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Abstract
Objectives: Targeting	 the	deubiquitinases	 (DUBs)	has	become	a	promising	avenue	
for	anti-cancer	drug	development.	However,	the	effect	and	mechanism	of	pan-DUB	
inhibitor,	PR-619,	on	oesophageal	squamous	cell	carcinoma	(ESCC)	cells	remain	to	be	
investigated.
Materials and Methods: The	effect	of	PR-619	on	ESCC	cell	 growth	and	cell	 cycle	
was	evaluated	by	CCK-8	and	PI	staining.	Annexin	V-FITC/PI	double	staining	was	per-
formed	to	detect	apoptosis.	LC3	immunofluorescence	and	acridine	orange	staining	
were	applied	to	examine	autophagy.	Intercellular	Ca2+ concentration was monitored 
by	Fluo-3AM	fluorescence.	The	accumulation	of	ubi-proteins	and	the	expression	of	
the	endoplasmic	reticulum	(ER)	stress-related	protein	and	CaMKKβ-AMPK	signalling	
were determined by immunoblotting.
Results: PR-619	could	inhibit	ESCC	cell	growth	and	induce	G2/M	cell	cycle	arrest	by	
downregulating	cyclin	B1	and	upregulating	p21.	Meanwhile,	PR-619	 led	 to	 the	ac-
cumulation	of	ubiquitylated	proteins,	 induced	ER	stress	and	triggered	apoptosis	by	
the	ATF4-Noxa	axis.	Moreover,	the	ER	stress	increased	cytoplasmic	Ca2+ and then 
stimulated autophagy through Ca2+-CaMKKβ-AMPK	 signalling	 pathway.	 Ubiquitin	
E1	inhibitor,	PYR-41,	could	reduce	the	accumulation	of	ubi-proteins	and	alleviate	ER	
stress,	G2/M	cell	cycle	arrest,	apoptosis	and	autophagy	in	PR-619-treated	ESCC	cells.	
Furthermore,	 blocking	 autophagy	by	 chloroquine	or	bafilomycin	A1	enhanced	 the	
cell	growth	inhibition	effect	and	apoptosis	induced	by	PR-619.
Conclusions: Our	findings	reveal	an	unrecognized	mechanism	for	the	cytotoxic	ef-
fects	of	general	DUBs	 inhibitor	 (PR-619)	 and	 imply	 that	 targeting	DUBs	may	be	a	
potential	anti-ESCC	strategy.
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1  | INTRODUC TION

Oesophageal cancer is one of the common malignancies with high 
mortality rates in the world.1,2	Histologically,	oesophageal	squamous	
cell	carcinoma	(ESCC)	is	the	primary	subtype	in	Asia,	including	China.	
Although	there	are	rapid	developments	in	diagnosis	and	therapies,	
the	 prognosis	 of	 oesophageal	 cancer	 patients	 is	 still	 abysmal,	 and	
the 5-year relative survival rates are only 30% in China1 and 19% 
worldwide.2	Therefore,	it	is	crucial	to	investigate	the	mechanism	of	
cancer progression and find novel candidates for targeted therapeu-
tic strategies.

Deubiquitinases	 (DUBs)	 are	 essential	 components	of	 the	ubiq-
uitin-proteasome	system	(UPS).	By	hydrolysing	the	isopeptide	bond	
that	present	at	the	C-terminus	of	ubiquitin	molecule,	DUBs	remove	
ubiquitin	 chains,	 regulate	 the	 activation	 and	 localization	 of	 target	
proteins and thus participate in the regulation of various cellular 
processes	including	apoptosis,	senescence	and	autophagy.3,4 Recent 
reports	 showed	 that	many	DUBs	 overexpressed	 in	 solid	 tumours,	
leukaemias and myelomas.5-8	 USP14	 overexpressed	 in	 epithelial	
ovarian	cancer,9	colorectal	cancer,10 lung cancer11 and oesophageal 
cancer,12,13 and it was closely related to more inferior overall survival 
rate	and	prognosis.	The	increased	expression	of	USP7/HAUSP	was	
also	reported	to	participate	in	the	development	of	multiple	cancers,	
such	 as	multiple	myeloma,14	 oesophageal	 cancer,15 gliomas 16 and 
ovarian cancer.17,18 The relationship between abnormally activated 
or	expressed	of	DUBs	and	cancers	was	reviewed	in	detail	in	several	
recent papers.5-8 These reviews highlight that DUBs represent novel 
candidate targets for drug development.

Inactivation of DUBs by inhibitors showed promising antitumour 
activity in multiple tumours. Chauhan et al14 discovered that P5091 
was	a	specific	inhibitor	of	deubiquitylating	enzyme	USP7.	P5091	sig-
nificantly	inhibited	cell	growth	of	ovarian	cancer,19 oesophageal can-
cer15 and colorectal cancer20	in	vitro	and	in	vivo.	Meanwhile,	P5091	
induced apoptosis in multiple myeloma cells resistant to conven-
tional	and	Bortezomib	therapies.14	D´Arcy	et al	first	reported	b-AP15	
and	 described	 it	 as	 an	 inhibitor	 of	 USP14	 and	 UCH37/UCHL5.21 
And	 then,	 b-AP15	was	 identified	 as	 an	 anti-cancer	 deubiquitinase	
inhibitor in many cancers.13,22-24 Using activity-based chemical pro-
teomics,	Altun	 et al	 characterized	 the	 small	molecule	 PR-619	 as	 a	
broad-range DUB inhibitor.25	PR-619	 treatment	 led	 to	 the	striking	
accumulation	of	poly-ubiquitinated	proteins	and	components	of	the	
26S	proteasome	complex	without	direct	impairment	of	proteasomal	
proteolysis.25	Subsequently,	PR-619	was	widely	used	to	investigate	

the	role	of	ubiquitination	in	various	cell	and	physiological	processes.	
PR-619	participated	in	the	trafficking	of	Ca2+-activated	K+ channel 
(KCa3.1),26	 dynein	 localization	 during	 mitosis,27 oocytes mature28 
and	HIV-1	replication.29	PR-619	affected	the	microtubule	network	
and caused protein aggregation in neural cells.30	Administration	of	
PR-619	 attenuated	 renal	 fibrosis	 in	 vitro	 and	 in	 vivo	 by	 reducing	
Smad4	expression.31	PR-619	induced	autophagy	in	oligodendroglia	
cells32	and	sensitized	normal	human	fibroblasts	to	TRAIL-mediated	
cell death.33	More	 recently,	 Kuo	 et al	 reported	 that	 PR-619	 could	
effectively	 induce	 dose-	 and	 time-dependent	 cytotoxicity	 and	 ER	
stress-related apoptosis in metastatic bladder urothelial carcinoma 
(UC)	and	potentiate	cisplatin-induced	cytotoxicity	in	UC.34	However,	
little	 is	known	about	the	effects	and	mechanism	of	PR-619	on	oe-
sophageal cancer cells.

Here,	we	found	that	PR-619	treatment	 inhibited	oesophageal	
squamous	 cell	 carcinoma	 cell	 growth	 and	 led	 to	G2/M	cell	 cycle	
arrest	 by	 reducing	 the	 expression	 of	 cyclin	 B1	 and	 upregulating	
the	 protein	 level	 of	 p21.	 Meanwhile,	 PR-619	 treatment	 induced	
accumulation	of	ubiquitinated	proteins	that	could	cause	ER	stress	
and	 triggered	 apoptosis	 by	 the	 ATF4-Noxa	 axis.	 Moreover,	 the	
ER stress increased the level of cellular Ca2+ concentration and 
then stimulated protective autophagy through Ca2+-CaMKKβ-
AMPK	pathway.	CaMKKβ	 inhibitor	STO-609	and	AMPK	 inhibitor	
Compound	C	 (CC)	could	 inactivate	AMPK	and	attenuate	 the	 for-
mation	of	autophagy	in	ESCC	cells.	Ubiquitin	E1	inhibitor,	PYR-41,	
could	 reduce	 the	 accumulation	 of	 ubiquitinated	 proteins	 and	 al-
leviate	 ER	 stress,	 G2/M	 cell	 cycle	 arrest,	 apoptosis	 and	 autoph-
agy.	 Furthermore,	 blocking	 autophagy	 with	 chloroquine	 (CQ)	 or	
bafilomycin	 A1	 (BafA1)	 enhanced	 the	 cell	 growth	 inhibition	 and	
apoptotic	effect	of	PR-619	in	ESCC	cell	lines.	These	findings	reveal	
an	 unrecognized	mechanism	 for	 the	 cytotoxic	 effects	 of	 general	
DUBs	inhibitor	(PR-619)	and	indicate	that	targeting	DUBs	may	be	a	
potential	anti-ESCC	strategy.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and regents

Human	 oesophageal	 squamous	 cell	 carcinoma	 cell	 line	 Kyse30,	
Kyse450,	EC1	and	EC109	were	cultured	in	DMEM	(BI)	medium	con-
taining	10%	FBS	(BI)	at	37℃ with 5% CO2.	PR-619	(a	pan-DUB	in-
hibitor),	STO-609	(a	CaMKK	inhibitor),	Compound	C	(CC)	(an	AMPK	

