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Abstract
Objective: We	aimed	to	investigate	the	roles	and	underlying	mechanisms	of	YAP	in	
the proliferation of neuroblastoma cells.
Methods: The	expression	level	of	YAP	was	evaluated	by	Western	blotting	and	immu-
nocytochemistry.	Cell	viability,	cell	proliferation	and	growth	were	detected	by	CCK-8,	
PH3	and	Ki67	 immunostaining,	and	the	real-time	cell	analyser	system.	The	nuclear	
and cytoplasmic proteins of p27Kip1	were	dissociated	by	the	nuclear-cytosol	extrac-
tion	kit	and	were	detected	by	Western	blotting	and	 immunocytochemistry.	mRNA	
levels	of	Akt,	CDK5	and	CRM1	were	determined	by	qRT-PCR.
Results: YAP	was	enriched	in	SH-SY5Y	cells	(a	human	neuroblastoma	cell	line).	Knock-
down	of	YAP	in	SH-SY5Y	cells	or	SK-N-SH	cell	 line	(another	human	neuroblastoma	
cell	line)	significantly	decreased	cell	viability,	inhibited	cell	proliferation	and	growth.	
Mechanistically,	 knock-down	 of	 YAP	 increased	 the	 nuclear	 location	 of	 p27Kip1, 
whereas	 serum-induced	 YAP	 activation	 decreased	 the	 nuclear	 location	 of	 p27Kip1 
and	was	required	for	cell	proliferation.	Meanwhile,	overexpression	of	YAP	 in	these	
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1  | INTRODUC TION

The	Hippo	signalling	pathway	is	a	critical	regulator	of	stem	cell	
self-renewal,	tissue	regeneration	and	organ	size.1-5 Dysfunction 
of this classical pathway will lead to several diseases such as 
tumours including lung cancer, liver cancer, breast cancer, col-
orectal cancer and gliomas.6,7	 As	 the	 principle	 effector	 of	 the	
Hippo	 pathway	 and	 a	 key	 transcriptional	 co-factor,	 YAP	 plays	
important roles in organ size control through regulating cell 
differentiation and proliferation.8-10 Uncontrolled cell pro-
liferation	 caused	 by	 excessive	 YAP	 activation	will	 give	 rise	 to	
brain tumours that are usually fatal, such as neuroblastoma and 
medulloblastoma.11-13

Neuroblastoma	 (NB)	 is	one	of	 the	most	common	extracranial	
solid tumours in children.14	So	 far,	 the	 role	of	YAP	 in	neuroblas-
toma has rarely been studied.13	 In	 recent	decades,	YAP	 is	 found	
to participate in the proliferation of neuroblastoma. Some studies 
have	indirectly	suggested	that	YAP	and	TAZ	are	activated	in	neu-
roblastoma and may be closely related to neuroblastoma invasion 
and metastasis.15,16	 For	 example,	 in	 recurrent	 neuroblastoma,	 a	
mutation	 in	PTPN14	 as	 a	 negative	 regulator	 of	YAP	 is	 detected,	
thus,	YAP	activity	may	be	increased	in	recurrent	neuroblastoma.15 
TAZ	can	promote	the	transformation	of	epithelial	cells	 into	mes-
enchymal cells and promote neuroblastoma invasion and metas-
tasis.16	 As	 a	 co-transcription	 factor	 of	 TAZ,	 YAP	may	 also	 have	
the similar effects on the invasion and metastasis of neuroblas-
toma.	Moreover,	 YAP	 is	 highly	 expressed	 in	 neuroblastoma	 and	
the expression level is correlated with advanced tumour staging. 
Downregulation	of	YAP	significantly	 impairs	neuroblastoma	pro-
liferation, tumorigenesis and invasion in vitro.13	 In	 addition,	 in-
jection	of	the	YAP	inhibitor,	peptide	17,	dramatically	prevents	the	
subcutaneous tumour growth of neuroblastoma.13	Although	these	
evidences	indicate	that	YAP	promotes	the	tumorigenesis	of	neuro-
blastoma,	the	detailed	mechanism	about	how	YAP	modulates	the	
proliferation of neuroblastoma cells remains unclear.

Cell	 proliferation	 is	 closely	 related	 to	 the	 cell	 cycle.	 Cyclin-
dependent	kinases	inhibitors	(CDKIs),	such	as	p27Kip1 and p21Cip1, 
by	 binding	 to	 CDK,	 inhibit	 the	 kinase	 activity	 of	 most	 CDKs,	
thereby	inhibit	cell	proliferation	and	exert	anti-tumour	activity.17 
There	are	evidences	showing	that	p27kip1 is related to neuroblas-
toma as well as p16, p21 and p53.18-21 Decreased transcript levels 

of p27Kip1 increases human susceptibility to neuroblastoma,22 
positive expression of p27Kip1 increases survival in patients with 
neuroblastoma18 and accumulation of p27Kip1 inhibits the growth 
of human neuroblastoma cells.23 Several studies have shown that 
p27Kip1	 can	be	an	 important	 regulatory	 target	of	YAP,	 affecting	
cell proliferation; however, the conclusions seem to be contra-
dictory	 to	 each	 other.	 It	 is	 reported	 that	 exogenous	YAP	 could	
induce cell proliferation, enhance cyclin D1 expression and re-
duce p27kip1/p21cip1	levels	in	contact-inhibited	HCEC	monolayers	
and	 post-confluent	 B4G12	 cells.24	 This	 means	 that	 low	 p27kip1 
level is conducive to cell proliferation, which is the widely ac-
cepted view.25-27	However,	 there	 is	 also	 evidence	 showing	 that	
low p27kip1 level can cause defect in cell cycle progression, and 
the expression of p27kip1	can	also	be	regulated	by	YAP.28

The	 nuclear	 and	 cytoplasmic	 location	 of	 p27kip1 might be the 
critical reason that affects cell proliferation, rather than the total 
p27kip1 expression.29-31	As	an	inhibitor	of	DNA	duplication	and	cell	
division, p27Kip1 protein locates in the cytoplasm as well as in the 
nucleus	 and	exerts	 its	 anti-proliferative	 action	 inside	 the	nucleus.	
Accumulation	 of	 nuclear	 p27Kip1 prevents cell proliferation.29,32 
However,	 it	 remains	unclear	whether	YAP	 regulates	 the	prolifera-
tion of neuroblastoma through controlling the nuclear distribution 
of p27Kip1.

In	this	study,	we	found	YAP	was	enriched	in	SH-SY5Y	cells,	a	cell	
line	of	neuroblastoma.	Knock-down	of	YAP	in	SH-SY5Y	cells	slowed	
down	cell	proliferation,	 reduced	Akt	mRNA	and	protein	 levels	and	
increased the nuclear location of p27Kip1.	Overexpression	of	Akt	in	
YAP-inactivated	cells	decreased	the	nuclear	location	of	p27Kip1 and 
increased	cell	proliferation.	Our	results	suggest	that	YAP	regulates	
the proliferation of neuroblastoma cells through decreasing the nu-
clear distribution of p27Kip1	via	Akt.	Therefore,	our	findings	suggest	
that nuclear p27Kip1	entrapment	by	targeting	YAP-Akt	signalling	may	
be a potential therapeutic strategy for neuroblastoma.

