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Abstract
Objectives:	Thymidine	kinase	1	(TK1)	is	one	of	the	salvage	enzymes	engaged	in	the	
synthesis	of	DNA.	Although	a	pro-	carcinogenetic	 role	of	TK1	has	been	 reported	 in	
various	types	of	cancers,	its	role	in	pancreatic	ductal	adenocarcinoma	(PDAC)	is	still	
unknown.	The	study	is	aimed	to	elaborate	the	function	of	TK1	in	PDAC	and	the	poten-
tial	mechanisms	in	the	following	study.
Materials and methods:	TK1	expression	was	analysed	by	immunohistochemistry,	real-	
time PCR and Western blot, and its relationship with clinicopathological characteris-
tics	 of	 PDAC	patients	was	 further	 investigated.	 To	 verify	 the	 function	 of	 TK1	 and	
potential	mechanism,	TK1	siRNA	was	used	to	transfect	PDAC	cells	and	performed	a	
series	of	assays	in	cell	and	animal	models.
Results:	The	level	of	TK1	expression	was	higher	in	cancerous	tissues	compared	with	
matched	 adjacent	 tissues.	 TK1	 overexpression	was	 associated	with	 progression	 of	
PDAC	and	poor	prognosis.	Knockdown	of	TK1	could	suppress	cell	proliferation	via	
inducing	S	phase	arrest	mediated	by	upregulation	of	P21.	Further	mechanism	investi-
gation	suggested	that	transcription	factor	E2F-	1	could	directly	regulate	the	TK1	and	
promote	tumour	proliferation.
Conclusions: The results suggested that TK1 might be involved in the development 
and	progression	of	PDAC	by	regulating	cell	proliferation	and	show	that	TK1	may	work	
as	a	promising	therapeutic	target	in	patients	with	PDAC.

1  | INTRODUCTION

Pancreatic	ductal	adenocarcinoma	(PDAC)	is	one	of	the	most	aggres-
sive	digestive	malignancies	and	is	the	fourth	most	common	cause	of	
cancer-	related	 death	 in	 the	 United	 States.	 Patients	 diagnosed	with	
PDAC	have	a	poor	prognosis	with	an	overall	5	year	survival	rate	of	only	
8%	and	a	median	survival	of	6	months.1	Although	the	morbidity	of	this	
malignant tumour has been increased over the last several years, there 
is no obvious improvement in the survival rate. Surgical resection may 
prolong	survival	and	provide	a	unique	curative	option.	Unfortunately,	
the	surgical	resection	rate	is	<20%	because	of	difficulty	for	diagnosis	

at early stage.2	Therefore,	an	increasing	understanding	of	the	complex	
molecular	basis	of	PDAC	and	exploring	novel	therapeutic	targets	may	
contribute	to	the	clinical	treatment	of	this	aggressive	malignancy.

Thymidine kinase 1 (TK1), a cell cycle- dependent marker, is a py-
rimidine	salvage	enzyme	involved	in	the	synthesis	and	repair	of	DNA.	
Thus,	TK1	 is	 closely	 correlated	with	 cell	 proliferation	 and	 cell	 cycle	
activity.3,4	It	is	reported	that	wide	distribution	and	overexpression	of	
TK1	are	found	in	most	neoplastic	cells.5 Progression and development 
of	cancer	are	complex	biological	processes.	Although	the	causes	and	
exact	 mechanisms	 are	 still	 unknown,	 the	 anomaly	 of	 the	 cell	 cycle	
and	abnormal	regulation	of	cell	proliferation	are	recognized	to	be	el-
ementary	events	in	any	malignant	transformation.	Numerous	studies	
have	documented	 the	TK1	protein	expression	patterns	could	act	 as	XZ, CS and YP contributed equally to this work.
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clinicopathological	predictive	markers	in	various	types	of	cancers	like	
breast cancer,6 kidney cancer,7,8 lung cancer,9 and gastrointestinal 
cancer;10	however,	little	has	been	explored	about	the	expression	and	
biological	function	of	TK1	in	PDAC.	To	further	identify	the	role	of	TK1	
in	PDAC,	we	evaluated	the	expression	patterns	in	PDAC	cell	lines	and	
tissues and investigated the possible molecular mechanism.