F I G U R E  1  PR-619	inhibited	oesophageal	cancer	cell	growth,	colony	formation	and	induced	cell	cycle	arrest.	A,	Effect	of	PR-619	on	the	
viability	of	four	ESCC	cells,	Kyse450,	Kyse30,	EC1	and	EC109.	Cells	were	treated	with	0.1%	DMSO	or	PR-619	for	48	h,	and	viability	was	
detected	with	the	CCK-8	kit.	IC50	was	calculated	by	SPSS	software	(version).	B,	Efficacy	of	PR-619	on	colony	formation	of	ESCC	cells.	ESCC	
cells	were	treated	with	PR-619	at	different	concentrations	for	10	d	and	then	fixed,	stained	and	counted	as	described	in	the	Materials	and	
Methods	section.	Colons	were	captured	as	shown	in	the	left	panel,	and	colony	number	was	statistically	analysed,	as	shown	in	the	right	panel.	
C,	PR-619	triggered	G2/M	cell	cycle	arrest	in	oesophageal	cancer	cells.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	at	different	
concentrations	for	24	h,	followed	by	PI	staining	and	FACS	analysis	for	cell	cycle	profile	(left	panel).	Distribution	was	analysed	by	Modifit	and	
GraphPad	software	(right	panel).	D,	Effect	of	PR-619	on	the	expression	of	cell	cycle-related	proteins.	Kyse30	and	Kyse450	cells	were	treated	
with	PR-619	at	indicated	concentrations	and	subjected	to	Western	blotting	subsequently.	GAPDH	was	used	as	the	loading	control.	All	data	
were	representative	of	at	least	three	independent	experiments	(n	=	3;	error	bar,	SD)
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inhibitor)	 and	 PYR-41	 (a	 ubiquitin	 E1	 inhibitor)	 were	 purchased	
from	 MedChemExpress	 (MCE)	 and	 dissolved	 in	 dimethyl	 sulfox-
ide	 (DMSO).	Chloroquine	 (CQ)	was	 purchased	 from	Sigma-Aldrich	
and	was	dissolved	 in	phosphate-buffered	saline	 (PBS).	Bafilomycin	
A1(BafA1)	 was	 purchased	 from	 Sigma-Aldrich	 and	 dissolved	 in	
DMSO.

2.2 | Cell viability and colony assay

ESCC	cell	lines	Kyse30,	Kyse450,	EC1	and	EC109	were	seeded	into	
96-well	plates	and	treated	with	PR-619	or	DMSO	(0.1%)	for	48	hours.	
Cell	 viability	 was	 detected	 using	 the	 Cell	 Counting	 Kit-8	 (CCK-8)	
kit	 (Beyotime	 Institute	 of	 Biotechnology,	 China).	 Cell	 growth	 was	
also	examined	by	colony	 formation	assay.	Five	hundred	cells	were	
seeded	 into	 6-well	 plates	 in	 triplicate,	 treated	with	 DMSO	 (0.1%)	
or	PR-619	and	then	incubated	for	10	days.	The	colonies	were	fixed	
with	4%	paraformaldehyde	(Solarbio,	China)	and	stained	with	crystal	
violet	(Beyotime,	China).	Colonies	comprising	50	cells	or	more	were	
counted as previously described.35

2.3 | Cell cycle analysis

Kyse30	and	Kyse450	cells	were	treated	with	DMSO	(0.1%)	or	PR-619	
for	24	hours,	respectively.	Cells	were	collected,	fixed	with	70%	alco-
hol,	stained	with	propidium	iodide	(PI)	solution	(50	μg/mL)	(Solarbio,	
China)	 containing	50	μg/mL	RNase	A	 (Solarbio,	China)	 at	37˚C	 for	
30	 minutes	 and	 detected	 by	 flow	 cytometry	 (Becton	 Dickinson	
FACScan;	 Becton-Dickinson,	 San	 Jose,	 CA,	USA).	 Each	 phase	 dis-
tribution	was	analysed	by	ModFit	LT	3.1	software	(Verity	Software	
House,	Inc,	Topsham,	ME,	USA).

2.4 | Detection of apoptosis and the activity of 
caspase3 (CASP3)

Kyse30	 and	 Kyse450	 cells	 were	 treated	 with	 DMSO	 (0.1%)	 or	
PR-619	 for	 48	 hours,	 respectively.	 Apoptosis	was	 determined	 by	
Annexin	 V/Fluorescein	 Isothiocyanate	 (FITC)/PI	 Apoptosis	 kit	
(Tianjin	 Sungene	 Biotech	 Co.,	 Ltd.,	 China),	 and	 Annexin	 V+ cells 
were	collected	as	apoptotic	cells.	The	activity	of	CASP3	was	meas-
ured	by	 the	CaspGLOW	Fluorescein	Active	Caspase3	Staining	kit	

(BioVision,	Inc,	Milpitas,	CA,	USA)	according	to	the	manufacturer's	
instruction.

2.5 | Evaluation of mitochondrial membrane 
depolarization

Kyse30	 and	 Kyse450	 cells	were	 treated	with	DMSO	 or	 PR-619	 for	
24	 hours,	 respectively.	Mitochondrial	membrane	depolarization	was	
detected with the mitochondrial membrane potential assay kit with 
JC-1	 according	 to	 the	 manufacturer's	 protocol	 (Yeasen	 Inc,	 China).	
The	data	were	acquired	and	analysed	by	 flow	cytometry.	Cells	with	
intact mitochondria displayed high red fluorescence and appeared in 
the	upper	right	quadrant	of	the	scatterplots.	In	contrast,	cells	that	had	
lost	mitochondrial	membrane	potential	 (MMP)	appeared	 in	 the	 right	
lower	quadrant	displaying	highlighted	green	and	low	red	fluorescence.

2.6 | Western blotting assay

Kyse30	and	Kyse450	cells	were	treated	with	DMSO	or	PR-619d	for	
48	hours,	respectively.	Cell	lysates	were	prepared	for	Western	blotting	
analysis,	with	antibodies	against	p21,	p-WEE1	(Ser642),	WEE1,	Cyclin	
B1,	 p-Histone	 H3	 (Ser10),	 Cdc25c,	 ATF4,	 BiP,	 p-ACC(Ser79),	 ACC,	
LC3,	p-eIF2α	(Ser51),	eIF2α,	FOXO3a,	cleaved	CASP9,	cleaved	CASP3,	
cleaved	PARP,	PARP,	Bax,	Bak,	Bcl-xl,	Mcl-1,	XIAP,	CIAP1,	CIAP2	(Cell	
Signaling	Technology,	Inc,	Boston,	MA),	Noxa	(Millipore,	Billerica,	MA),	
c-Myc	and	Ub	(Santa	Cruz	Biotechnology,	Santa	Cruz,	CA),	HIF-1α and 
AMPKα	 (Abgent,	 Shanghai,	China),	 p-AMPKα	 (Thr172),	Histone	H3,	
Capase3	and	Capase9	(Beyotime,	China).	GAPDH,	Tubulin	and	β-actin 
were	used	as	loading	controls.	All	the	primary	antibodies	were	diluted	
in	 1:1000	 and	 incubated	 at	 4˚C	 overnight.	 After	washed	with	 Tris-
Buffered	Saline	Tween-20	(TBST),	the	membrane	was	incubated	with	
secondary	antibodies	peroxidase-conjugated	goat	anti-mouse	IgG	or	
peroxidase-conjugated	goat	anti-rabbit	IgG	(diluted	in	1:3000,	ZGSB-
Bio,	Inc,	China)	for	2	hours	at	room	temperature.	Then,	the	membrane	
was	detected	using	an	ECL	Kit	(Beyotime,	China).

2.7 | Gene silencing using siRNA

Kyse30	 and	 Kyse450	 cells	 were	 transfected	 with	 siRNA	 oli-
gonucleotides	 (final	 concentration:	 100	 nmol/L)	 synthesized	

F I G U R E  2  PR-619	induced	intrinsic	apoptosis.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	for	48	h.	A,	Apoptosis	was	
determined	by	FACS	analysis	using	Annexin	V-FITC/PI	double-staining	kit	(left	panel),	and	Annexin	V+ cell populations were defined as 
apoptosis	(right	panel).	B,	CASP3	activity	was	also	analysed	with	FACS	(left	panel).	The	percentage	of	cells	with	active	caspase3	was	shown	
in	the	right	panel.	C,	PR-619	induced	mitochondrial	membrane	depolarization.	Cells	were	treated	with	PR-619	and	analysed	by	FACS	as	
described	in	Materials	and	Methods	section.	D,	Effect	of	PR-619	on	the	expression	of	apoptotic	proteins,	pro-apoptotic	and	anti-apoptotic	
proteins.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	for	48	h,	and	cell	extracts	were	prepared	for	Western	blotting	analysis.	
GAPDH	was	used	as	the	loading	control.	All	data	were	representative	of	at	least	three	independent	experiments	(n	=	3;	error	bar,	SD)
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by	 GenePharma	 (Shanghai	 GenePharma	 Co.	 Ltd,	 China)	 using	
Lipofectamine	8000	(Beyotime,	China).	The	sequences	of	the	siRNA	
were	 as	 follows:	 siNoxa:	 GUAAUUAUUGACACAUUUC35;	 siATF4:	
GCCUAGGUCUCUUAGAUGA35;	 siControl:	 UUCUCCGAACGUGU 
CACGU.

