	and	cleaved	and	activated	procaspase-	3	
and	procaspase-	7	into	active	caspase-	3,	caspase-	7	and	the	
granzyme-	B	 (GZMB),	 eventually	 resulting	 in	 apoptosis	
of	 the	 target	 cells.	 Caspase-	3,	 caspase-	7,	 and	 GZMB	 are	
the	executors	of	apoptosis	and	induce	change	in	tubulin,	
Mcl-	1,	Lamin	A/C,	PARP	and	ICAD	(Figure S8).	Increase	
of	tubulin	enhanced	the	formation	of	nuclear	complexes	
between	tubulin	and	TUBGCP3	to	promote	the	effects	of	
the	CDK5	regulatory	subunit-	associated	tumor	suppressor	
protein	3	(TP53)	on	DNA	damage	in	glioblastoma	cells,56	
which	work	synergistically	to	induce	the	apoptosis	of	glio-
blastoma	cells.	Collectively,	the	finding	indicated	that	Dcf1	
blocked	the	process	of	autophagy	and	broke	down	the	cel-
lular	homeostasis	to	induce	cells	into	apoptosis.

4 	 | 	 DISCUSSION

Despite	the	myriad	of	studies	that	have	focused	on	eluci-
dating	 the	 molecular	 mechanisms	 of	 glioblastoma	 with	
available	 technologies	 from	 various	 perspectives,57–	59	 the	
mechanisms	 are	 still	 far	 from	 clear,	 and	 the	 results	 of	

treatment	 have	 been	 disappointed.	 In	 this	 study,	 we	 col-
lected	 a	 cohort	 of	 glioblastoma	 tissues,	 combining	 cases	
from	published	gene	microarray	datasets.	We	 found	 that	
Dcf1	 can	 affect	 the	 viability	 of	 glioblastoma	 cells	 in	 vari-
ous	ways,	 such	as	by	 inhibiting	 invasion,	migration,	and	
proliferation	and	inducing	glioblastoma	cell	apoptosis.	We	
applied	an	 iTRAQ-	based	proteomics	approach	 to	explore	
further	 molecular	 mechanisms.	 Bioinformatics	 analysis	
revealed	that	DEPs	occurred	in	critical	molecular	and	sig-
nal	 pathways	 that	 regulate	 different	 biological	 processes	
or	 organelle	 interactions.	 We	 observed	 that	 Dcf1	 desta-
bilized	 genetic	 material	 by	 decreasing	 the	 expression	 of	
HistoneH2A.X	 to	 affect	 the	 structure	 of	 the	 nucleosome	
and	inhibiting	the	binding	of	HistoneH2A.X	with	UBA52	to	
recruit	the	DNA	repair	complex,	which	induced	the	desta-
bilization	 of	 genetic	 materials	 and	 a	 decrease	 in	 mtDNA	
copy	number	and	inhibited	the	biogenesis	of	mitochondria	
via	the	SIRT1/SIRT3-	PGC1α-	NRF1-	TFAM	pathway.	As	a	
result,	 Dcf1	 induced	 destruction	 of	 the	 glioblastoma	 cell	
mitochondrial	 structure,	 resulting	 in	 mitochondrial	 dys-
function	that	hindered	ATP	production.	The	mitochondrial	
damage	 caused	 glioblastoma	 cells	 to	 undergo	 autophagy	
preferentially	by	downregulating	the	expression	of	PARL	
and	changing	the	ratio	of	BECN1/Bcl-	2	and	the	process	of	
mitophagy	was	regulated	by	the	PI3K/Akt/MAPK/mTOR/
Ulk1	pathway.	However,	Dcf1	also	destroyed	the	integrity	
of	the	lysosomal	membrane	by	increasing	LAMP1	expres-
sion	and	changed	the	constitution	of	lysosomal	membrane	
proteins.	Appropriate	function	was	therefore	unable	to	be	
maintained	 in	 the	 lysosomal	 lumen,	which	 inhibited	 the	
degradation	 of	 autolysosomes	 and	 increased	 the	 release	
of	 Cathepsin	 B	 and	 Cathepsin	 D	 into	 the	 cytosol	 lumen.	
Cathepsin	B	and	Cathepsin	D	release	into	the	cytosol	pro-
moted	 the	 cleavage	 and	 activation	 of	 BID,	 and	 Dcf1	 also	
decreased	the	expression	of	Bcl-	2	to	induce	the	release	of	
proapoptotic	factors	and	enhance	the	levels	of	cancer	sup-
pressors.	Finally,	Dcf1	induced	apoptosis	via	extrinsic	the	
death	receptor	apoptosis	signaling	pathway	and	caused	the	
glioblastoma	cell	processed	toward	death.