2  | MATERIAL S AND METHODS

2.1 | cDNA constructs

YAP-shRNA	 and	 control-shRNA	 plasmids	 were	 kindly	 provided	
by	 Prof.	 Bin	 Zhao	 (Zhejiang	 University),	 as	 described	 before.33 

Science	Foundation	(31671071,	81571190,	
81771348),	Key	projects	of	National	Natural	
Science	Foundation	of	China	(81730108)	
and	the	Research	Start-up	Project	by	
Wenzhou	Medical	University	(89217022)	
and	Research	Start-up	Project	by	Hangzhou	
Normal	University	(4125C5021920453).

serum-starved	SH-SY5Y	cells	decreased	the	nuclear	location	of	p27Kip1, promoted cell 
proliferation and overexpression of p27Kip1	in	YAP-activated	cells	inhibited	cell	pro-
liferation.	Furthermore,	knock-down	of	YAP	reduced	Akt	mRNA	and	protein	levels.	
Overexpression	of	Akt	in	YAP-downregulated	cells	decreased	the	nuclear	location	of	
p27Kip1	and	accelerated	the	proliferation	of	SH-SY5Y	cells.
Conclusions: Our	studies	suggest	that	YAP	promotes	the	proliferation	of	neuroblas-
toma cells through negatively controlling the nuclear location of p27Kip1 mediated by 
Akt.
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We	 used	 human	 pEGFP,	 pEGFP-hYAP1	 and	 pEGFP-p27Kip1	 cDNA	
vectors	 for	 expression	 and	 rescue	 experiments.	 The	 pEGFP-
p27Kip1	 plasmid	 is	 gifted	 by	 Prof.	 Chuanshu	 Huang	 (New	 York	
University	 School	 of	Medicine).	 pEGFP-hYAP1	 (http://www.addge	
ne.org/17843	)	and	pEGFP-Akt1	(http://www.addge	ne.org/86637/	)	
were	purchased	from	Addgene.	The	sequence	of	YAPi-1	siRNA	was	
5′-CCGGGATGACTCAGGAATT-3′;	 the	 sequence	 of	 YAPi-2	 siRNA	
was	 5′-GGCAATACGGAATATCAAT-3′;	 the	 sequence	 of	 YAPi-3	

siRNA	was	5′-GGAGAGGCTGCGATTGAAA-3′;	and	these	sequences	
were	 inserted	 into	 pSurper	 vectors	 under	 the	 control	 of	 H1	 pro-
moter.	All	these	expression	constructs	were	verified	by	sequencing	
and tested for normal expression by Western blotting, as shown in 
Figures	S1	and	S2.

2.2 | Antibodies

Antibody Company Catalog Dilution

YAP Abcam ab205270 WB 1:1000

YAP Sigma-Aldrich WH0010413M1 WB 1:1000; staining 1:200

GFAP Millipore MAB360 Staining 1:200

p-YAP Cell	Signaling	Technology 13008 WB 1:1000

PH3 Abcam ab14955 Staining 1:2500

PH3 Millipore 06-570 Staining 1:200

Ki67 Thermo	scientific RM-9106 Staining 1:200

Ki67 Millipore AB9260 Staining 1:200

p27Kip1 Cell	Signaling	Technology 3698 WB 1:1000

p27Kip1 BD Biosciences 610242 Staining 1:200

p-Akt-Thr308 Cell	Signaling	Technology 13038 WB 1:1000

p-p27kip1-Ser10 Abcam Ab62364 WB 1:1000

Lamin B1 Abcam ab16048 WB 1:1000

β-actin Sigma-Aldrich A5316 WB 1:10 000

GAPDH Cell Signaling 2118 WB 1:5000

Anti-mouse	IgG-HRP Pierce 31460 1:10 000

Anti-rabbit	IgG-HRP Pierce 31420 1:10 000

Anti-rabbit	Alexa	Fluor488 Invitrogen A21206 1:1000

Anti-mouse	Alexa	Fluor488 Invitrogen A21202 1:1000

Anti-rabbit	Alexa	Fluor546 Invitrogen A10040 1:1000

Anti-mouse	Alexa	Fluor546 Invitrogen A10036 1:1000

2.3 | Cell culture and transfection

Primary	astrocyte	cultures	were	prepared	from	the	cerebral	cortex	
of	P1-P3	mice	as	described	previously.9	In	brief,	cerebral	neocortex	
was dissected, chopped, and then incubated with 0.125% trypsin 
(Gibco)	at	37°C	for	15-20	minutes,	and	dissociated	into	a	single-cell	
suspension	by	mechanical	disruption.	The	cells	were	seeded	on	poly-
L-lysine	 (0.1	mg/mL;	 Sigma-Aldrich)-coated	 culture	 flasks	 and	 cul-
tured	with	DMEM	containing	10%	foetal	bovine	serum	(FBS,	Gibco).	
After	6-10	days,	microglia	and	oligodendrocytes	were	removed	by	
shaking	 at	 250	 rpm	 for	 4-6	 hours.	 Astrocytes	were	 subsequently	
detached	and	plated	into	poly-D-lysine-coated	dishes	or	coverslips.	
The	purity	of	GFAP-positive	 cells	 in	our	 culture	 system	was	more	
than 94%.

SH-SY5Y,	A172,	U87	 and	DBTRG	 cell	 lines	were	 gifted	 by	Prof.	
Maojin	 Yao	 (Sun	 Yat-Sen	 University)	 and	 were	 grown	 in	 a	 humid-
ified	 atmosphere	 of	 5%	 CO2	 at	 37°C.	 SK-N-SH	 were	 purchased	
from	 COBIOER	 BIOSCIENCES	 CO.,	 LTD.	 Human	 neuroblastoma	
cells	 (SH-SY5Y)	 and	 human	 glioma	 cells	 (A172,	 U87),	 were	 grown	

in	 DMEM,	 supplemented	 with	 10%	 FBS	 (Gibco)	 and	 1%	 penicillin/
streptomycin	 (Gibco).	 The	human	glioma	 cell	 line,	DBTRG	cells,	was	
grown	 in	 RPMI-1640	medium	 (Gibco),	 supplemented	with	 10%	FBS	
(Gibco),	1%	penicillin/streptomycin	(Gibco)	and	2	mmol/L	l-glutamine	
(Invitrogen).	 Another	 Human	 neuroblastoma	 cells	 (SK-N-SH)	 were	
grown	 in	MEM,	 supplemented	with	10%	FBS,	1%	penicillin/strepto-
mycin,	1%	GlutaMax,	1%	NEAA	and	1%	sodium	pyruvate.	Appropriate	
plasmids	(2	μg	per	35-mm	dish)	were	transfected	into	the	cells	using	
Lipofectamine™	3000	Transfection	Reagent	 (L3000-015;	 Invitrogen)	
according	to	the	manufacturer's	protocol.	48-72	hours	after	transfec-
tion, cells were used for experiments.