2.8 | Acridine orange (AO) staining for 
autophagy detection

Acridine	orange	staining	was	performed	to	detect	autophagy	accord-
ing to published protocol.36,37	Briefly,	cells	were	treated	with	DMSO	
or	PR-619	 (8	µmol/L)	 for	24	hours	and	stained	with	acridine	orange	
(Solarbio,	China)	 in	PBS	containing	5%	FBS	at	37°C	 for	30	minutes.	
Cells were washed and observed under fluorescence microscopy 
(magnification:	200×;	Nikon,	Nikon	Inc,	Tokyo,	Japan).	The	formation	
of	acidic	vesicular	organelles	(AVOs)	was	examined	under	fluorescence	
microscopy.	 AVOs,	 such	 as	 autolysosomes,	 were	 orange/red.	 Non-
AVO	areas	(cytoplasm,	nucleus,	and	nucleolus)	were	green.

2.9 | LC3 Immunofluorescence staining

Kyse30	and	Kyse450	cells	were	plated	on	a	glass-bottom	cell	culture	
dish	and	treated	with	0.1%	DMSO	or	PR-619	(8	µmol/L)	for	24	hours.	
Cells	were	fixed	with	methanol	at	−20°C	for	30	minutes,	blocked	by	
5%	BSA	and	then	incubated	with	LC3	primary	antibody	(1:200,	over-
night at 4℃)	 (Cell	Signaling	Technology,	Inc,	Boston,	MA)	and	Alexa	
Fluor®	488	Goat	Anti-Rabbit	IgG	(H	+	L)	secondary	antibody	(green)	
(1:500,	2	hours	at	room	temperature)	(Beyotime,	China),	respectively.	
The	nuclei	were	stained	by	DAPI	(blue)	(5	μg/mL,	20	minutes	at	room	
temperature)	 (Beyotime,	 China).	 Images	 were	 captured	 using	 fluo-
rescence	microscopy	(magnification:	200×;	Nikon,	Nikon	Inc,	Tokyo,	
Japan).

2.10 | Measurement of intracellular Ca2+

The levels of intracellular Ca2+	were	detected	using	the	Fluo-3	AM	
fluorescence	working	solution	(Beyotime,	China)	as	the	 instruction	

described.	 In	 brief,	 Kyse30	 and	 Kyse450	 cells	 were	 treated	 with	
DMSO	or	PR-619	for	24	hours,	and	Fluo-3	AM	fluorescence	work-
ing	solution	was	added	to	cells	at	37℃ for another 30 minutes. Cells 
were	washed	three	times	with	PBS	buffer,	and	pictures	were	cap-
tured	 using	 fluorescence	microscopy	 (magnification:	 200×;	 Nikon,	
Nikon	Inc,	Tokyo,	Japan).	Intercellular	Ca2+ concentration was moni-
tored by flow cytometry.

2.11 | Statistical analysis

The statistical significance of differences between groups was as-
sessed	using	GraphPad	Prism5	software.	 (GraphPad	Software,	 Inc,	
La	 Jolla,	CA,	USA).	The	 t test was used for the comparison of pa-
rameters	between	groups.	For	all	tests,	*	represented	the	difference	
between the two groups was significant.

3  | RESULTS

3.1 | PR-619 suppressed the growth of ESCC cells

As	suggested,	PR-619	inhibited	the	majority	of	DUBs	at	a	concentra-
tion of 5-20 μmol/L.25	So,	we	examined	 the	anti-ESCC	efficacy	of	
PR-619	at	a	concentration	of	2-20	μmol/L.	Results	showed	that	PR-
619	inhibited	the	growth	of	ESCC	cells	Kyse30,	Kyse450,	EC1	and	
EC109,	as	evidenced	by	dose-dependent	inhibition	of	cell	prolifera-
tion	(Figure	1A)	and	colony	formation	(Figure	1B).

3.2 | PR-619 induced G2 phase cell cycle arrest in 
oesophageal cancer cells

To	 elucidate	 the	 growth	 suppression	mechanism	 of	 PR-619,	 the	
cell	 cycle	 profile	 was	 examined	 after	 treatment	 with	 PR-619.	
As	 shown	 in	 Figure	 1C,	 treatment	 with	 PR-619	 induced	 G2/M	
cell	 cycle	 arrest	 in	 a	 dose-dependent	 manner.	 The	 expression	
of	 cell	 cycle-related	 proteins	was	 further	 examined	 by	Western	
blotting.	 Results	 showed	 that	 PR-619	 induced	 the	 phosphoryla-
tion	of	Wee1	 (inhibitor	of	G2-M	phase	 transition38,39),	 increased	

F I G U R E  3  ATF4-Noxa	was	responsible	for	PR-619-induced	apoptosis	in	ESCC	cells.	A,	Noxa	was	critical	for	apoptosis	induced	by	PR-
619	in	ESCC	cells.	After	transfected	with	the	control	siRNA	or	Noxa	siRNA,	Kyse30	and	Kyse450	cells	were	further	treated	with	PR-619	
(8	μΜ)	for	48	h.	Apoptosis	was	quantified	by	Annexin	V-FITC/PI	double-staining	analysis	(left	panel),	and	Annexin	V+ cell populations were 
defined	as	apoptosis	(right	panel).	B,	Efficiency	of	siNoxa	and	its	effect	on	the	level	of	cleaved	PARP.	Kyse30	and	Kyse450	cells	were	treated	
as	described	in	panel	A,	and	cell	proteins	were	extracted	for	Western	blotting	analysis.	GAPDH	was	used	as	the	loading	control.	C,	Screen	
of	Noxa-related	transcription	factors.	Kyse30	and	Kyse450	cells	were	treated	with	DMSO	or	PR-619,	and	cell	lysates	were	measured	by	
Western	blotting	with	specific	antibodies.	GAPDH	was	used	as	the	loading	control.	D,	The	expression	of	ATF4	was	responsible	for	PR-619-
induced	apoptosis	in	ESCC	cells.	After	transfected	with	the	control	siRNA	or	ATF4	siRNA,	Kyse30	and	Kyse450	cells	were	further	treated	
with	PR-619	(8	μΜ)	for	48	h.	Apoptosis	was	examined	by	Annexin	V-FITC/PI	double-staining	analysis	(left	panel),	and	Annexin	V+ cell 
populations	were	defined	as	apoptosis	(right	panel).	E,	Knockdown	efficiency	of	siATF4	and	its	effect	on	the	expression	of	Noxa	and	cleaved	
PARP	were	measured	by	Western	blotting	analysis.	GAPDH	was	used	as	the	loading	control.	F,	PR-619	treatment	accumulated	ubiquitinated	
proteins	and	activated	ER	stress.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619,	and	cell	lysates	were	assessed	by	Western	blotting	
with	specific	antibodies.	GAPDH	was	used	as	the	loading	control.	All	data	were	representative	of	at	least	three	independent	experiments	
(n	=	3;	error	bar,	SD)
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the	 protein	 level	 of	 p21	 and	 decreased	 the	 expression	 of	 cyclin	 
B1	and	p-Histone	H3,	a	hallmark	of	M-phase	cells39,40	(Figure	1D),	
while	PR-619	treatment	has	no	obvious	effect	on	the	expression	
of	Cdc25c	(an	essential	regulator	of	G2/M	transition41,42)	and	the	
total	 protein	 level	 of	Wee1	 and	Histone	H3	 (Figure	 1D).	 Take	 it	
together,	PR-619	treatment	led	to	G2	phase	cell	cycle	arrest.

3.3 | Noxa played a vital role in PR-619-induced 
intrinsic apoptosis

Next,	 we	 examined	 whether	 apoptosis	 was	 also	 responsible	 for	
the	 growth	 inhibition	 effect	 of	 PR-619.	 Results	 showed	 that	 PR-
619	 treatment	 triggered	 apoptosis	 and	 significantly	 increased	 the	
Annexin	V+	cells	(Figure	2A)	and	caspase-3	(CASP3)-activated	cells	
(Figure	 2B).	 Besides,	 PR-619	 effectively	 induced	 the	 cleavage	 of	
CASP9,	CASP3	and	PARP	(Figure	2D).	These	results	suggested	that	
PR-619	triggered	apoptosis	in	ESCC	cells.