2  | MATERIALS AND METHODS

2.1 | Tissue microarray

This	 study	 was	 approved	 by	 the	 Ethics	 Committee	 of	 the	 First	
Affiliated	Hospital	of	Nanjing	Medical	University.	TK1	mRNA	expres-
sion	 of	 165	 patients	with	 pancreatic	 cancer	was	 downloaded	 from	
The	Cancer	Genome	Atlas	(TCGA,	USA)	data	portal	(http://cancerge-
nome.nih.gov/). Seventy- two pancreatic cancer tissues and matched 
adjacent	 tissues	 microarray	 were	 obtained	 from	 Shanghai	 Zhuoli	
Biotechnology Co., Ltd (Zhuoli Biotechnology Co, Shanghai, China). 
All	tissue	samples	applied	in	this	study	were	fixed	in	formalin,	embed-
ded	paraffin	and	further	used	for	IHC.

2.2 | Immunohistochemical staining and analysis

Formalin-	fixed	paraffin-	embedded	tissues	were	sliced	into	5	μm thick-
ness,	and	 then	deparaffinized	with	xylene,	and	gradually	 rehydrated	
in	grated	ethanol	solutions.	Next,	the	slides	were	incubated	with	the	
anti-	TK1	antibody	(1:150;	Abcam,	Cambridge,	MA,	UK)	at	4°C	over-
night,	followed	by	incubation	with	biotinylated	goat	anti-	rabbit	serum	
streptavidin–peroxidase	 conjugate	 at	 room	 temperature	 for	30	min-
utes.	Finally,	the	sections	were	developed	with	diaminobenzidine	and	
counterstained	 with	 haematoxylin.	 Two	 independent	 pathologists	
who	were	blinded	to	assess	the	positivity	and	intensity	of	the	tissue	
sections.	The	percentage	of	TK1-	positive	staining	cells	was	scored	as	0	
(0%), 1 (1%), 2 (2%) … 99 (99%), 100 (100%). The staining intensity was 
given	0	(none),	1	(low),	2	(medium)	and	3	(high)	scores,	respectively.	A	
combination	of	the	two	scores	was	calculated	by	the	following	formula	
for	all	cases:	IHC	score	=	positive	rate	score	×	intensity	score.11

2.3 | RNA isolation and quantitative real- time PCR

Total	 RNA	 was	 isolated	 from	 cell	 pellets	 using	 TRIzol	 reagent	 (Life	
Technologies,	Carlsbad,	CA,	USA)	according	to	the	manufacturer’s	in-
struction.	The	total	RNA	was	then	reverse-	transcribed	with	PrimeScript	
RT	Master	 Mix	 (Takara,	 Tokyo,	 Japan).	 For	 detection	 of	 the	 mRNA	
expression,	 qPCR	 was	 performed	 on	 the	 Step	 One	 Plus	 Real-	Time	
PCR	 system	 (Applied	 Biosystems,	 Carlsbad,	 CA,	USA)	with	 FastStart	
Universal	SYBR	Green	Master.	Three	 independent	experiments	were	
performed	with	the	following	condition:	95°C	for	10	minutes,	40	cycles	
of	denaturation	at	95°C	for	15	seconds	and	60°C	for	1	minute.	β- actin 
was	used	as	an	 internal	 control.	The	specific	primers	of	human	TK1,	
E2F- 1 and β- actin were designed by Primer Premier 5 and checked by 
Oligo 6. The 2−ΔΔCt	method	was	used	to	analyse	the	relative	expression.

2.4 | Cell lines and cell culture

Human	 PDAC	 cell	 lines	 (MiaPaCa-	2,	 BxPc-	3,	 CFPAC-	1,	 SW1990	
and	 PANC-	1)	 and	 the	 normal	 human	 pancreatic	 ductal	 cell	 line	
hTERT-	HPNE	 were	 all	 purchased	 from	 American	 Type	 Culture	
Collection	(ATCC).	hTERT-	HPNE	cells	were	cultured	in	keratinocyte	
serum-	free	 medium	 supplemented	 with	 epidermal	 growth	 factor	
and	 bovine	 pituitary	 extract	 according	 to	 the	 recommendation	 of	
ATCC.	PDAC	cell	lines	were	cultured	in	Dulbecco’s	modified	Eagle’s	
medium	(DMEM;	Gibco,	Thermo	Fisher	Scientific,	New	York,	USA)	
supplemented	with	10%	foetal	bovine	serum	(FBS),	100	U/mL	peni-
cillin and 100 μg/mL	streptomycin	at	37°C	 in	a	humidified	atmos-
phere containing 5% CO2.