2.4 | Western blotting

Western blotting was carried out as described previously.9 Briefly, 
cultured	cells	were	lysed	by	ice-cold	RIPA	Buffer	(P0013B;	Beyotime)	
and	 incubated	 at	 4°C	 for	 30	 minutes.	 Following	 centrifugation	 at	
12 000 × g for 10 minutes, proteins were extracted with 5× loading 
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buffer	 and	boiled	 at	 100°C	 for	 8-10	minutes.	 The	 protein	 samples	
then	were	separated	using	10%	sodium	dodecyl	sulphate-polyacryla-
mide	 gel	 electrophoresis	 (SDS-PAGE)	 and	 were	 transferred	 onto	
nitrocellulose	 membranes	 (Life	 Sciences).	 After	 blocking	 in	 TBST	
containing	5%	skim	milk	for	1	hour,	the	immunoblots	were	incubated	
with	different	 primary	 antibodies	 as	 shown	 in	 above	 tables	 at	 4°C	
overnight.	Subsequently,	 the	membranes	were	washed	 three	 times	
in	 TBST,	 and	 incubated	 with	 the	 horseradish	 peroxidase	 (HRP)-
conjugated	secondary	antibodies	for	1	hour.	After	washing	in	TBST	
for another three times, the protein signals were detected using the 
ECL	detection	kit	(Bio-Rad).	Blots	were	analysed	using	Quantity	One	
software	(Bio-Rad).

2.5 | Immunocytochemistry

The	protocols	used	for	immunofluorescence	staining	and	quantita-
tive analysis were described previously.9 Briefly, cultured cells were 
rinsed	once	with	PBS,	fixed	in	4%	paraformaldehyde	for	20	minutes.	
Then,	they	were	blocked	and	permeabilized	with	0.1%	Triton	X-100	
in	PBS	containing	5%	bovine	serum	albumin	(BSA)	at	room	temper-
ature	 for	1	hour.	Subsequently,	cells	were	 incubated	with	primary	
antibodies	as	shown	above	 tables	at	4°C	overnight,	washed	three	
times	in	PBS	and	then	with	secondary	antibodies	at	room	tempera-
ture	for	1	hour.	After	washing	in	PBS	for	another	three	times,	cells	
were	mounted.	 Images	were	acquired	by	using	a	 fluorescence	mi-
croscopy	 (NIKON).	 The	 density	 of	 fluorescence	was	measured	 by	
Image	J	software.

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

Cell	viability	was	measured	by	using	CCK-8	cell	counting	kit	(A311-
01/02;	 Vazyme	 Biotech).	 In	 brief,	 the	 transfected	 SH-SY5Y	 cells	
were	seeded	into	96-well	plates	at	a	density	of	2000	cells/well	and	
cultured	for	24-48	hours.	Subsequently,	10	μL	CCK-8	solution	was	
added	to	each	well	and	incubated	at	37°C	for	2	hours.	The	optical	
density at 450 nm, which was indicative of a positive correlation with 
cell	 viability,	 was	 measured	 using	 a	 microplate	 reader	 (Varioskan	
Flash;	Thermo	Scientific).

2.7 | Growth curve

The	 growth	 curves	 for	 SH-SY5Y	 cells	 transfected	 with	 control-
shRNA	 or	 YAP-shRNA	were	 generated	 by	 using	 the	 real-time	 cell	
analyser	system	(IncuCyte	S3).	The	atmosphere	was	maintained	at	
37°C,	95%	O2	and	5%	CO2	during	recordings.	Briefly,	about	2-4	×	10

5 
viable	cells	were	seeded	per	well	of	a	six-well	plate	and	recorded	for	
48 hours. Data were reported as confluence and were defined as 
the percentage of the cell density at different time points over the 
cell	 density	 at	48	hours,	which	was	 auto-calculated	by	 the	offline	
software	of	IncuCyte	S3.

2.8 | RNA extraction and quantitative real-time PCR 
(qRT-PCR)

To	determine	the	mRNA	expression	levels	of	genes,	total	RNA	was	
extracted	from	cells	using	TRIzol™	reagent	(15596026;	Ambion)	ac-
cording	 to	 the	 protocol	 provided	 by	 the	manufacturer.	 A	 total	 of	
2 μg	RNA	was	reversely	transcribed	into	cDNA	with	a	SuperScript™	
One-Step	 Reverse	 Transcription	 Kit	 (10928-034;	 Invitrogen).	 The	
mRNA	 levels	 were	 quantified	 using	 the	 iTaq™	 Universal	 SYBR®	
Green	Supermix	 (172-5122;	Bio-Rad)	on	the	Real-Time	PCR	detec-
tion	 System	 (Applied	 Biosystems).	 β-actin	 was	 chosen	 as	 the	 en-
dogenous	 control.	 The	 relative	 levels	 of	 mRNA	 expression	 were	
represented as ΔCt = Ct	gene-Ct reference, and the fold change of 
gene expression was calculated using the 2−ΔΔCt	method.	The	prim-
ers used in this study were synthesized by Sangon Biotech and pre-
sented as follows28,34,35: Akt,	 5′-ATGGCACCTTCATTGGCTAC-3′	
and	 5′-CCCAGCAGCTTCAGGTACTC-3′;	 CDK5,	 5′-CGCCGCGAT 
GCAGAAATACGAGAA-3′	 and	 5′-TGGCCCCAAAGAGGACATC-3′;	
CRM1,	 5′-CTCGTCAGCTGCTTGATTTC-3′	 and	 5′-CTCTTGTCCAA 
GCATCAGGA-3′;	 β-actin,	 5′-ATAGCACAGCCTGGATAGCAACG 
TAC-3′	and	5′-CACCTTCTACAATGAGCTGCGTGTG-3′.

2.9 | Cytosol-nuclei fractionation

We	used	 the	nuclear-cytosol	extraction	kit	 to	dissociate	 the	cyto-
plasmic	and	nuclear	proteins	 (#P1200;	Applygen)	according	 to	 the	
manufacturer's	instructions.	Fractions	were	analysed	by	SDS-PAGE	
and Western blot with specific antibodies.

2.10 | Statistical analysis

All	 data	 values	were	 presented	 as	mean	 ±	 SEM	derived	 from	 at	
least	 three	 independent	 experiments.	 GraphPad	 Prism	 software	
was	 used	 for	 statistical	 analysis.	 For	 comparison	 between	 two	
groups, we used unpaired t test; for comparison between three 
groups,	we	applied	one-way	ANOVA	with	the	Bonferroni	post	hoc	
multiple comparison test; for the analysis of the growth curve, 
two-way	ANOVA	was	utilized.	A	P value of <.05 was considered to 
be statistically significant.

3  | RESULTS

3.1 | YAP was enriched in the neuroblastoma cell 
line

To	examine	the	roles	of	YAP	in	neuroblastoma	cells,	we	firstly	detected	
the	expression	level	of	YAP	proteins	in	SH-SY5Y	cells	and	control	cells,	
such	as	astrocytes	and	three	human	glioma	cell	lines,	A172	cells,	U87	
cells	and	DBTRG	cells.	Our	previous	studies	have	shown	that	YAP	was	
highly expressed in cultured astrocytes.8	 As	 shown	 in	 Figure	 1A,B,	
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Western	blot	 results	 showed	 that	YAP	was	highly	expressed	 in	SH-
SY5Y cells and was significantly higher than the primary cultured as-
trocytes	 and	other	 glioma	cell	 lines.	 Further	 immunostaining	 results	
showed	 that	 YAP	was	mainly	 expressed	 in	 the	 nucleus	 of	 SH-SY5Y	
cells,	astrocytes	and	other	glioma	cell	lines	(Figure	1C,D).	These	results	
suggest	that	YAP	is	enriched	in	the	neuroblastoma	cell	line,	which	may	
be involved in the proliferation of neuroblastoma cells.