Based	 on	 the	 results	 presented	 above,	 the	 change	 of	 mito-
chondrial	membrane	potential	(MMP),	another	classical	marker	of	
the	activation	of	 intrinsic	 apoptosis,	was	 also	examined.	Results	
showed	that	PR-619	treatment	led	to	the	loss	of	MMP	(Figure	2C),	
which further indicated the induction of intrinsic apoptosis. 
Therefore,	 the	 expression	 of	 BCL-2	 family	 members,	 including	
pro-apoptotic	 proteins	 (Noxa,	 Bak	 and	 Bax)	 and	 anti-apoptotic	
proteins	 (Bcl-xl,	 Mcl-1,	 CIAP1,	 CIAP2	 and	 XIAP),	 was	 examined	
in	Kyse30	and	Kyse450	cells	after	PR-619	treatment	(Figure	2D).	
Among	these	proteins,	the	pro-apoptotic	protein	Noxa	was	signifi-
cantly	induced	(Figure	2D).	Moreover,	the	downregulation	of	Noxa	
via	siRNA	silencing	remarkably	suppressed	PR-619-induced	apop-
tosis	and	resulted	in	the	decrease	of	Annexin	V+	cells	(Figure	3A)	
and	cleaved	PARP	(Figure	3B).	These	findings	highlighted	a	pivotal	
role	of	Noxa	in	PR-619-induced	intrinsic	apoptosis.

3.4 | PR-619 triggered ER stress and activates 
ATF4-Noxa Axis to induce intrinsic apoptosis

Noxa	 is	 a	 crucial	 mediator	 of	 chemotherapy-induced	 apoptosis,	
which	 is	 transactivated	 by	 several	 transcription	 factors	 (TFs).43 
Firstly,	 we	 examined	 the	 expression	 level	 of	 Noxa	 regulation-
related	TFs	 after	PR-619	 treatment.	Results	 showed	 that	PR-619	
treatment	 significantly	 increased	 the	 expression	 of	 ATF4	 and	
slightly	 decreased	 the	 expression	 of	 FOXO3a,	 while	 other	 TFs	
changed	 slightly	 (Figure	 3C).	 Furthermore,	 knockdown	 of	 ATF4	
rescued	PR-619-induced	apoptosis	(Figure	3D),	downregulated	the	
expression	of	Noxa	and	led	to	a	lower	level	of	c-PARP	(Figure	3E).	
ATF4	 is	 an	 essential	 factor	 in	 ER	 stress,	 so	 the	 expression	 of	 ER	
stress-related	proteins	was	examined.	Results	showed	that	PR-619	
treatment	induced	the	accumulation	of	poly-ubiquitinated	proteins	
(Figure	3F)	and	increased	the	expression	of	ER	stress-related	pro-
teins,	including	BiP	and	p-eIF2α	(Figure	3F).	These	results	indicated	
that	PR-619	triggered	ER	stress	and	induced	ATF4-Noxa-mediated	
apoptosis	in	ESCC	cells.

3.5 | PR-619 induced pro-survival autophagy

Previous reports showed that DUBs were involved in the regulation 
of	autophagy,44 so we investigated whether broad-range DUB inhib-
itor	PR-619	also	could	active	autophagy	in	ESCC	cell	lines.	As	shown	
in	Figure	4,	PR-619	treatment	induced	autophagy,	evidenced	by	LC3	
immunofluorescence	 staining	 (Figure	 4A),	 AO	 staining	 (Figure	 4B)	
and	 the	 increased	expression	of	LC3-II	 (Figure	4C).	Moreover,	 the	
expression	 of	 LC3-II	 was	 further	 significantly	 elevated	 upon	 PR-
619	co-treatment	with	the	autophagy	inhibitor,	both	CQ	and	BafA1	
(Figure	4D),	 indicating	 that	CQ	or	BafA1	potently	blocked	the	 late	
steps	of	autophagic	flux	induced	by	PR-619.

F I G U R E  4  PR-619	treatment	activated	autophagy.	A,	Immunofluorescence	of	LC3.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	
(8	μΜ)	for	24	h.	Cells	were	then	incubated	with	LC3	primary	antibody	(1:200,	overnight	at	4℃)	and	Alexa	Fluor®	488	Goat	Anti-Rabbit	
IgG	(H	+	L)	secondary	antibody	(green)	(1:500,	2	h	at	room	temperature),	respectively.	The	nuclei	were	stained	by	DAPI	(blue)	(5	μg/mL,	
20	min	at	room	temperature).	Images	were	captured	using	fluorescence	microscopy	(magnification:	200×).	Representative	images	were	
shown.	B,	AO	staining	after	PR-619	treatment.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	for	24	h	and	then	stained	with	AO.	The	
formation	of	acidic	vesicular	organelles	(AVOs)	was	examined	under	fluorescence	microscopy.	AVOs,	such	as	autolysosomes,	were	orange/
red.	Non-AVO	areas	(cytoplasm,	nucleus,	and	nucleolus)	were	green.	C,	Detection	of	the	expression	of	LC3.	Kyse30	and	Kyse450	cells	were	
treated	with	PR-619,	and	cell	extracts	were	prepared	for	Western	blotting	analysis.	GAPDH	was	used	as	the	loading	control.	D,	Treatment	
with	CQ	or	BafA1	suppress	LC3-II	degradation.	Kyse30	and	Kyse450	cells	were	treated	with	8	μmol/L	PR-619	alone	or	in	combination	
with	CQ	(12	μmol/L)	or	BafA1	(8	nmol/L).	Cell	lysates	were	analysed	by	immunoblotting	with	antibody	against	LC3.	Tubulin	was	used	
as	the	loading	control.	E,	Blockage	of	autophagy	enhances	PR-619-induced	cell	growth	suppression	of	oesophageal	cancer	cell.	Kyse30	
and	Kyse450	cells	were	treated	with	8	μmol/L	PR-619	alone	or	in	combination	with	CQ	(8	μmol/L)	or	BafA1	(3	nmol/L).	Cell	viability	was	
measured	using	the	CCK-8	assay.	F	and	G,	Blockage	of	the	autophagic	response	increased	PR-619-induced	apoptosis	of	oesophageal	cancer	
cells.	Kyse30	and	Kyse450	cells	were	treated	with	8	μmol/L	PR-619	alone	or	in	combination	with	CQ	(12	μmol/L)	or	BafA1	(8	nmol/L).	
Apoptosis	was	determined	by	the	Annexin	V-FITC/PI	double-staining	analysis	(F).	Total	PARP	and	caspase	3	and	cleaved	PARP	and	caspase	
3	were	detected	by	immunoblotting	(G).	β-actin	was	used	as	the	loading	control.	All	data	were	representative	of	at	least	three	independent	
experiments	(n	=	3;	error	bar,	SD)
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Furthermore,	we	found	that	the	inhibition	of	autophagy	with	ei-
ther	CQ	or	BafA1	significantly	enhanced	PR-619-induced	inhibition	
of	cell	viability	(Figure	4E)	and	PR-619-induced	apoptosis	(Figure	4F).	
Co-treatment	 with	 CQ	 or	 BafA1	 resulted	 in	 an	 increased	 level	 of	
cleaved	 PARP	 and	 caspase3	 than	 treatment	 with	 PR-619	 alone	
(Figure	4G)	in	both	Kyse30	and	Kyse450	cells.	These	results	revealed	
that	PR-619	activated	pro-survival	autophagy,	and	blockage	of	the	
autophagic response significantly enhanced the cell growth inhibi-
tion	efficacy	of	PR-619	on	ESCC	cells.

3.6 | PR-619 induced autophagy through 
activation of Ca2+-CaMKKβ-AMPK signalling cascade

It has been well documented that ER stress can disrupt Ca2+ ho-
meostasis inside the ER and lead to Ca2+ releasing into other cellular 
compartments.45	 Accumulating	 evidence	 also	 shows	 that	 cytosolic	
calcium	 is	a	potent	 inducer	of	autophagy	by	CaMKKβ-AMPK	signal-
ling pathway.45-47	 Therefore,	 we	 next	 investigate	 whether	 PR-619	
induced autophagy through the activation of Ca2+-CaMKKβ-AMPK	
signalling	cascade.	The	microscopy	images	showed	that	PR-619	treat-
ment increased intracellular Ca2+ concentration in a dose-dependent 
manner	 (Figure	5A).	The	 fluorescence	 intensity	of	 the	Ca2+ dye and 
the	number	of	Fluo-3+ cells also gradually increased in response to PR-
619	(Figure	5B-C).	Meanwhile,	PR-619	treatment	significantly	upregu-
lated	the	protein	level	of	p-AMPKα	and	p-ACC,	a	substrate	of	AMPK	
(Figure	 5D).	 Furthermore,	 CaMKKβ	 inhibitor,	 STO-609,	 effectively	
downregulated	 the	 expression	 of	 p-AMPKα	 and	 LC3II	 (Figure	 5E).	
Collectively,	these	findings	suggest	that	the	increase	cellular	Ca2+ and 
activity of Ca2+-CaMKKβ	signalling	in	PR-619	treatment	cells	are	im-
plicated	in	AMPK	activation,	which	perhaps	is	involved	in	autophagy.