2.5 | Transfection of small interfering RNA

The	siRNA	and	the	scrambled	negative	control	of	TK1	and	E2F-	1	used	in	
this	study	were	synthesized	and	purchased	from	GenePharma	(Shanghai,	
China).	The	siRNA	and	the	scrambled	negative	control	sequences	were	as	 
follows:	TK1	siRNA#1,	5′-	GG	UG	AUCAAGUAUGCCAAATT-	3′	(sense)	and	
5′	UUUGGCAUACUUGAUCACCTT-	3′(antisense);	TK1	siRNA#2,	5′-	CCU 
UCCAGAGGAAGCCAUUTT-	3′	 (sense)	 and	 5′-	AAUGGCUUCCUCUG 
GAAGGTT-	3′	 (antisense);	 TK1	 siRNA#3,	 5′-	GGC	 CG	 GA	 CAACA 
AAGAGAATT-	3′	 (sense)	 and	 5′-	UUCUCUUUGUUG	UCCGG	CCTT-	
3′	 (antisense);	 negative	 control,	 5′-	UUCUCCGAACGUGUCACGU 
TT-	3′	 (sense)	 and	 5′	 ACGUGACACGUUCGGAGAATT-	3′(antisense).	
PANC-	1	and	CFPAC-	1	cells	were	respectively	transfected	with	siRNA	
(final	 concentration:	20	nmol/L)	and	 the	scrambled	negative	control	
using	 jetPRIME®	 transfection	 reagent	 (Polyplus,	 ILLKIRCH,	 France).	 
The		efficiency	of	all	siRNAs	was	detected	by	qRT-	PCR	and	Western	
blot.

2.6 | Western blot analysis

A	Total	Protein	Extraction	Kit	 (Keygen	BioTECH,	Nanjing,	China)	
was	 used	 to	 extract	 protein	 from	 collected	 cells	 which	 contains	
PMSF,	 protease	 inhibitors	 and	 phosphatase	 inhibitors.	 Extracted	
protein	 was	 mixed	 with	 5×	 SDS-	PAGE	 and	 further	 boiled	 for	
5	minutes.	Standard	methods	of	Western	blot	were	used	to	analy-
sis	each	protein	expression,12 β- actin protein was used as a endog-
enous	reference.

2.7 | Proliferation assay

2.7.1 | Cell proliferation assay

The	 PDAC	 cells	 were	 seeded	 into	 96	 well	 plates	 at	 a	 density	 of	
2.5	×	103	cells	per	well	after	co-	incubation	with	siRNA	for	TK1.	10	μL 
of	 Cell	 Counting	 Kit-	8	 reagent	 (Dojindo,	 Tokyo,	 Japan)	 and	 100	μL 
complete	medium	were	mixed	and	added	to	each	well	to	detect	the	
cell	viability.	After	 incubation	 in	dark	at	37°C	for	3	hours,	each	well	
was analysed at 450 nm absorbance.

http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
上海威奥生物科技-陈
Highlight

上海威奥生物科技-陈
Highlight



     |  3 of 9ZHU et al.

2.7.2 | Clone formation assay

Human	pancreatic	cancer	cell	lines	treated	with	or	without	siRNA	of	
TK1	were	plated	 at	 a	 density	 of	 1	×	103 cells/well in 6 well plates. 
Cells	were	 cultured	 for	 10	days	 in	DMEM	 supplemented	with	 10%	
FBS,	 penicillin	 (100	U/mL)	 and	 streptomycin	 (100	μg/mL)	 in	 a	 37°C	
humidified	 atmosphere	of	5%	CO2. The colonies were stained with 
crystal violet solution, and then the number was counted.

2.7.3 | Cell cycle analysis

PANC-	1	 and	 CFPAC-	1	 cells	 were	 harvested	 after	 transfection	 of	
siRNA	for	TK1	and	negative	controls	for	72	hours	and	fixed	with	70%	
ethanol	overnight	at	4°C,	and	then	incubated	with	500	μL	PI/RNase	
staining	buffer	at	37°C	for	15	minutes.	Cell	cycle	was	analysed	by	flow	
cytometer	(Gallios,	Beckman	Coulter,	Brea,	CA,	USA).

2.7.4 | Apoptosis detection

Pancreatic	 ductal	 adenocarcinoma	 cells	were	harvested	 after	 trans-
fection	 for	48	hours	 and	 resuspended	 in	500	μL	Annexin	V	binding	
buffer.	5	μL	PE	Annexin	V	and	7-	AAD	Viability	Staining	Solution	were	
used	to	stain	tumour	cells.	After	incubation	in	dark	at	room	tempera-
ture	for	15	minutes,	cells	were	analysed	by	flow	cytometer	 (Gallios,	
Beckman Coulter).