3.2 | Knock-down of YAP reduced the 
proliferation of SH-SY5Y cells

To	examine	whether	YAP	was	required	for	the	proliferation	of	SH-
SY5Y	cells,	SH-SY5Y	cells	were	 transfected	with	YAP-shRNA	con-
structs	to	downregulate	YAP	expression.	As	shown	in	Figure	2A,B	
and	Figure	S1,	the	protein	level	of	YAP	was	decreased	significantly	by	
YAP-shRNA	constructs,	compared	with	control-shRNA	constructs.	
Interestingly,	knock-down	of	YAP	significantly	decreased	SH-SY5Y	
cell	viability	(Figure	2C)	and	dramatically	reduced	the	percentage	of	
PH3	(a	marker	of	cell	proliferation)	positive	cells	(Figure	2D,E),	sug-
gesting	that	YAP	knock-down	reduced	the	proliferation	of	SH-SY5Y	
cells.	To	further	confirm	this	phenotype,	growth	curves	of	SH-SY5Y	
cells	were	measured	by	 real-time	cellular	 analysis,	which	 is	 a	non-
invasive	method	that	can	record	the	real-time	growth	state	of	 live	
cells	and	perform	quantitative	analysis	while	 imaging.	As	shown	in	
Figure	 2F,G,	 the	 growth	 curves	 showed	 that	 knock-down	 of	 YAP	
significantly	 reduced	 SH-SY5Y	 cells	 growth.	 To	 exclude	 the	 non-
specific	targeting,	three	other	YAP-shRNAs	were	designed,	and	they	
all	downregulated	YAP	efficiently	(Figure	S2A,B).	Moreover,	one	of	
these	YAP-shRNAs,	YAPi-3,	significantly	decreased	SH-SY5Y	cell	vi-
ability	(Figure	S2C)	and	reduced	the	percentage	of	Ki67	(a	marker	of	
cell	proliferation)	positive	cells	(Figure	S2D-F).	These	results	strongly	
suggest	that	YAP	promotes	the	proliferation	of	SH-SY5Y	cells.

3.3 | Knock-down of YAP increased the nuclear 
location of p27Kip1 in SH-SY5Y cells

Since the subcellular localization of p27Kip1 can affect cell prolifera-
tion,29,30	we	next	examined	whether	YAP	enhanced	cell	proliferation	
by controlling the nuclear/cytoplasmic location of p27Kip1.	As	shown	
in	Figure	3A,B,	knock-down	of	YAP	in	SH-SY5Y	cells	significantly	in-
creased the percentage of nuclear p27Kip1-positive	 cells,	 compared	
with	 control-shRNA	 construct,	 implying	 that	 YAP	 knock-down	 en-
hanced the nuclear accumulation of p27Kip1.	Furthermore,	the	nuclear	
and cytoplasmic proteins were dissociated and collected by using the 
nuclear-cytosol	extraction	kit,	and	Western	blot	showed	that	knock-
down	of	YAP	significantly	increased	the	nuclear	location	and	nucleus/
cytoplasm ratio of p27Kip1,	both	in	SH-SY5Y	cells	and	in	SK-N-SH	cells,	
compared	to	control	cells	(Figure	3C-F).	As	phosphorylation	of	p27kip1 
at Ser10 facilitates its binding to the carrier protein for nuclear ex-
port	and	subsequent	transport	from	the	nucleus	to	the	cytoplasm,32 
we	 next	 tested	 the	 level	 of	 p-p27kip1-Ser10	 in	 YAP-downregulated	

SH-SY5Y	 cells.	 As	 shown	 in	 Figure	 S3A,B,	 YAP	 knock-down	 signifi-
cantly	decreased	the	level	of	p-p27kip1-Ser10,	indicating	more	p27kip1 
molecules	will	accumulate	 in	the	nucleus.	These	results	suggest	that	
knock-down	of	YAP	 increases	 the	nuclear	 location	of	p27Kip1, which 
may	inhibit	the	proliferation	of	SH-SY5Y	cells.

3.4 | Activation of YAP promoted serum-induced 
cell proliferation via decreasing the nuclear 
location of p27Kip1

Since several previous studies have shown that serum treatment can 
increase	YAP	expression,	promote	the	nuclear	translocation	of	YAP	
and	activate	YAP,9,36	thus	we	next	tested	whether	activation	of	YAP	
by serum can promote cell proliferation via decreasing the nuclear 
location of p27Kip1.	As	shown	in	Figure	4A-D,	Western	blot	showed	
that	 serum	 treatment	 significantly	 decreased	 p-YAP	 level	 and	 in-
creased	 YAP	 level,	 suggesting	 that	 serum	 indeed	 activated	 YAP,	
meanwhile, serum treatment also significantly increased p27Kip1 
level	in	SH-SY5Y	cells.	Interestingly,	double	immunostaining	analysis	
of p27Kip1	and	YAP	in	SH-SY5Y	cells	treated	by	serum	showed	that	
YAP	expression	was	effectively	upregulated,	and	the	average	inten-
sity of p27Kip1	increased	as	well	(Figure	4E-G).	However,	the	percent-
age of nuclear p27Kip1-positive	cells	was	significantly	decreased	by	
serum	treatment,	compared	to	control	cells	cultured	 in	serum-free	
media	(Figure	4H).

Similarly,	 we	 further	 quantified	 the	 nuclear	 and	 cytoplasmic	
location of p27Kip1	 by	 immunostaining	 and	 nuclear-cytosol	 frac-
tionation.	As	expected,	immunostaining	showed	that	the	nucleus/
cytoplasm	 ratio	of	YAP	was	 significantly	 increased,	whereas	 the	
nucleus/cytoplasm ratio of p27Kip1 was significantly decreased by 
serum	treatment	 (Figure	4I).	Again,	 the	nuclear-cytosol	dissocia-
tion experiment showed increased nuclear location and nucleus/
cytoplasm	ratio	of	YAP	and	reduced	nuclear	location	and	nucleus/
cytoplasm ratio of p27Kip1 by serum treatment, compared to cells 
cultured	in	serum-free	media	(Figure	4J,K).	In	addition,	we	tested	
the	level	of	p-p27kip1-Ser10	in	YAP-overexpressed	SH-SY5Y	cells.	
As	 shown	 in	 Figure	 S3C,D,	 YAP	 overexpression	 significantly	 in-
creased	 the	 level	 of	 p-p27kip1-Ser10,	 indicating	 that	 less	 p27kip1 
molecules	will	 stay	 in	 the	nucleus.	Taken	 together,	 these	 results	
strongly	 suggest	 that	 activation	 of	 YAP	 decreases	 the	 nuclear	
location of p27Kip1	 in	 SH-SY5Y	 cells,	 which	 may	 promote	 cell	
proliferation.