To	 further	 confirm	 the	 role	 of	AMPK	 in	PR-619-induced	 auto-
phagy,	 Kyse450	 and	 Kyse30	 cells	 were	 co-treated	 with	 PR-619	
and	 Compound	 C	 (CC),	 an	 AMPK	 inhibitor.48 Compared with PR-
619	 alone,	 CC	 and	 PR-619	 co-treatment	 effectively	 downregu-
lated	 the	expression	of	 p-AMPKα	 and	 attenuated	PR-619	 induced	
autophagy,	 as	demonstrated	by	 reduced	LC3	puncta-positive	 cells	
(Figure	6A)	and	LC3II	expression	(Figure	6E).	Meanwhile,	AMPK	inhi-
bition	significantly	enhanced	PR-619-induced	cell	growth	inhibition	
(Figure	6B-C)	and	cell	apoptosis	(Figure	6D-E).	These	results	impli-
cate that Ca2+-CaMKKβ-AMPK	 signalling	 possibly	 plays	 a	 crucial	

role	 in	 PR619-induced	 autophagy.	 AMPK	 inhibition	 enhanced	 PR-
619-induced	cytotoxicity,	probably	through	blocking	autophagy	and	
facilitating cell apoptosis.

3.7 | Accumulation of poly-ubiquitinated proteins 
was responsible for the effect of PR-619

PR-619	 treatment	 accumulated	 the	 poly-ubiquitinated	 proteins	
(Figure	 3F).	 To	 examine	 whether	 accumulation	 of	 poly-ubiquit-
inated	proteins	was	 responsible	 for	 the	 effect	 of	PR-619,	 ubiqui-
tin	 E1	 inhibitor,	 PYR-41,	 was	 used	 to	 diminish	 the	 accumulation	
of	 poly-ubiquitinated	 proteins	 in	 PR-619-treated	 cells.	 Results	
showed	 that	 PYR-41	 treatment	 decreased	 apoptosis	 (Figure	 7A),	
G2/M	cell	cycle	arrest	(Figure	7B)	and	autophagy	(Figure	7C)	in	PR-
619-treated	cells.	PYR-41	effectively	diminished	the	accumulation	
of	conjugated	ubiquitin	and	inhibited	ER	stress	that	induced	by	PR-
619	 (Figure	7D).	Following	 the	above	 results	 (Figures	1D,	3E	and	
5E),	PYR-41	downregulated	the	expression	of	ATF4-Noxa	and	the	
cleavage	of	PARP;	rescued	the	expression	of	Cyclin	B1	and	down-
regulated	the	protein	level	of	p21;	and	decreased	the	expression	of	
phosphorylated	 AMPKα	 and	 LC3II	 (Figure	 7D)	 in	 PR-619-treated	
cells.	Collectively,	these	findings	suggested	that	the	accumulation	
of	poly-ubiquitinated	proteins	induced	ER	stress	and	was	involved	
in	the	effect	of	PR-619.

4  | DISCUSSION

Low	early	diagnosis	 rate	and	drug	resistance	are	the	main	reasons	
for	the	high	death	rate	of	ESCC.	It	is	crucial	to	study	the	mechanistic	
basis	for	ESCC	progression	and	develop	new	therapeutic	strategies	
fighting	ESCC.	In	previous	studies,	we	demonstrated	that	inactiva-
tion	of	USP7	or	USP14	with	 specific	 inhibitor	 led	 to	 the	effective	
suppression	of	ESCC	cell	growth	 in	vitro	and	 in	murine	model.13,15 
However,	it	is	unknown	whether	broad-range	DUB	inhibitor	PR-619	
could	also	 significantly	 inhibit	ESCC	cell	 growth	via	disrupting	 the	
dynamic	balance	of	ubiquitin	conjugation.	Here,	our	results	showed	
that	 PR-619	 treatment	 induced	 the	 accumulation	 of	 ubiquitinated	
proteins	 and	 led	 to	 effective	 suppression	 of	 ESCC	 cell	 growth	 by	
inducing	G2/M	cell	cycle	arrest	and	apoptosis.	Meanwhile,	PR-619	

F I G U R E  5   Ca2+-CaMKKβ	signalling	in	PR-619	treatment	cells	was	involved	in	AMPKα	activation.	A	to	C,	Detection	of	intracellular	Ca2+. 
Kyse30	and	Kyse450	cells	were	treated	with	PR-619	as	indicated.	Twenty-four	h	later,	cells	were	collected	and	washed	with	PBS.	Then,	
Fluo-3AM	was	added	into	the	cells	as	described	in	the	instruction	and	incubated	for	30	min	at	37℃.	Cells	were	washed	with	PBS	again	and	
pictures	were	captured	under	a	microscope.	Represented	pictures	were	shown	in	panel	A.	Fluo-3+	cells	were	detected	(B)	and	statistically	
analysed	(C)	using	FACS.	D,	PR-619	treatment	activated	AMPKα.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619,	as	indicated.	Cells	
were	collected,	and	proteins	were	extracted	and	analysed	by	Western	blotting	with	specific	antibodies.	GAPDH	was	used	as	the	loading	
control.	E,	STO-609	inhibited	the	activation	of	AMPKα	and	rescued	autophagy	in	PR-619-treated	cells.	Kyse30	and	Kyse450	cells	were	
treated	with	PR-619	single	(8	µmol/L)	or	combined	with	STO-609	(10	µmol/L).	Then,	proteins	were	extracted	and	analysed	using	specific	
antibodies	against	AMPKα,	p-AMPKα	and	LC3.	GAPDH	was	used	as	the	loading	control.	All	data	were	representative	of	at	least	three	
independent	experiments	(n	=	3;	error	bar,	SD)
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treatment could trigger protective autophagy. Blocking autophagy 
with	CQ	or	BafA1	could	further	enhance	the	growth	 inhibition	ef-
ficacy	of	PR-619	on	ESCC	cells.

PR-619	 is	 a	 general	 inhibitor	 of	 DUBs,	 including	 USP22	 and	
USP14.25	Previous	studies	showed	that	USP22	and	USP14	worked	
as	 deubiquitinase	 of	 cyclin	 B1	 and	 stabilized	 cyclin	 B1	 during	 the	
G2/M	 phase.49,50	 Knocking-down	 of	 USP14	 arrested	 cell	 cycle	 at	
G2/M	phase.50	Per	these	reports,	we	found	that	PR-619	treatment	
led	 to	G2/M	 cell	 cycle	 arrest	 accompanied	 by	 the	 downregulated	
expression	 of	 cyclin	 B1.	However,	 Ling	 et al reported that knock-
down	of	USP22	by	siRNA	induced	cells	G0/G1	cell	cycle	arrest	via	
the	c-Myc/cyclin	D2	pathway	in	HepG2	cells.51	Most	recently,	Kuo	
et al	 revealed	 that	PR-619	 treatment	 induced	G0/G1	cell	 cycle	ar-
rest	in	bladder	urothelial	carcinoma	cells	with	decreased	p-Histone	
H3	 (Ser10)	 and	 increased	 p21	 and	 phospho-CDK2	 (Tyr15).34 Our 
results	 showed	 that	PR-619	 treatment	 also	decreased	 the	expres-
sion	of	p-Histone	H3	(Ser10)	and	increased	the	expression	of	p21.	
Nevertheless,	PR-619	treatment	had	little	effect	on	the	expression	
of	c-Myc.	Besides,	ubiquitin	E1	inhibitor	PYR-41	rescued	the	expres-
sion	of	Cyclin	B1,	downregulated	p21	and	reduced	the	accumulation	
of	 G2/M	 phase	 cells	 in	 PR-619-treated	 ESCC	 cells,	 which	 implied	
that	PR-619	triggered	G2/M	cell	cycle	arrest	in	ESCC	by	regulating	
the	expression	of	cyclin	B1	and	p21.

Accumulating	evidence	 shows	 that	ER	 stress	 is	 a	 vital	mech-
anism response to DUB inhibition.15,52,53	Noxa	 is	 involved	 in	 ER	
stress-induced cell death.43,54	 Meanwhile,	 eIF2α-ATF4	 plays	 an	
essential	 role	 in	 Noxa	 activation	 and	 Noxa-mediated	 apopto-
sis.35,54	In	the	present	study,	we	found	that	PR-619	treatment	led	
to	the	accumulation	of	poly-ubiquitinated	proteins	and	triggered	
ER	 stress	 in	 ESCC	 cells,	 as	 evidenced	 by	 the	 increased	 expres-
sion	of	Bip,	p-eIF2α	 and	ATF4.	Moreover,	we	 found	 that	PR-619	
treatment	 led	 to	 Noxa-mediated	 apoptosis,	 which	 was	 depen-
dent	 on	 ATF4.	 PR-619	 treatment	 increased	 the	 protein	 level	 of	
ATF4	 in	 a	 dose-dependent	manner;	 downregulation	 of	ATF4	 via	
siRNA	effectively	blocked	the	expression	of	Noxa	and	apoptosis.	
Furthermore,	 ubiquitin	 E1	 inhibitor	 PYR-41	 could	 alleviate	 the	
accumulation	of	conjugated	ubiquitin,	 inhibit	ER	stress,	decrease	
the	expression	of	ATF4-Noxa	and	cleaved	PARP	in	PR-619-treated	

cells.	Collectively,	these	findings	suggest	that	the	accumulation	of	
ubiquitinated	proteins	is	involved	in	the	anti-cancer	mechanism	of	
PR-619.	ATF4-Noxa	is	partially	responsible	for	the	cell	growth	in-
hibition	of	oesophageal	cancer	by	PR-619	treatment.