2.7.5 | Transwell assay

Cell	 migration	 and	 invasion	 were	 respectively	 performed	 using	
Matrigel-	coated	 and	 non-	Matrigel-	coated	 transwell	 chambers	 pur-
chased	from	BD	Biosciences	(Franklin	Lakes,	NJ,	USA).	For	both	inva-
sion	and	migration	assays,	2.5	×	104 cells in 200 μL	serum-	free	DMEM	
after	 transfection	 with	 siRNA	 or	 negative	 controls	 were	 seeded	 in	
the	upper	chambers,	 the	 lower	chambers	were	 filled	with	10%	FBS	
DMEM.	After	cultured	24	and	48	hours,	cells	on	the	underside	of	the	
chamber were counted.

2.7.6 | Wound- healing assay

Wound-	healing	assays	were	performed	in	6	well	plates	to	assess	cell	
migration.	A	scratch	was	made	24	hours	after	 transfection.	The	cells	
were	then	cultured	in	serum-	free	DMEM	for	24	hours.	To	assess	mi-
grated cells and wound area, pictures were taken at 0, 12 and 24 hours.

2.7.7 | Chromatin immunoprecipitation (ChIP)

Chromatin	immunoprecipitation	(ChIP)	was	carried	out	with	the	Magna	
Chromatin	Immunoprecipitation	kit	(Millipore,	Darmstadt,	Germany).	
Immunoprecipitations	 were	 performed	 with	 anti-	E2F-	1	 antibodies.	
ChIP	products	 and	genomic	 input	DNA	were	analysed	by	qRT-	PCR	
(E2F-	1	primer	sequences:	forward,	5′-	CCTGGAATTATTCTATCTTGC

F IGURE  1 Expression	and	roles	of	thymidine	kinase	1	(TK1)	in	pancreatic	ductal	adenocarcinoma	(PDAC).	A,	TK1	mRNA	expression	in	165	
PDAC	samples	obtained	from	TCGA	was	shown.	B,	C,	Higher	expression	of	TK1	was	observed	in	pancreatic	cancer	than	adjacent	non-	tumour	
tissues	by	IHC.	D,	E,	Patients	with	relatively	high	expression	of	TK1	have	a	shorter	overall	survival	and	disease-	free	survival.	F,	The	level	of	TK1	
expression	was	positively	correlated	with	Ki67
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AGAA-	3′;	reverse,	5′-	AATGAATGAA	ATGCAGCTTTTTAAC-	3′,	TK-	1	
primer	 sequences:	 forward,	 5′-	GCAATCCACCTACCTCTG-	3′;	 re-
verse,	5′-	CTCCAAGGCC	GTCCCG	CAGT-	3′).	Data	of	ChIP	are	shown	
as	the	percentage	of	input	normalized	to	control	purifications.

2.7.8 | Animal studies

Animal	ethics	was	approved	by	Animal	Core	Facility	of	Nanjing	medi-
cal	university.	Five-	week-	old	male	BALB/c	nude	mice	were	obtained	
from	Model	Animal	Research	Center	of	Nanjing	University.	To	evalu-
ate	 the	 proliferative	 function	 of	 TK1,	 each	 mouse	 was	 implanted	
subcutaneously	with	1	×	106	PANC-	1	cells.	A	total	of	12	mice	were	
randomly	 divided	 into	 two	 groups	 after	 4	weeks	 of	 tumour	 injec-
tion.	siRNA	of	TK1	or	negative	control	injected	into	the	tumour	once	
every	48	hours.	4	weeks	later,	the	nude	mice	were	sacrificed,	and	the	 
tumours	were	excised	and	photographed.

2.8 | Statistical analysis

Statistical	analysis	was	performed	by	SPSS	20.0	software.	A	two-	tailed	
Mann–Whitney	U	test	and	Student’s	t test were used to analysing the 

TABLE  1 Association	of	TK1	expression	with	clinicopathological	
features	of	PDAC

TK1

Low High P

Histology	stage Well or moderate 61 55 .253

Poor 21 28

N	stage Absent 22 26 .608

Present 60 57

T stage T1 or T2 18 9 .042*

T3 or T4 64 74

TNM	stage I-	IIA 19 25 .313

IIB-	IV 63 58

PDAC,	pancreatic	ductal	adenocarcinoma;	TK1,	thymidine	kinase	1;	TMN,	
tumour- node- metastasis. *P<.05

Univariable analysis Multivariable analysis

HR 95% CI P HR 95% CI P

TK1 1.734 1.116- 2.693 .014 1.588 1.005- 2.510 .048

Age 1.456 0.942- 2.250 .091

Gender 0.934 0.608- 1.434 .755

HS 1.556 0.990- 2.445 .055

N	stage 2.001 1.193- 3.358 .009 1.113 0.352- 3.5166 .856

T stage 2.396 1.186- 4.838 .015 1.287 0.585- 2.832 .53

TMN	stage 2.323 1.333- 4.046 .003 1.806 0.513- 6.357 .357

CI,	confidence	interval.