We next examined whether the decrease of nuclear location of 
p27 Kip1	by	YAP	activation	was	required	for	serum-induced	cell	pro-
liferation.	As	shown	in	Figure	5A,B,	serum	treatment	significantly	in-
creased	the	proliferation	of	SH-SY5Y	cells,	and	knock-down	of	YAP	
inhibited	the	proliferation	of	SH-SY5Y	induced	by	serum,	suggesting	
that	 YAP	 activation	 was	 required	 for	 serum-induced	 proliferation	
for	 SH-SY5Y	 cells	 (Figure	 5C,D).	 Interestingly,	 overexpression	 of	
p27Kip1-EGFP	in	SH-SY5Y	cells	cultured	with	10%	serum	(under	YAP	
activation	condition)	indeed	significantly	decreased	the	proliferation	
of	SH-SY5Y	cells,	suggesting	that	overexpression	of	p27Kip1 reduced 
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the	proliferation	of	SH-SY5Y	cells	under	YAP	activation	conditions	
(Figure	5E,F,	Figure	S4).	Moreover,	as	we	see,	overexpressed	p27Kip1 
was	mostly	expressed	in	the	nucleus	(Figure	S4),	which	reminded	us	
that nuclear location of p27Kip1 may be the real reason that inhib-
its	cell	proliferation.	Taken	together,	these	results	suggest	that	YAP	
may promote cell proliferation via decreasing the nuclear location 
of p27Kip1.

3.5 | Overexpression of YAP restored the nuclear 
location of p27Kip1 in serum-starved SH-SY5Y cells

To	examine	whether	YAP	activation	is	sufficient	to	restore	the	nu-
clear location of p27Kip1 and thereby promotes cell proliferation, we 
performed	YAP	overexpression	 experiments	 in	 SH-SY5Y	 cells	 cul-
tured	in	serum-free	media.	As	shown	in	Figure	6A-C,	SH-SY5Y	cells	
cultured	 in	 serum-free	media	were	 transfected	with	YAP-EGFP	or	
EGFP	 constructs,	 and	 immunostaining	 analysis	 of	 p27Kip1 in these 
transfected cells showed that the percentage of nuclear p27Kip1 was 
significantly decreased, and the nucleus/cytoplasm ratio of p27Kip1 
was	significantly	decreased	in	YAP-EGFP	over-expressing	SH-SY5Y	
cells,	 compared	with	 the	 EGFP	 control.	 Furthermore,	 the	 nuclear-
cytosol dissociation experiments also showed that overexpression 

of	YAP	significantly	decreased	the	nuclear	location	and	nucleus/cy-
toplasm ratio of p27Kip1,	compared	with	EGFP	control	(Figure	6D,E).	
Furthermore,	 the	 overexpression	 of	 YAP	 significantly	 promoted	
cell	 proliferation	 of	 SH-SY5Y	 cells,	 compared	 with	 EGFP	 control	
(Figure	 6F,G,	 Figure	 S5).	 Finally,	 overexpression	 of	 YAP	 together	
with p27Kip1	 in	 SH-SY5Y	 cells	 cultured	 in	 serum-free	 media	 (YAP	
inactivation	condition)	decreased	cell	proliferation,	compared	with	
YAP-EGFP	alone	(Figure	6H,I,	Figure	S6A-C).	Taken	together,	these	
results	suggest	overexpression	of	YAP	is	sufficient	to	restore	the	nu-
clear translocation of p27Kip1	in	serum-free	media,	which	promotes	
cell	proliferation	of	SH-SY5Y	cells.

3.6 | YAP negatively regulated the nuclear 
location of p27Kip1 in SH-SY5Y cells through Akt

How	does	 YAP	 regulate	 the	 subcellular	 location	 of	 p27Kip1	 in	 SH-
SY5Y	 cells?	 Previous	 studies	 have	 shown	 that	 Akt	 can	 promote	
the nuclear export of p27Kip1 and hinder nuclear import of p27Kip1 
through phosphorylation37;	 thus,	we	 next	 examined	whether	 YAP	
regulated the subcellular location of p27Kip1 through controlling 
gene	 transcription	 of	 Akt.	 Interestingly,	 as	 shown	 in	 Figure	 7A-
C,	 real-time	PCR	 results	 indeed	showed	 that	Akt	mRNA	 level	was	

F I G U R E  1  YAP	was	enriched	in	the	neuroblastoma	cell	lines.	A,	Representative	images	of	the	expression	of	YAP	detected	by	Western	
blot	in	cultured	astrocytes	and	SH-SY5Y,	A172,	U87,	DBTRG	glioma	cell	lines.	B,	Quantification	of	YAP	expression	in	A	(n	=	3).	C,	
Immunostaining	of	YAP	(green)	and	GFAP	(red)	in	cultured	astrocytes	and	immunostaining	of	YAP	(green)	in	SH-SY5Y,	A172,	U87,	DBTRG	
glioma	cell	lines.	D,	Quantification	of	the	average	intensity	of	YAP	in	C	(n	=	15).	Scale	bars,	20	μm.	Data	were	mean	±	SEM.	*P < .05, **P < .01, 
***P < .001
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significantly	reduced	in	YAP	knock-down	SH-SY5Y	cells,	compared	
with	control	cells,	whereas	mRNA	level	of	CDK5	(another	kinase	that	
promotes the nuclear export of p27Kip1)	did	not	display	significant	
change	in	YAP	knock-down	SH-SY5Y	cells,	and	CRM1,	a	carrier	pro-
tein that responsible for the nuclear export of p27Kip1, showed in-
creased	mRNA	expression.	Furthermore,	Western	blot	also	detected	
decreased	 level	of	Akt	protein	 in	YAP	knock-down	SH-SY5Y	cells,	
compared	with	control	cells	(Figure	7D,E),	suggesting	Akt	might	be	
a	downstream	target	of	YAP.	To	 further	know	whether	Akt	 is	 suf-
ficient to induce the nuclear export of p27Kip1	in	cells	with	low	YAP	
activity,	Akt	was	overexpressed	in	YAP-shRNA	transfected	SH-SY5Y	
cells.	The	nuclear-cytosol	dissociation	experiment	showed	that	over-
expression	of	Akt	 significantly	decreased	 the	nuclear	 location	and	
nucleus/cytoplasm ratio of p27Kip1,	 compared	 with	 EGFP	 control	
(Figure	 7F,G,	 Figure	 S7A,B).	 Finally,	 overexpression	 of	 Akt	 signifi-
cantly	promoted	the	proliferation	of	SH-SY5Y	cells,	compared	with	
EGFP	control	(Figure	7H,I).	These	results	strongly	suggest	that	YAP	

promotes	the	cell	proliferation	of	SH-SY5Y	cells	by	negatively	regu-
lating the nuclear location of p27Kip1	 through	modulating	 the	 Akt	
expression.

4  | DISCUSSION

Here,	we	present	evidence	for	YAP	function	in	neuroblastoma	pro-
liferation	and	propose	a	working	model,	as	depicted	in	Figure	8.	In	
this model, mitogenic factor such as serum promotes the nuclear 
translocation	of	YAP,	which	initiates	the	transcription	of	target	genes	
such	as	Akt.	Furthermore,	upregulation	of	Akt	expression	promotes	
the nuclear export of p27Kip1 and decreases the nuclear location of 
p27Kip1, which result in the enhanced proliferation of neuroblastoma 
cells.