It is known that ER stress can disrupt Ca2+	homeostasis,	induce	
the	influx	of	Ca2+ leakage into intracellular cytosol45,55 and thus stim-
ulate	macroautophagy	by	CaMKKβ-AMPK	signalling	pathway.45,47,56 
Multiple	lines	of	evidence	indicate	that	inhibition	of	the	26S	protea-
some	and	accumulation	of	ubiquitinated	proteins	induce	protective	
autophagy	through	an	AMPK-dependent	pathway.57,58 Compound C 
treatment	could	significantly	block	AMPK	activation	and	downregu-
late	the	level	of	phosphorylated	AMPK	(Thr172)	and	autophagy,	evi-
denced	by	decreased	levels	of	LC3-II.59 Deshmukh et al reported that 
a	variety	of	proteasome	inhibitors	activates	AMPK	primarily	medi-
ated	by	Calcium/CaMKKβ.60	Recently,	Seiberlich	et al reported that 
PR-619	treatment	led	to	the	activation	of	autophagy.32	However,	the	
underlying	mechanisms	need	to	be	 investigated.	Here,	we	demon-
strated	that	PR-619	treatment	triggered	ER	stress,	increased	intra-
cellular Ca2+ concentration and induced protective autophagy in 
oesophageal cancer cells. PYR-41 could reduce the accumulation of 
ubiquitinated	proteins,	alleviate	ER	stress	and	decrease	autophagy	in	
PR-619-treated	cells.	Besides,	the	treatment	of	STO-609,	a	CaMKKβ 
inhibitor,	 led	to	the	inactivation	of	AMPKα	 induced	by	PR-619,	de-
creased	 the	expression	of	p-AMPKα and accompanied by reduced 
LC3-II.	Furthermore,	treatment	with	AMPK	inhibitor	CC	could	effec-
tively	 inhibit	 PR-619-induced	 autophagy	 and	 enhanced	 apoptosis.	
These results implied that Ca2+-CaMKKβ-AMPK	played	an	essential	
role	in	PR-619-induced	autophagy	in	oesophageal	cancer	cells.

Collectively,	this	study	revealed	the	detailed	mechanism	of	PR-
619	in	ESCC	cells	(Figure	8).	PR-619	treatment	led	to	G2/M	cell	cycle	
arrest	by	downregulating	the	expression	of	cyclin	B1	and	upregulat-
ing	the	protein	level	of	p21.	Meanwhile,	PR-619	treatment	induced	
the	 accumulation	 of	 ubiquitinated	 proteins	 induced	 ER	 stress	 and	
triggered	 ATF4-Noxa-mediated	 apoptosis.	 Besides,	 PR-619	 could	
activate autophagy through Ca2+-CaMKKβ-AMPK	 signalling.	 Our	
findings	 provide	 not	 only	 new	 insight	 into	 the	 cytotoxic	 action	 of	
PR-619	in	ESCC	but	also	trigger	a	strong	impetus	for	the	clinical	in-
vestigation	of	PR-619	for	the	treatment	of	ESCC.

F I G U R E  6  AMPK	signalling	pathway	was	involved	in	the	PR-619-induced	autophagy	and	apoptosis.	A,	Blockage	of	AMPK	reduced	PR-
619	induced	autophagy.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	single	(8	µmol/L)	or	combined	with	CC	(8	µmol/L),	an	AMPK	
inhibitor.	LC3	was	detected	using	immunofluorescence	assay	as	described	in	material	and	methods,	reprehensive	pictures	were	captured	
(left	panel),	and	LC3	puncta	cells	were	statistically	analysed	(right	panel).	B,	Blockage	of	AMPK	enhanced	the	inhibition	of	cell	viability	in	PR-
619-treated	cells.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	single	(8	µmol/L)	or	combined	with	CC	(4	µmol/L)	as	described	above.	
Cell	proliferation	was	observed	and	captured	under	inverted	microscope	(left	panel).	Cell	viability	was	detected	using	CCK-8	assay	(right	
panel).	C,	Blockage	of	AMPK	inhibited	colony	formation.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	single	(3	µmol/L)	or	combined	
with	CC	(2	µmol/L)	for	10	days	and	then	fixed,	stained	captured	(left	panel)	and	counted	(right	panel).	D,	Blockage	of	AMPK	accelerated	PR-
619	triggered	apoptosis.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	single	(8	µmol/L)	or	combined	with	CC	(8	µmol/L).	Apoptosis	
was	determined	by	FACS	analysis	using	Annexin	V-FITC/PI	double-staining	kit	(left	panel),	and	Annexin	V+ cell populations were defined as 
apoptosis	(right	panel).	E,	Effect	of	CC	and	PR-619	co-treatment	on	protein	expression.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	
single	(8	µmol/L)	or	combined	with	CC	(8	µmol/L).	Then,	proteins	were	extracted	and	analysed	by	Western	blotting	with	specific	antibodies.	
GAPDH	was	used	as	the	loading	control.	All	data	were	representative	of	at	least	three	independent	experiments	(n	=	3;	error	bar,	SD)



14 of 17  |     WANG et Al.



     |  15 of 17WANG et Al.

ACKNOWLEDG EMENTS
This	 work	 was	 supported	 by	 the	 National	 Natural	 Science	
Foundation	 Grant	 of	 China	 (Grant	 No.	 81672421),	 Outstanding	
Young	 Talent	 Research	 Fund	 of	 Zhengzhou	 University	 (Grant	
No.	 51999223,	 32210449),	 Program	 for	 Science＆Technology 
Innovation	Talents	 in	Universities	 of	Henan	Province	 (Grant	No.	
18HASTIT046)	 and	 Program	 for	 Innovation	 Research	 Team	 (in	
Science	and	Technology)	 in	University	of	Henan	Province	 (Grant	
No.	20IRTSTHN026).

CONFLIC T OF INTERE S T
The authors declare that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS
T.	H.	and	P.	C.	involved	in	conception	and	design.	L.	W.,	M.	L.,	B.	S.,	
X.	H.,	Y.	S.,	M.	Z.,	Y.	X.,	P.	L.,	Y.	W.,	Y.	G.	and	J.	L.	involved	in	perform-
ing	the	experiments.	L.	W.,	M.	L.,	T.	H.	and	J.	S.	involved	in	analysis	
and	interpretation	of	data.	T.	H.	and	P.	C.	contributed	to	the	writing.	
P.	L.	and	J.	S.	contributed	to	the	review	and	revision	of	the	manu-
script.	All	authors	have	reviewed	and	approved	the	final	version	of	
the manuscript.

E THIC AL S TATEMENT
Not	applicable.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the	corresponding	author	upon	reasonable	request.

ORCID
Ping Chen  https://orcid.org/0000-0002-8504-5552 

R E FE R E N C E S
	 1.	 He	Y.,	Li	D.,	Shan	B.,	et	al.	Incidence	and	mortality	of	esophagus	can-

cer	in	China,	2008–2012.	Chin J Cancer Res.	2019;31(3):426-434.
	 2.	 Siegel	R.L.,	Miller	K.D.,	Jemal	A..	Cancer	statistics,	2019.	CA Cancer 

J Clin.	2019;	69(1):	7-34.
	 3.	 Farshi	 P.,	 Deshmukh	 R.R.,	 Nwankwo	 J.O.,	 et	 al.	 Deubiquitinases	

(DUBs)	and	DUB	inhibitors:	a	patent	review.	Expert Opin Ther Pat. 
2015;25(10):1191-1208.

	 4.	 Lim	K.H.,	Baek	K.H..	Deubiquitinating	enzymes	as	therapeutic	tar-
gets in cancer. Curr Pharm Des.	2013;19(22):4039-4052.

	 5.	 Yuan	T.,	Yan	F.,	Ying	M.,	et	al.	 Inhibition	of	ubiquitin-specific	pro-
teases as a novel anticancer therapeutic strategy. Front Pharmacol. 
2018;9:1080.

	 6.	 Cheng	J.,	Guo	J.,	North	B.J.,	et	al.	Functional	analysis	of	deubiquityl-
ating	enzymes	in	tumorigenesis	and	development.	Biochim Biophys 
Acta Rev Cancer.	2019;1872(2):188312.

	 7.	 Poondla	N.,	Chandrasekaran	A.P.,	Kim	K.S.,	et	al.	Deubiquitinating	
enzymes	 as	 cancer	 biomarkers:	 new	 therapeutic	 opportunities?	
BMB Rep.	2019;52(3):181-189.

	 8.	 Young	M.J.,	Hsu	K.C.,	Lin	T.E.,	et	al.	The	role	of	ubiquitin-specific	
peptidases in cancer progression. J Biomed Sci.	2019;26(1):42.

	 9.	 Wang	Y.,	Wang	 J.,	 Zhong	 J.,	 et	 al.	 Ubiquitin-specific	 protease	 14	
(USP14)	 regulates	cellular	proliferation	and	apoptosis	 in	epithelial	
ovarian cancer. Med Oncol.	2015;32(1):379.