TABLE  2 Univariate	and	multivariate	
analyses

TABLE  3 Relationship	between	TK1	expression	and	patient	
characteristics

Characteristics

TK1 IHC score

Standard deviation P

Gender

Male 48.44 ± 43.524 .640

Female 36.46 ± 29.277

Age	(year)

≤65 44.33 ± 35.860 .631

>65 36.46 ± 29.277

TNM	stage

I-	IIA 66.44 ± 43.880 .034

IIB-	IV 39.60 ± 37.200

Diameter (cm)

≤2 72.34 ± 48.937 .051

>2 40.96 ± 37.220

Location

Head 40.14 ± 35.841 .174

Body, tail 56.45 ± 47.449

T stage

T1 or T2 44.65 ± 40.563 .724

T3 or T4 42.50 ± 30.856

N	stage

Absent 49.09 ± 41.213 .091

Present 33.27 ± 33.482

M	stage

Absent 45.91 ± 40.858 .631

Present 28.33 ± 12.910

Blood vessel invasion

Absent 49.60 ± 45.346 .572

Present 37.62 ± 29.585

Histological	grade

I/I- II/II 38.38 ± 39.396 .009

II- III/III 59.17 ± 36.754
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statistical	differences	of	proliferative	activity	and	motility	of	the	cells.	
Survival	 analysis	was	 assessed	 by	Kaplan–Meier	 plots.	 Cox	 propor-
tional	hazard	 regression	model	was	used	 to	evaluate	 the	 independ-
ent	prognostic	factors.	Results	were	presented	as	the	mean	±	SD.	A	
significant	difference	was	considered	statistically	with	P- value <.05.

3  | RESULTS

3.1 | Expression of TK1 in PDAC

Generally,	expression	of	TK1	mRNA	in	PDAC	tissues	(n	=	165)	was	ob-
served	based	on	the	data	provided	by	TCGA	(Figure	1A).	The	correla-
tion	between	TK1	expression	and	the	clinicopathologic	characteristics	
in	PDAC	from	all	165	patients	in	TCGA	were	shown	in	Table	1.	It	was	
shown	that	high	level	of	TK1	was	significantly	correlated	with	higher	
T	staging	and	positively	correlated	with	Ki67	expression	(Figure	1F).	
Furthermore,	 the	Kaplan–Meier	 survival	 curves	 showed	 that	 PDAC	
patients	with	high	level	of	TK1	have	a	shorter	survival	(Figure	1D,E).	
Cox	proportional	hazard	regression	model	suggested	that	TK1	was	an	
independent	prognostic	factor	for	PDAC	patients	(Table	2).

To	 further	 detect	 the	TK1	protein	 expression	 in	PDAC,	72	pan-
creatic cancer tissues and matched adjacent tissues were analysed, 
which	revealed	that	protein	levels	of	TK1	were	significantly	higher	in	
cancerous tissues compared to that in adjacent non- cancerous tissues 
(Figure	1B,C).	We	also	analysed	the	association	between	TK1	expres-
sion and clinicopathological characteristics in these patients, and TK1 
overexpression	was	 correlated	with	 the	TNM	stage	 and	histological	
grade (Table 3).

3.2 | Knockdown of TK1 expression by siRNA

TK1	expression	was	also	measured	in	five	PDAC	cell	lines	(MiaPaCa-	2,	
SW1990,	BxPc-	3,	CFPAC-	1	and	PANC-	1)	and	a	normal	human	pan-
creatic	ductal	cell	line	(hTERT-	HPNE)	by	qRT-	PCR	and	Western	blot.	
Compared	to	hTERT-	HPNE,	TK1	expression	was	higher	in	all	cancer	
cell	 lines	 (Figure	2A,B).	 CFPAC-	1	 and	 PANC-	1	were	 chosen	 to	 fur-
ther	study	due	to	the	relatively	higher	expression	of	TK1.	CFPAC-	1	
and	PANC-	1	were	used	to	conduct	siRNA-	related	assays.	The	inter-
ference	 efficiency	 of	 three	 siRNAs	 (labelled	 as	 siRNA#1,	 siRNA#2	
and	 siRNA#3)	 was	 detected	 at	 both	 mRNA	 and	 protein	 levels.	
siRNA#3	with	 the	highest	efficiency	was	chosen	 for	 further	studies	
(Figure 2C,D).