YAP	 is	 highly	 expressed	 in	 human	 glioma	 specimens,	 com-
pared	to	non-tumour	human	brain	tissues.38	 Immunohistochemical	

F I G U R E  2  Knock-down	of	YAP	
reduced	the	proliferation	of	SH-SY5Y	
cells.	A,	Western	blot	analysis	of	the	
knock-down	efficiency	of	YAP.	SH-SY5Y	
cells were transfected with vectors 
encoding	control-shRNA	or	YAP-shRNA	
for	48-72	h.	B,	Quantification	of	YAP	
expression	as	shown	in	A	(n	=	3).	C,	The	
effects	of	YAP	knock-down	on	SH-SY5Y	
cell	viability	detected	by	CCK-8	(n	=	3).	D,	
Immunostaining	analysis	of	PH3	(green)	in	
SH-SY5Y	cells	transfected	with	control-
shRNA	and	YAP-shRNA	for	48	h.	E,	
Quantitative	analysis	of	the	percentages	
of	PH3+	cells	over	total	SH-SY5Y	cells	as	
shown	in	D	(n	=	15).	F,	Representative	
bright field images of cell density of 
SH-SY5Y	cells	transfected	with	control-
shRNA	or	YAP-shRNA	by	using	the	
real-time	cell	analyser	system	at	the	time	
point	of	24	h.	G,	Quantitative	analysis	of	
SH-SY5Y	cells	transfected	with	control-
shRNA	or	YAP-shRNA	by	using	the	
real-time	cell	analyser	system	measured	
at	different	time	points	(n	=	3).	Scale	bars,	
20 μm.	Data	were	mean	±	SEM.	**P < .01, 
***P < .001
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staining	shows	that	the	expression	level	of	YAP	is	significantly	higher	
in the malignant neuroblastoma tissues of human, compared to the 
peritumoral tissues.13	Moreover,	the	high	expression	of	YAP	in	neu-
roblastoma is correlated with tumour grade of neuroblastoma.13 
Consistent	 with	 these	 studies,	 our	 results	 showed	 that	 YAP	 was	
abundantly expressed in different glioma cell lines, and the expres-
sion	level	of	YAP	was	most	enriched	in	the	neuroblastoma	cell	line,	
SH-SY5Y	 and	 mainly	 displayed	 the	 nuclear	 location.	 The	 nuclear	
location	of	YAP	 implies	 that	YAP	may	regulate	 the	proliferation	of	
neuroblastoma. Cell proliferation is a vital process for normal devel-
opment	of	our	body	and	brain.	For	a	long	time,	YAP	is	known	to	be	
an important regulator of cell proliferation, regardless of normal cell 
or tumour cells.9,39-44	Moreover,	YAP	can	prevent	reactive	astroglio-
sis.9 Consistent with these previous studies, our results also suggest 
that	YAP	promotes	the	proliferation	of	neuroblastoma	cells	based	on	
several	proliferation	assays.	However,	 it	 remains	unclear	how	YAP	
regulates the proliferation of neuroblastoma cells.

There	 are	 evidences	 revealing	 that	 YAP	 can	modulate	 tumour	
cell proliferation through regulating the expression of cell cycle 
proteins, such as p27Kip1, p2145 and cyclinD1.25,28,43 p27Kip1 is a cy-
clin-dependent	 kinases	 inhibitor	 that	 involved	 in	 the	pathogenesis	

of neuroblastoma. Decreased transcription level of p27Kip1 increases 
human susceptibility to neuroblastoma.22 Several previous studies 
have	shown	that	YAP	can	regulate	the	proliferation	of	tumour	cells	
by modulating the total expression level of p27Kip1.24-27,46	However,	
the subcellular location of p27Kip1 protein plays the critical roles in 
the	regulation	of	cell	proliferation	and	the	nuclear-located	of	p27Kip1 
exerts	its	anti-proliferative	action.29-31,37	In	our	present	study,	sev-
eral	 lines	of	evidence	suggest	that	YAP	promotes	the	proliferation	
of neuroblastoma through controlling the subcellular location of 
p27Kip1.	 First,	 YAP	 knock-down	 increased	 the	 nuclear	 location	 of	
p27Kip1	in	the	SH-SY5Y	cells.	Second,	YAP	activation	decreased	the	
nuclear location of p27Kip1	in	the	SH-SY5Y	cells	and	SK-N-SH	cells.	
Third,	overexpression	of	YAP	restored	the	nuclear	location	of	p27Kip1 
in	 serum-starved	 SH-SY5Y	 cells.	 The	 view	 that	 YAP	 regulates	 the	
subcellular location of p27Kip1 is also in line with recent findings. 
For	 example,	 YAP	 can	 directly	 promote	 the	 transcription	 of	 Skp2	
(a	subunit	of	E3	ubiquitin	 ligase),	 reduce	the	 total	expression	 level	
of p27Kip1 and accelerate the proliferation of human breast cancer 
cells.28	Skp2	degrades	p27Kip1 mainly in the nucleus,37	so	YAP	mainly	
promotes the degradation of p27Kip1 in the nucleus, and reduces nu-
clear p27Kip1,	thereby	accelerating	cell	proliferation.	Further	studies	

F I G U R E  3  Knock-down	of	YAP	increased	the	nuclear	location	of	p27Kip1	in	SH-SY5Y	cells.	A,	Immunostaining	analysis	of	p27Kip1	(red)	
in	SH-SY5Y	cells	co-transfected	with	control-shRNA,	pEGFP	or	YAP-shRNA,	pEGFP	constructs	for	48-72	h.	Arrows	indicated	less	nuclear	
p27Kip1-positive	cells	in	control	cell	groups,	and	more	nuclear	p27Kip1-positive	cells	in	YAP	knock-down	cell	groups.	B,	Quantitative	analysis	of	
the percentage of nuclear p27Kip1-positive	cells	over	EGFP+	cells	as	shown	in	A	(n	=	15).	C,	Representative	Western	blot	image	of	the	nuclear	
and cytoplasmic expression of p27Kip1	in	SH-SY5Y	cells	transfected	with	control-shRNA	or	YAP-shRNA	for	48-72	h.	D,	Quantitative	analysis	
of the nucleus/cytoplasm ratio of p27Kip1	in	C	(n	=	3).	E,	Representative	Western	blot	image	of	the	nuclear	and	cytoplasmic	expression	of	
p27Kip1	in	SK-N-SH	cells	transfected	with	control-shRNA	or	YAP-shRNA	for	48-72	h.	F,	Quantitative	analysis	of	the	nucleus/cytoplasm	ratio	
of p27Kip1	in	E	(n	=	6).	Scale	bars,	20	μm.	Data	were	mean	±	SEM.	**P	<	.01,	***P < .001
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will	be	performed	to	test	these	possibilities	in	future.	In	our	study,	
surprisingly, we found that the total level of p27kip1 was decreased 
when	YAP	was	 knock-down	 (Figure	 S8).	Although	decreased	 level	
of total p27kip1	would	 promote	 the	 proliferation	 of	 SH-SY5Y	 cells	
according to traditional concepts, the effects of increased nuclear 
accumulation of p27kip1 might be more than the effects of decreased 
level of total p27kip1, which may be the main reason that caused re-
duced	proliferation	of	SH-SY5Y	cells	by	YAP	knock-down.	This	view	

is supported by the publications that showing nuclear p27kip1 inhib-
its cell proliferation, and cytoplasmic p27kip1 promotes cell prolifer-
ation.29-31,37	To	know	why	knock-down	of	YAP	led	to	a	decrease	in	
total expression level of p27kip1, further studies are needed.