F I G U R E  7  Accumulation	of	ubiquitinated	proteins	participated	in	the	cell	growth	inhibition	effect	of	PR-619.	A,	PYR-41,	ubiquitin	E1	
inhibitor,	increased	PR-619	induced	apoptosis.	Kyse30	and	Kyse450	cells	were	treated	with	PR-619	(8	µmol/L)	single	or	combined	with	
PYR-41	(20	µmol/L).	Apoptosis	was	determined	by	FACS	analysis	using	Annexin	V-FITC/PI	double-staining	kit	(left	panel)	and	Annexin	
V+	cell	populations	were	defined	as	apoptosis	(right	panel).	B,	PYR-41	decreased	G2/M	cell	cycle	arrest.	Kyse30	and	Kyse450	cells	were	
treated	with	PR-619	single	(8	µmol/L)	or	combined	with	PYR-41	(20	µmol/L),	followed	by	PI	staining	and	FACS	analysis	for	cell	cycle	profile	
(left	panel).	Distribution	was	analysed	by	Modifit	and	GraphPad	software	(right	panel).	C,	PYR-41	reduced	PR-619	induced	autophagy.	
Kyse30	and	Kyse450	cells	were	treated	with	PR-619	single	(8	µmol/L)	or	combined	with	PYR-41	(20	µmol/L).	LC3	was	detected	using	
immunofluorescence	assay,	reprehensive	pictures	were	captured	(left	panel),	and	LC3	puncta	cells	were	statistically	analysed	(right	panel).	
D,	Effect	of	PYR-41	on	protein	expression	of	ER	stress,	cell	cycle-related	proteins,	Noxa,	c-PARP,	PARP,	p-AMPKα,	AMPKα	and	LC3.	Kyse30	
and	Kyse450	cells	were	treated	with	PR-619	single	(8	µmol/L)	or	combined	with	PYR-41	(20	µmol/L).	Cell	proteins	were	detected	using	
specific	antibodies.	GAPDH	was	used	as	the	loading	control.	All	data	were	representative	of	at	least	three	independent	experiments	(n	= 3; 
error	bar,	SD)

F I G U R E  8  Schema	of	the	mechanism	for	PR-619-induced	cell	
cycle	arrest,	apoptosis	and	autophagy	in	ESCC

https://orcid.org/0000-0002-8504-5552
https://orcid.org/0000-0002-8504-5552


16 of 17  |     WANG et Al.

	10.	 Shinji	S.,	Naito	Z.,	Ishiwata	S.,	et	al.	Ubiquitin-specific	protease	14	
expression	 in	colorectal	cancer	 is	associated	with	 liver	and	 lymph	
node metastases. Oncol Rep.	2006;15(3):539-543.

	11.	 Wu	 N.,	 Liu	 C.,	 Bai	 C.,	 et	 al.	 Over-expression	 of	 deubiquitinat-
ing	 enzyme	 USP14	 in	 lung	 adenocarcinoma	 promotes	 prolifer-
ation through the accumulation of beta-catenin. Int J Mol Sci. 
2013;14(6):10749-10760.

	12.	 Zhang	B.,	Li	M.,	Huang	P.,	et	al.	Overexpression	of	ubiquitin	specific	
peptidase	14	predicts	 unfavorable	prognosis	 in	 esophageal	 squa-
mous cell carcinoma. Thorac Cancer.	2017;8(4):344-349.

	13.	 Sha	B.,	Chen	X.,	Wu	H.,	et	al.	Deubiquitylatinase	inhibitor	b-AP15	
induces	c-Myc-Noxa-mediated	apoptosis	 in	esophageal	squamous	
cell carcinoma. Apoptosis.	2019;24(9–10):826-836.

	14.	 Chauhan	D.,	 Tian	Z.,	Nicholson	B.,	 et	 al.	A	 small	molecule	 inhibi-
tor	 of	 ubiquitin-specific	 protease-7	 induces	 apoptosis	 in	multiple	
myeloma	cells	 and	overcomes	bortezomib	 resistance.	Cancer Cell. 
2012;22(3):345-358.

	15.	 Hu	T.,	Zhang	J.,	Sha	B.,	et	al.	Targeting	the	overexpressed	USP7	in-
hibits	esophageal	squamous	cell	carcinoma	cell	growth	by	inducing	
NOXA-mediated	apoptosis.	Mol Carcinog.	2019;58(1):42-54.

	16.	 Cheng	C.,	Niu	C.,	Yang	Y.,	 et	 al.	 Expression	of	HAUSP	 in	gliomas	
correlates with disease progression and survival of patients. Oncol 
Rep.	2013;29(5):1730-1736.

	17.	 Ma	M.,	Yu	N..	Ubiquitin-specific	protease	7	expression	 is	 a	prog-
nostic factor in epithelial ovarian cancer and correlates with lymph 
node metastasis. Onco Targets Ther.	2016;9:1559-1569.

	18.	 Zhang	L.,	Wang	H.,	Tian	L.,	et	al.	Expression	of	USP7	and	MARCH7	
Is Correlated with Poor Prognosis in Epithelial Ovarian Cancer. 
Tohoku J Exp Med.	2016;239(3):165-175.

	19.	 Wang	 M.,	 Zhang	 Y.,	 Wang	 T.,	 et	 al.	 The	 USP7	 Inhibitor	 P5091	
Induces	Cell	Death	in	Ovarian	Cancers	with	Different	P53	Status.	
Cell Physiol Biochem.	2017;43(5):1755-1766.

	20.	 An	 T.,	 Gong	 Y.,	 Li	 X.,	 et	 al.	 USP7	 inhibitor	 P5091	 inhibits	 Wnt	
signaling and colorectal tumor growth. Biochem Pharmacol. 
2017;131:29-39.

	21.	 D'Arcy	P.,	Brnjic	S.,	Olofsson	M.H.,	et	al.	Inhibition	of	proteasome	
deubiquitinating	 activity	 as	 a	 new	 cancer	 therapy.	 Nature Med. 
2011;17(12):1636-1640.

	22.	 Tian	Z.,	D'Arcy	P.,	Wang	X.,	et	al.	A	novel	small	molecule	inhibitor	
of	deubiquitylating	enzyme	USP14	and	UCHL5	induces	apoptosis	
in	multiple	myeloma	and	overcomes	bortezomib	resistance.	Blood. 
2014;123(5):706-716.

	23.	 Cai	 J.,	 Xia	 X.,	 Liao	 Y.,	 et	 al.	 A	 novel	 deubiquitinase	 inhibitor	
b-AP15	 triggers	 apoptosis	 in	 both	 androgen	 receptor-de-
pendent and -independent prostate cancers. Oncotarget. 
2017;8(38):63232-63246.

	24.	 Oh	 Y.T.,	 Deng	 L.,	 Deng	 J.,	 et	 al.	 The	 proteasome	 deubiquitinase	
inhibitor	 b-AP15	 enhances	 DR5	 activation-induced	 apoptosis	
through	stabilizing	DR5.	Sci Rep.	2017;7(1):8027.

	25.	 Altun	M.,	Kramer	H.B.,	Willems	L.I.,	et	al.	Activity-based	chemical	
proteomics	accelerates	inhibitor	development	for	deubiquitylating	
enzymes.	Chem Biol.	2011;18(11):1401-1412.

	26.	 Lee	 B.S.,	 Devor	 D.C.,	 Hamilton	 K.L..	 Modulation	 of	 retrograde	
Trafficking	 of	 KCa3.1	 in	 a	 polarized	 epithelium.	 Front Physiol. 
2017;8:489.

	27.	 Monda	J.K.,	Cheeseman	I.M..	Dynamic	regulation	of	dynein	local-
ization	revealed	by	small	molecule	 inhibitors	of	ubiquitination	en-
zymes.	Open Biol.	2018;8(9):180095.

	28.	 Yi	 Y.J.,	 Sutovsky	 M.,	 Song	 W.H.,	 et	 al.	 Protein	 deubiquitination	
during oocyte maturation influences sperm function during fertil-
isation,	antipolyspermy	defense	and	embryo	development.	Reprod 
Fertil Dev.	2015;27(8):1154-1167.

	29.	 Setz	C.,	Friedrich	M.,	Rauch	P.,	et	al.	Inhibitors	of	deubiquitinating	
enzymes	block	HIV-1	replication	and	augment	the	presentation	of	
gag-derived	MHC-I	epitopes.	Viruses.	2017;9(8):222.

	30.	 Seiberlich	V.,	Goldbaum	O.,	Zhukareva	V.,	et	al.	The	small	molecule	
inhibitor	 PR-619	 of	 deubiquitinating	 enzymes	 affects	 the	 micro-
tubule network and causes protein aggregate formation in neural 
cells: implications for neurodegenerative diseases. Biochem Biophys 
Acta.	2012;1823(11):2057-2068.

	31.	 Soji	 K.,	 Doi	 S.,	 Nakashima	 A.,	 et	 al.	 Deubiquitinase	 inhibitor	
PR-619	 reduces	 Smad4	 expression	 and	 suppresses	 renal	 fi-
brosis in mice with unilateral ureteral obstruction. PLoS One. 
2018;13(8):e0202409.

	32.	 Seiberlich	 V.,	 Borchert	 J.,	 Zhukareva	 V.,	 et	 al.	 Inhibition	 of	 pro-
tein	 deubiquitination	 by	 PR-619	 activates	 the	 autophagic	 path-
way	 in	 OLN-t40	 oligodendroglial	 cells.	 Cell Biochem Biophys. 
2013;67(1):149-160.