3.3 | Effects of gene silencing of TK1 on cell 
proliferation, apoptosis and cell cycle

We	supposed	that	TK1	played	a	vital	role	in	the	proliferation	of	PDAC	
cells	because	of	its	correlation	with	Ki67.	Therefore,	CCK-	8	and	clone	
formation	 assays	 were	 performed	 to	 investigate	 the	 effect	 of	 TK1	
on	PDAC	cell	proliferation.	As	shown	 in	Figure	3,	after	 transfection	
with	siRNA	of	TK1,	 the	proliferation	of	PDAC	cells	was	 remarkably	
decreased	than	the	control	group.	Moreover,	the	cell	clone	formation	
assay	showed	the	similar	result.	The	number	of	cell	colonies	was	de-
creased	significantly	in	TK1-	knockdown	cells	group	than	the	control	
group.

To	 investigate	 the	 effect	 of	TK1	 knockdown	 on	 proliferation	 of	
PDAC	 cells	 in	 vivo,	 a	 xenograft	 model	 of	 subcutaneous	 tumour	 in	

F IGURE  2 Knockdown	of	thymidine	
kinase	1	(TK1)	by	siRNA.	A,	B,	Relative	
expression	of	TK1	in	different	PDAC	cell	
lines was detected by Western blot. C, D, 
The	different	interference	efficiency	of	
three	siRNAs	for	TK1	was	evaluated	by	
qRT- PCR and Western blot. Each error bar 
indicates the variation between the means 
of	three	independent	experiments
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nude mice was applied. Subcutaneous tumours were harvested and 
taken	 images	 (Figure	3C).	 The	 volume	 and	weight	 of	 tumours	 from	
the	TK1-	interfered	group	were	lower	than	the	negative	control	group	
(Figure	3D,E).	We	 further	 detected	 the	 expression	 of	Ki-	67	 by	 IHC,	
and	decreased	Ki-	67	expression	was	observed	in	the	TK1-	knockdown	
group	(Figure	3F).	These	results	above	revealed	that	gene	interfering	
of	TK1	might	attenuate	the	proliferation	of	PDAC	cells	in	vivo	and	in	
vitro.

No	significant	statistical	difference	of	the	percentage	of	apoptotic	
cells was observed between TK1 downregulation group and negative 
control	group	 (Figure	4A).	Meanwhile,	 there	was	 little	change	 in	ex-
pression	 of	 the	 apoptosis-	related	 protein,	 apoptosis	may	 not	 be	 in-
volved	 in	 proliferation	 change	 of	TK1	downregulation.	As	 shown	 in	
Figure	4C,	downregulation	of	TK1	induced	an	increased	cell	percent-
age in S phase compared to control group. These results indicated that 
interference	of	TK1	could	suppress	PDAC	cell	proliferation	by	S	phase	
arrest.

Western	 blot	was	 used	 to	 further	 examine	 the	 effect	 of	 down-
regulation	 of	TK1	on	 the	 expression	 of	 cell	 cycle	 and	 apoptotic	 re-
lated	proteins.	Several	proteins	 (cyclin	A,	cyclin	B1,	cyclin	D1,	cyclin	
E,	 CDK2,	CDK4,	 CDK1,	 P21,	 P27	which	 might	 play	 a	 fundamental	
role	 in	S	phase)	were	 further	assessed	by	Western	blot.	 It	has	been	

proven that Cyclin E and CDK2 could regulate normal S phase progres-
sion,13,14	and	we	found	downregulation	of	TK1	decreased	the	expres-
sion	levels	of	cyclin	E	and	CDK2	and	increased	the	expression	of	P21.	
The	 result	 indicated	 that	downregulation	of	TK1	 in	PDAC	cells	may	
induce S phase arrest by upregulating P21.

3.4 | Downregulation of TK1 exhibit no effect on 
migration and invasion

We	conducted	migration	and	invasion	assay	in	vitro	to	explore	the	ef-
fects	of	TK1	knockdown	on	migration	and	invasion	of	PDAC	cells.	As	
shown	in	Figure	S1,	downregulation	of	TK1	had	no	impact	on	migra-
tion	and	invasion	of	PDAC	cells.	The	result	was	also	confirmed	by	de-
tecting	the	key	proteins	involved	in	migration	and	invasion	of	cancer	
cells with Western blot (Figure S1).