We	 also	 noticed	 that	 serum	 treatment	 activated	 YAP	 and	 in-
creased p27kip1	level	in	SH-SY5Y	cells	(Figure	4);	however,	when	YAP	
was overexpressed, the p27kip1 level in both nucleus and cytoplasm 
seemed	significantly	reduced	(Figure	6).	This	may	be	the	reason	that	

F I G U R E  4  Serum	treatment	increased	the	nuclear	location	of	YAP	and	decreased	the	nuclear	location	of	p27Kip1.	A,	Representative	
Western	blot	image	of	the	expression	of	p-YAP,	YAP	and	p27Kip1	in	SH-SY5Y	cells	treated	with	serum	for	24	h.	B-D,	Quantification	of	p-YAP/
YAP	(B),	YAP	(C)	and	p27Kip1	(D)	expression	as	shown	in	A	(n	=	3).	(E)	Double	immunostaining	of	YAP	(red)	and	p27Kip1	(green)	in	SH-SY5Y	cells	
treated	with	serum	for	24	h.	F	and	G,	Quantification	of	the	average	intensity	of	YAP	and	p27Kip1	as	shown	in	E	(n	=	15).	H,	Quantification	
of the percentage of nuclear p27Kip1-positive	cells	over	total	cells	as	shown	in	E	(n	=	15).	I,	Quantitative	analysis	of	the	nuclear/cytoplasm	
ratio	of	YAP	and	p27Kip1	as	shown	in	E	(n	=	15).	J,	Representative	Western	blot	image	of	the	nuclear	and	cytoplasmic	expression	of	YAP	and	
p27Kip1	in	SH-SY5Y	cells	treated	with	serum	for	24	h.	K,	Quantitative	analysis	of	the	nucleus/cytoplasm	ratio	of	YAP	and	p27Kip1 as shown in 
J	(n	=	3).	Scale	bars,	20	μm.	Data	were	mean	±	SEM.	*P < .05, **P < .01, ***P < .001
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overexpression	 of	 YAP	 is	 a	 treatment	 that	may	 be	 different	 from	
serum activation. Serum treatment just activated the endogenous 
YAP	and	promoted	the	nuclear	 translocation	of	YAP	 in	cells;	how-
ever,	 YAP	 overexpression	 introduced	 the	 exogenous	 YAP	 on	 the	
basis	of	endogenous	YAP,	and	YAP	was	expressed	globally	in	the	nu-
cleus and cytoplasm, which might cause the difference in the nuclear 
and cytoplasmic level of p27kip1.

How	 YAP	 transcriptionally	 regulates	 the	 expression	 of	 Akt?	
Actually,	at	present,	there	are	no	reports	about	how	YAP	regulates	
the	expression	of	Akt	at	the	transcription	level;	however,	there	are	
some	articles	reported	the	relationship	between	YAP	and	Akt.12,47-
51	 For	 example,	 knock-down	 of	 YAP	 can	 repress	 the	 activation	
of	 Akt	 in	 colorectal	 cancer	 cells,47	 silencing	 of	 YAP	 expression	

markedly	 attenuates	 AMOT-induced	 expression	 of	 p-Akt,48	 YAP	
induces	 IGF2-mediated	 activation	 of	 Akt	 in	 medulloblastoma.12 
These	results	suggest	that	Akt	might	be	the	downstream	target	of	
YAP.	 In	our	study,	serum	starvation	decreased	the	 level	of	p-Akt-
Thr308	 in	 SH-SY5Y	 cells	 significantly	 (Figure	 S9),	 indicating	 that	
the change of p27kip1	distribution	might	be	dependent	on	Akt	phos-
phorylation.	 Interestingly,	YAP	could	also	 serve	as	a	downstream	
target	of	Akt	signalling.50,51	YAP	is	identified	as	a	substrate	of	Akt	
and	 can	 be	 phosphorylated	 by	 Akt,	 which	 attenuates	 p73-medi-
ated apoptosis.50	The	Akt	inhibitor	Akt	VIII	decreased	p-YAP	level	
and	 increased	 YAP	 level.51	 Therefore,	 there	 may	 be	 a	 YAP-Akt-
YAP	 feedback	 loop	 existing	 in	 the	 regulation	 of	 neuroblastoma	
proliferation.

F I G U R E  5  Activation	of	YAP	mediated	serum-induced	cell	proliferation	via	decreasing	the	nuclear	location	of	p27Kip1.	A,	Immunostaining	
analysis	of	PH3	(green)	in	SH-SY5Y	cells	treated	with	serum-free	or	serum-containing	culture	media	for	24	h.	B,	Quantitative	analysis	of	
the	percentages	of	PH3-positive	cells	over	total	SH-SY5Y	cells	as	shown	in	A	(n	=	15).	C,	Immunostaining	analysis	of	Ki67	(red)	in	SH-SY5Y	
cells	co-transfected	with	control-shRNA,	pEGFP	or	YAP-shRNA,	pEGFP	constructs	for	48	h.	Arrows	indicated	that	most	of	the	cells	co-
transfected	with	control-shRNA	and	EGFP	showed	Ki67-positive	signals,	and	large	of	the	cells	co-transfected	with	control-shRNA	and	EGFP	
without	serum	or	YAP-shRNA	and	EGFP	with	serum	showed	Ki67-negative	signals.	D,	Quantitative	analysis	of	the	percentages	of	Ki67+ and 
EGFP+	cells	over	EGFP+	SH-SY5Y	cells	as	shown	in	C	(n	=	15).	E,	Immunostaining	of	Ki67	(red)	in	SH-SY5Y	cells	transfected	with	pEGFP	or	
pEGFP-p27kip1	plasmids	for	48-72	h.	Arrows	indicated	that	most	of	the	cells	transfected	with	EGFP	showed	Ki67-positive	signals,	and	cells	
transfected with p27Kip1-EGFP	showed	Ki67	negative	signals	largely.	F,	Analysis	of	the	percentage	of	Ki67+	and	EGFP+	cells	over	EGFP+ cells 
as	shown	in	E	(n	=	15).	Scale	bars,	20	μm.	Data	were	mean	±	SEM.	***P < .001
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Moreover,	as	we	know,	YAP	is	a	transcriptional	co-activator,	it	has	
no	DNA-binding	domain	and	cannot	bind	to	DNA	directly.52	Therefore,	
the	 transcriptional	 expression	 of	 target	 genes	 regulated	 by	 YAP	 re-
quires	DNA-binding	transcription	factors.	The	transcription	factor	of	
TEAD	 family	member	 is	 the	major	binding	molecule	of	YAP.5,33,53-55 
The	hydrogen	bond	formed	by	YAP	S94	and	TEAD1	Y406	was	criti-
cal	 for	YAP/TEAD-mediated	 tissue	development	and	homeostasis.56 
Actually,	the	functions	of	YAP	are	dependent	on	TEAD	at	most	condi-
tions.	There	are	several	reports	showing	that	YAP	promotes	cell	pro-
liferation	through	TEAD.5,57-60	Therefore,	there	is	great	possibility	that	
the	regulation	of	Akt	by	YAP	is	dependent	on	TEAD	family	members.	
Nevertheless,	to	know	whether	the	regulation	of	Akt	by	YAP	is	depen-
dent	on	TEAD	family	members	exactly,	further	experiments	involving	
YAP-TEAD	inhibitors	are	needed.