Previous	 studies	 have	 demonstrated	 that	 autophagy	
and	apoptosis	collaborate	to	control	the	survival	and	devel-
opment	of	cancer	cells.16,60	Where	and	when	autophagy	or	
apoptosis	arises	or	dominates	in	different	cancer,the	sub-
tle	 changes	 in	 interactions	 between	 different	 organelles,	
such	 as	 interactions	 of	 mitochondria	 associated	 mem-
branes	(MAMs)	with	the	ER	and	lysosomes	that	respond	
to	 endogenous	 or	 exogenous	 changes;	 and	 the	 precise	
pathway	 that	 controls	 apoptosis	 or	 autophagy	 is	 poorly	
understood.	 Here,	 we	 observed	 that	 Dcf1	 preferentially	
induced	 glioblastoma	 cells	 to	 undergo	 apoptosis	 via	 au-
tophagy.	However,	we	could	not	conclude	which	change	
occurred	first	or	whether	they	were	simultaneous	in	this	
study	and	need	further	exploration	to	be	conducted.
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While	this	work	was	in	progress,	we	became	aware	of	
another	 study	 on	 the	 complex	 signal	 network,58	 but	 the	
tumor	 microenvironment	 was	 markedly	 different	 from	
those	 of	 tissue-	derived	 glioblastoma	 cells,	 which	 might	
have	 important	 effect	 on	 the	 experimental	 results	 com-
pared	 to	 cell	 lines.	 It	 is	 obvious	 that	 further	 improve-
ments	in	culture	and	transplantation	conditions	(possibly	
through	 many	 efforts	 to	 mimic	 real-	life	 environments)	
will	 be	 essential	 steps	 for	 enhanced	 understanding	 and	
potential	 clinical	 development.	 Nevertheless,	 our	 study	
provides	insights	into	the	complex	regulation	that	occurs	
during	glioblastoma,	 in	which	host	defenses	system	and	
other	 processes,	 such	 as	 the	 mitochondrial	 metabolism,	
are	switched	on/off.61,62

Eradication	 of	 tumors	 with	 appropriate	 external	
stimuli	 might	 be	 a	 better	 alternative	 therapeutic	 strat-
egy	for	patients	in	whom	standard	therapies	have	failed.	
Although	 the	 targets	 of	 glioblastoma	 are	 uncertain,	 our	
study	established	that	Dcf1	 is	a	potential	suppressor	and	
candidate	target	for	glioblastoma	treatment	with	both	ge-
netic	and	biological	evidence,	providing	new	information	
with	which	to	understand	mitochondrial	 function,	auto-
phagy,	and	lysosomal	function	in	glioblastoma	pathology.

5 	 | 	 CONCLUSION

In	 summary,	 primary	 glioblastoma	 cells	 were	 isolated	
from	grade	IV	human	glioblastoma	tissues.	We	found	that	
Dcf1	was	downregulated	without	mutation,	and	overex-
pression	 of	 Dcf1	 inhibited	 the	 viability	 of	 glioblastoma	
cells	significantly.	We	identified	that	the	overexpression	
of	Dcf1 has	destructive	effects	on	genetic	materials	stabil-
ity	and	inhibitive	effects	on	cellular	energy	supply	with	
iTRAQ	sequencing.	Dcf1	destabilized	the	structure	of	the	
nucleosome	via	downregulating	HistoneH2A.X	and	the	
binding	to	UBA52	but	not	macroH2A	or	HistoneH2A.Z,	
which	 induced	 DNA	 damage	 and	 inhibit	 the	 recruit-
ment	of	DNA	repair	complex,	decreased	 the	mitochon-
drial	 DNA	 copy	 number,	 inhibited	 the	 mitochondrial	
biogenesis	 and	 induced	 mitochondrial	 destruction	 and	
dysfunction,	 thus	 causing	 the	 inhibition	 of	 cellular	 en-
ergy	 generation	 and	 inducing	 mitophagy	 preferentially	
but	not	apoptosis.	Meanwhile,	Dcf1	disrupted	the	integ-
rity	of	lysosomes	to	block	autolysosome	degradation	and	
autophagy	and	to	increase	the	release	of	lysosomal	con-
tent	into	cytosol,	these	contributed	to	inhibit	the	survival	
of	 glioblastoma	 via	 increasing	 the	 apoptosis	 (Graphical	
abstract).
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