3.5 | Expression of TK1 was directly regulated by 
E2F- 1

As	an	essential	gene	involved	in	DNA	replication	and	synthesis,	it	is	re-
ported that TK1 was directly regulated by E2F- 1 in several studies.15-18 
To	find	out	whether	E2F-	1	regulates	the	TK1	transcription	in	PDAC	cells,	

F IGURE  3 Effects	of	thymidine	kinase	1	(TK1)	downregulation	on	cell	proliferation	(A)	CCK-	8	assay	showed	that	inhibition	of	TK1	
expression	suppressed	PDAC	cell	proliferation.	(B)	The	colon	formation	assay	was	performed	to	verify	that	gene	silencing	of	TK1	suppressed	cell	
proliferation.	(C)	Tumour	formation	after	injecting	siRNA	of	TK1	or	negative	control	in	nude	mice.	(D,	E)	The	tumour	volume	was	measured	and	
calculated	everyone	week	after	injection,	the	weights	of	tumours	obtained	from	the	animal	model	were	decreased	after	TK1	downregulation	by	
siRNA.	(F)	Ki-	67	index	of	tumours	in	TK1	downregulation	group	or	negative	control	group	**	represents	P < .01, and *** represents P < .001



     |  7 of 9ZHU et al.

qRT- PCR, ChIP and Western blot assays were conducted. Firstly, the in-
terference	efficiency	of	three	siRNAs	(labelled	as	siRNA#1,	siRNA#2	and	
siRNA#3)	was	detected	by	qRT-	PCR	and	Western	blot;	siRNA#1	with	the	
highest	efficiency	was	chosen	for	further	studies	(Figure	5A).	qRT-	PCR	and	
Western	blot	assay	showed	that	the	expression	of	TK1	was	decreased	in	
E2F-	1	knockdown	cells	at	mRNA	and	protein	levels	(Figure	5B).	Besides,	
the	results	of	ChIP	assay	indicated	that	E2F-	1	could	bind	to	the	promoter	
of	TK1	and	the	binding	efficiency	was	decreased	in	E2F-	1	knockdown	
cells	 (Figure	5C).	Furthermore,	 the	proliferation	of	PDAC	cells	was	 in-
hibited	 after	 E2F-	1	 knockdown	 (Figure	5D).	 These	 results	 suggested	
that	E2F-	1	might	directly	 regulate	 the	 transcription	of	TK1	 to	 further	 
affect	the	cell	proliferation	in	PDAC	cells.

4  | DISCUSSION

In	this	study,	we	have	 identified	high	expression	of	TK1	was	tightly	
correlated	with	the	progression	and	prognosis	of	PDAC.	In	addition,	
E2F-	1	could	directly	 regulate	TK1	transcription	and	promote	PDAC	
cell	 proliferation.	 As	 far	 as	 we	 know,	 this	 study	 first	 identified	 ag-
gressive	characters	of	TK1	in	PDAC,	which	suggested	that	TK1	could	
function	as	a	prognostic	and	therapeutic	target	for	PDAC.

It	 was	 generally	 known	 that	 plentiful	 oncogenes	 and	 complex	
mechanisms	 played	 a	vital	 role	 in	 development	 and	 progression	 of	

PDAC.	TK1	was	a	type	of	TK	which	plays	a	significant	role	in	mamma-
lian	cell	cycle	due	to	its	vital	function	in	DNA	replication	and	repair.	
Increasing	 activity	 of	TK1	 during	 S	 phase	 could	 promote	 cell	 cycle	
from	S	phase	 to	G2/M	phase.19	TK1	was	overexpressed	 in	mitotic	
or malignant cells, but absent in quiescent cells.20-22	Lots	of	studies	
have	focused	on	the	diagnostic	and	prognostic	value	of	TK1	in	many	
tumours.23	Mao	et	al6	discovered	the	application	of	TK1	as	a	cell	pro-
liferation	marker	in	human	breast	cancer.	Kruck	et	al8 observed that 
high	TK1	expression	has	been	described	to	be	associated	with	a	higher	
stage,	and	grade	in	renal	cell	carcinoma.	Moreover,	TK1	has	been	as-
sessed	as	a	marker	for	prediction	of	biochemical	recurrence	in		prostate	
cancer.24	 However,	 the	 expression	 pattern	 and	 function	 of	 TK1	 in	
PDAC	 are	 not	 elucidated.	 In	 this	 study,	 relationship	 between	 TK1	 
expression	 and	 patient	 characteristics	 analysis	 indicated	 that	
high-	TK1	expression	correlated	with	Ki67,	higher	T	stage	(from	TCGA	
data	statistics),	and	advanced	tumour	stage	(from	IHC	data	statistics).	
We	also	observed	that	overexpression	of	TK1	 in	PDAC	was	associ-
ated	with	a	shorter	OS	time	and	DFS	time	of	PDAC	patients.	Further	
analysis	identified	that	TK1	was	an	independent	risk	factor	for	poor	
prognosis.