	33.	 Crowder	R.N.,	Dicker	D.T.,	El-Deiry	W.S..	The	deubiquitinase	inhib-
itor	 PR-619	 sensitizes	 normal	 human	 fibroblasts	 to	 tumor	 necro-
sis	 factor-related	 apoptosis-inducing	 ligand	 (TRAIL)-mediated	 cell	
death. J Biol Chem.	2016;291(11):5960-5970.

	34.	 Kuo	K.L.,	Liu	S.H.,	Lin	W.C.,	et	al.	the	deubiquitinating	enzyme	in-
hibitor	PR-619	enhances	 the	cytotoxicity	of	cisplatin	via	 the	sup-
pression of anti-apoptotic Bcl-2 Protein. in vitro and in vivo study. 
Cells.	2019;8(10)	:1268.

	35.	 Chen	P.,	Hu	T.,	Liang	Y.,	et	al.	Neddylation	inhibition	activates	the	ex-
trinsic	apoptosis	pathway	through	ATF4-CHOP-DR5	Axis	in	human	
esophageal cancer cells. Clin Cancer Res.	2016;22(16):4145-4157.

	36.	 Chen	P.,	Hu	T.,	Liang	Y.,	et	al.	Synergistic	 inhibition	of	autophagy	
and neddylation pathways as a novel therapeutic approach for tar-
geting liver cancer. Oncotarget.	2015;6(11):9002-9017.

	37.	 Thome	M.P.,	Filippi-Chiela	E.C.,	Villodre	E.S.,	et	al.	Ratiometric	anal-
ysis	of	Acridine	Orange	staining	in	the	study	of	acidic	organelles	and	
autophagy. J Cell Sci.	2016;129(24):4622-4632.

	38.	 Sarcar	B.,	Kahali	S.,	Prabhu	A.H.,	et	al.	Targeting	radiation-induced	
G(2)	 checkpoint	 activation	 with	 the	Wee-1	 inhibitor	MK-1775	 in	
glioblastoma cell lines. Mol Cancer Ther.	2011;10(12):2405-2414.

	39.	 Lin	 S.,	 Shang	 Z.,	 Li	 S.,	 et	 al.	 Neddylation	 inhibitor	 MLN4924	 in-
duces	 G2	 cell	 cycle	 arrest,	 DNA	 damage	 and	 sensitizes	 esoph-
ageal	 squamous	 cell	 carcinoma	 cells	 to	 cisplatin.	 Oncol Lett. 
2018;15(2):2583-2589.

	40.	 Fischle	W.,	 Tseng	 B.S.,	 Dormann	 H.L.,	 et	 al.	 Regulation	 of	 HP1-
chromatin	binding	by	histone	H3	methylation	and	phosphorylation.	
Nature.	2005;438(7071):1116-1122.

	41.	 Ding	X.,	He	Z.,	Zhou	K.,	et	al.	Essential	role	of	TRPC6	channels	in	
G2/M	phase	 transition	and	development	of	human	glioma.	 J Natl 
Cancer Inst.	2010;102(14):1052-1068.

	42.	 Boutros	 R.,	 Lobjois	 V.,	 Ducommun	 B..	 CDC25	 phosphatases	
in	 cancer	 cells:	 key	 players?	 Good	 targets?	 Nat Rev Cancer. 
2007;7(7):495-507.

	43.	 Albert	M.C.,	Brinkmann	K.,	Kashkar	H..	Noxa	and	cancer	therapy:	
Tuning up the mitochondrial death machinery in response to che-
motherapy. Mol Cell Oncol.	2014;1(1):e29906.

	44.	 Jacomin	A.C.,	Taillebourg	E.,	Fauvarque	M.O..	Deubiquitinating	en-
zymes	related	to	autophagy.	New	Therapeutic	Opportunities?	Cells. 
2018;7(8):112.

	45.	 Xi	 H.,	 Barredo	 J.C.,	 Merchan	 J.R.,	 et	 al.	 Endoplasmic	 reticulum	
stress	 induced	 by	 2-deoxyglucose	 but	 not	 glucose	 starvation	 ac-
tivates	AMPK	through	CaMKKbeta	leading	to	autophagy.	Biochem 
Pharmacol.	2013;85(10):1463-1477.

	46.	 Hoyer-Hansen	M.,	 Bastholm	 L.,	 Szyniarowski	 P.,	 et	 al.	 Control	 of	
macroautophagy	 by	 calcium,	 calmodulin-dependent	 kinase	 ki-
nase-beta,	and	Bcl-2.	Mol Cell.	2007;25(2):193-205.

	47.	 Wong	V.K.,	Li	T.,	Law	B.Y.,	et	al.	Saikosaponin-d,	a	novel	SERCA	in-
hibitor,	 induces	autophagic	cell	death	in	apoptosis-defective	cells.	
Cell Death Dis.	2013;4:e720.

	48.	 Nacarelli	T.,	Lau	L.,	Fukumoto	T.,	et	al.	NAD(+)	metabolism	governs	
the proinflammatory senescence-associated secretome. Nat Cell 
Biol.	2019;21(3):397-407.



     |  17 of 17WANG et Al.

	49.	 Lin	Z.,	Tan	C.,	Qiu	Q.,	et	al.	Ubiquitin-specific	protease	22	is	a	deu-
biquitinase	of	CCNB1.	Cell Discovery. 2015;1.

	50.	 Liu	B.,	Liu	Y.,	Wang	Y.,	et	al.	CyclinB1	deubiquitination	by	USP14	
regulates cell cycle progression in breast cancer. Pathol Res Pract. 
2019;215(10):152592.

	51.	 Ling	S.B.,	Sun	D.G.,	Tang	B.,	et	al.	Knock-down	of	USP22	by	small	in-
terfering	RNA	interference	inhibits	HepG2	cell	proliferation	and	in-
duces cell cycle arrest. Cell Mol Biol.	2012;58	Suppl:OL1803-1808.

	52.	 Lee	G.,	Oh	T.I.,	Um	K.B.,	et	al.	Small-molecule	inhibitors	of	USP7	in-
duce	apoptosis	through	oxidative	and	endoplasmic	reticulum	stress	
in cancer cells. Biochem Biophys Res Commun.	2016;470(1):181-186.

	53.	 Coughlin	K.,	Anchoori	R.,	Iizuka	Y.,	et	al.	Small-molecule	RA-9	inhib-
its proteasome-associated DUBs and ovarian cancer in vitro and in 
vivo	via	exacerbating	unfolded	protein	responses.	Clin Cancer Res. 
2014;20(12):3174-3186.

	54.	 Iurlaro	R.,	Munoz-Pinedo	C..	Cell	death	induced	by	endoplasmic	re-
ticulum stress. FEBS J.	2016;283(14):2640-2652.

	55.	 Jayasooriya	R.,	Dilshara	M.G.,	Karunarathne	W.,	et	al.	Camptothecin	
enhances	c-Myc-mediated	endoplasmic	reticulum	stress	and	leads	
to	 autophagy	 by	 activating	 Ca(2+)-mediated	 AMPK.	 Food Chem 
Toxicol.	2018;121:648-656.

	56.	 Wang	H.,	Zhang	G..	Activation	of	CaMKKbeta-AMPK-mTOR	path-
way	 is	 required	 for	 autophagy	 induction	 by	 beta,	 beta-dimethy-
lacrylshikonin against lung adenocarcinoma cells. Biochem Biophys 
Res Commun.	2019;517(3):477-483.

	57.	 Jiang	S.,	Park	D.W.,	Gao	Y.,	et	al.	Participation	of	proteasome-ubiq-
uitin	protein	degradation	in	autophagy	and	the	activation	of	AMP-
activated protein kinase. Cell Signal.	2015;27(6):1186-1197.

	58.	 Min	H.,	Xu	M.,	Chen	Z.R.,	et	al.	Bortezomib	induces	protective	auto-
phagy	through	AMP-activated	protein	kinase	activation	in	cultured	
pancreatic and colorectal cancer cells. Cancer Chemother Pharmacol. 
2014;74(1):167-176.

	59.	 Hou	Y.S.,	Guan	J.J.,	Xu	H.D.,	et	al.	Sestrin2	Protects	Dopaminergic	
Cells	 against	 Rotenone	 Toxicity	 through	 AMPK-Dependent	
Autophagy	Activation.	Mol Cell Biol.	2015;35(16):2740-2751.

	60.	 Deshmukh	R.R.,	Dou	Q.P..	Proteasome	inhibitors	induce	AMPK	ac-
tivation	via	CaMKKbeta	in	human	breast	cancer	cells.	Breast Cancer 
Res Treat.	2015;153(1):79-88.

How to cite this article:	Wang	L,	Li	M,	Sha	B,	et	al.	Inhibition	
of	deubiquitination	by	PR-619	induces	apoptosis	and	
autophagy via ubi-protein aggregation-activated ER stress in 
oesophageal	squamous	cell	carcinoma.	Cell Prolif. 
2021;54:e12919. https://doi.org/10.1111/cpr.12919

https://doi.org/10.1111/cpr.12919