Furthermore,	we	found	that	downregulation	of	TK1	could	inhibit	
cell	proliferation	in	vivo	and	in	vitro,	and	the	mechanisms	involved	in	
this phenomenon were still unclear. Cell cycle and apoptosis were con-
firmed	to	be	involved	in	the	process	of	proliferation.25,26	Therefore,	we	

F IGURE  4 Effects	of	gene	silencing	of	thymidine	kinase	1	(TK1)	on	apoptosis	and	cell	cycle.	A,	B,	There	was	no	statistical	difference	on	the	
percentage	of	apoptotic	cells	and	apoptosis-	related	proteins	between	two	groups.	C,	D,	Western	blot	indicated	increased	P21	was	responsible	
for	S	phase	arrest	which	was	induced	by	TK1	knockdown.	*	represents	P < .05, and ** represents P < .01
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supposed	that	whether	these	processes	contribute	to	the	proliferation	
of	PDAC	cells.	Although	no	obvious	changes	were	observed	in	apopto-
sis,	S	phase	arrest	was	observed	in	PDAC	cells	by	TK1	knockdown.	We	
found	that	the	inhibition	of	S	phase	was	concomitant	with	decreased	
CDK2,	cyclin	A	and	cyclin	E	expressions	in	TK1	knockdown	PDAC	cell,	
as	well	as	increased	P21	expression.	P21,	known	as	an	inhibitor	of	the	
cyclin-	dependent	kinase,	could	inhibit	the	activation	of	CDK1,	CDK2	
and CDK4.27-30 TK1 might interact with P21 by combining with the 
C-	terminal	domain	of	P21.31 Our data showed that CDK2 was obvi-
ously	downregulated	after	interfering	TK1;	however,	CDK1	and	CDK4	
expressions	might	not	be	affected	by	the	change	of	TK1.	PDAC	cell	
cycle	 arrest	 after	 TK1	 downregulation	 might	 be	 mediated	 by	 P21/
CDK2 interaction.

No	evidence	has	shown	that	overexpression	of	TK1	was	correlated	
with	blood	vessel	invasion	in	clinicopathologic	characteristics	of	PDAC	
patient.	Accordingly,	migration,	invasion	and	Western	blot	assays	fur-
ther	proved	that	there	was	no	relation	between	TK1	overexpression	
and	migration	or	invasion	of	PDAC	cells.

We	 have	 identified	 the	 downstream	 genes	 regulated	 by	 TK1,	
and	 the	upstream	 regulatory	 factors	 for	TK1	were	 further	 investi-
gated	 in	 our	 study.	 E2F-	1,	 as	 an	 important	 transcription	 factor,	 is	
required	for	timely	control	of	plentiful	genes	involved	in	DNA	rep-
lication, repair and cell cycle.15 The previous study has reported 
that	E2F-	1	could	directly	bind	to	the	promoter	of	TK1.15-18 We also 

confirmed	 that	E2F-	1	was	an	upstream	 regulatory	gene	of	TK1	 in	
PDAC.	Furthermore,	there	were	some	other	factors	that	could	regu-
late	TK1,	including	C-	MYC,32	FHIT,33 SP134 and Prohibition,17 which 
might	 relate	 to	 potential	 pathways	 and	 involved	 in	 regulation	 of	
TK1.	Further	studies	should	be	designed	to	explore	the	mechanism	
of	TK1	in	PDAC.

To	 the	 best	 of	 our	 current	 knowledge,	 this	 study	 first	 revealed	
the	overexpression	of	TK1	 in	PDAC.	Abnormal	expression	of	TK1	 is	
associated	with	progression	of	PDAC	and	a	poor	prognosis	of	PDAC	
patients.	Downregulation	of	TK1	impedes	PDAC	proliferation	both	in	
vitro	and	 in	vivo	experiments.	As	a	transcription	factor,	E2F-	1	could	
directly	mediate	expression	of	TK1.	Therefore,	TK1	could	serve	as	a	
new	anti-	cancer	target	for	treating	PDAC.
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