The	nuclear	p27Kip1 can be regulated by nuclear export,29-32,61 
nuclear import62,63 and nuclear degradation.37,64,65 Currently, the 
nuclear export of p27Kip1 is mainly determined by phosphorylation 
of p27Kip1 on serine.10	Phosphorylation	of	p27Kip1 on serine10 by 

Akt,	CDK5	and	KIS	 (Kinase	 Interacting	Stathmin)	 in	 the	early	G1	
phase is necessary for its binding to a carrier protein CRM1 for nu-
clear	export,	which	promotes	cell	proliferation	subsequently.29-32 
However,	 in	 our	 study,	we	 found	 that	 the	mRNA	 level	 of	 CDK5	
has	no	 significant	 change,	 and	CRM1	exhibited	 increased	mRNA	
level	in	YAP	knock-down	cells,	 indicating	that	they	are	not	direct	
target	genes	of	YAP,	and	accumulation	of	p27Kip1 in the nucleus of 
YAP	knock-down	cells	may	not	be	mediated	by	CDK5	or	CRM1.	
In	 the	 early	 G1	 phase,	 Thr157	 and	 Thr198	 of	 p27Kip1 are phos-
phorylated	by	Akt,	p90RSK1	 (p90	ribosomal	protein	S6	kinases),	
SGK	(serum	and	glucocorticoid-inducible	kinase),	AMPK	and	PIM	
(although	 this	 phosphorylation	 is	 relatively	 rare),	which	will	 pre-
vent the nuclear transfer of p27Kip1.62	 Moreover,	 Akt	 induces	
phosphorylation	of	Thr157	and	Thr198	to	form	a	recognition	motif	
for	 14-3-3	 protein	 to	 prevent	 nuclear	 translocation	 of	 p27Kip1.63 
Thus,	 Akt	 might	 also	 implicate	 in	 the	 nuclear	 and	 cytoplasmic	
distribution of p27Kip1.	 Interestingly,	 in	our	 study,	we	 found	 that	
the	mRNA	and	protein	 level	of	Akt	were	both	decreased	by	YAP	

F I G U R E  6  Overexpression	of	YAP	restored	the	nuclear	location	of	p27Kip1	in	serum-starved	SH-SY5Y	cells.	A,	Immunostaining	analysis	
of p27Kip1	(red)	in	SH-SY5Y	cells	transfected	with	EGFP	or	YAP-EGFP	cultured	in	serum-free	media	for	48	h.	Arrows	indicated	that	part	
of	the	cells	transfected	with	EGFP-exhibited	nuclear	distribution	of	p27Kip1,	whereas	cells	transfected	with	YAP-EGFP	mostly	showed	the	
cytoplasmic location of p27Kip1.	B	and	C,	Quantification	of	the	percentage	of	nuclear	p27Kip1-positive	cells	over	total	cells	and	quantitative	
analysis of the nucleus/cytoplasm ratio of p27Kip1	as	shown	in	A	(n	=	15).	D,	Representative	Western	blot	image	of	the	nuclear	and	
cytoplasmic	expression	of	YAP	and	p27Kip1	in	SH-SY5Y	cells	transfected	with	EGFP	or	YAP-EGFP	cultured	in	serum-free	media	for	48	h.	E,	
Quantitative	analysis	of	the	nucleus/cytoplasm	ratio	of	p27Kip1	as	shown	in	D	(n	=	3).	F,	Immunostaining	of	Ki67	(red)	in	SH-SY5Y	cells.	Cells	
were	transfected	with	EGFP	or	YAP-EGFP	for	48	h	following	24	h	cultured	in	serum-free	media.	Arrows	indicated	EGFP-positive	cells	that	
with	or	without	co-localization	of	Ki67.	G,	Quantification	of	the	percentage	of	Ki67+	and	EGFP+	cells	over	EGFP+	cells	as	shown	in	F	(n	=	15).	
H,	Immunostaining	of	Ki67	(red)	in	SH-SY5Y	cells	transfected	with	pEGFP-YAP	or	pEGFP-YAP	plus	pEGFP-p27Kip1	plasmids	in	serum-
free	media	for	48	h.	Arrows	indicated	that	large	amount	of	the	cells	transfected	with	YAP-EGFP	showed	Ki67-positive	signals,	and	cells	
transfected	with	YAP-EGFP	and	p27Kip1-EGFP	showed	less	Ki67-positive	signals.	I,	Analysis	of	the	percentage	of	Ki67+	and	EGFP+ cells over 
EGFP+	cells	as	shown	in	H	(n	=	15).	Scale	bars,	20	μm.	Data	were	mean	±	SEM.	*P <	.05,	**P	<	.01,	***P < .001
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knock-down,	overexpression	of	Akt	increased	the	cytoplasmic	lo-
cation of p27kip1	and	partially	rescued	the	effects	induced	by	YAP	
inactivation.	Therefore,	Akt	may	be	the	downstream	target	of	YAP,	

controlling the nuclear/cytoplasmic distribution of p27kip1 and cell 
proliferation.	Further	 studies	will	 be	performed	 to	examine	how	
YAP	regulates	the	expression	of	Akt.

F I G U R E  7  YAP	negatively	regulated	the	nuclear	location	of	p27Kip1	in	SH-SY5Y	cells	through	Akt.	A-C,	qPCR	analysis	of	the	mRNA	level	
of	Akt,	CDK5	and	CRM1	in	YAP	control	and	knock-down	cells	(n	=	3).	D,	Representative	Western	blot	image	of	the	expression	of	Akt	in	SH-
SY5Y	cells	transfected	with	vectors	encoding	control-shRNA	or	YAP-shRNA	for	48-72	h.	E,	Quantification	of	Akt	expression	as	shown	in	D	
(n	=	3).	F,	Representative	Western	blot	image	of	the	nuclear	and	cytoplasmic	expression	of	p27Kip1	in	SH-SY5Y	cells	transfected	with	control	
or	Akt	following	YAP-shRNA	transfection	for	24	h.	G,	Quantitative	analysis	of	the	nucleus/cytoplasm	ratio	of	p27Kip1	as	shown	in	F	(n	=	5).	
H,	Immunostaining	of	Ki67	(red)	in	SH-SY5Y	cells	transfected	with	control	or	Akt	following	serum-free	treatment	for	24	h.	I,	Quantification	
of the percentage of Ki67+	and	EGFP+	cells	over	EGFP+	cells	as	shown	in	H	(n	=	15).	Scale	bars,	20	μm.	Data	were	mean	±	SEM.	*P < .05, 
**P	<	.01,	***P < .001

F I G U R E  8  Working	model	of	
YAP	functions	in	the	proliferation	of	
neuroblastoma cells. Mitogenic factors 
such as serum promote the nuclear 
translocation	of	YAP,	which	initiates	the	
transcription of target genes such as 
Akt.	Furthermore,	upregulation	of	Akt	
expression promotes the nuclear export of 
p27Kip1 and decreases the nuclear location 
of p27Kip1, which enhances proliferation
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So	 far,	 no	evidence	has	 shown	 that	YAP-Akt-p27kip1 signalling 
is involved in the proliferation of neuroblastoma in vivo, as well as 
YAP-Akt,	Akt-p27kip1	and	YAP-p27kip1	signalling.	However,	there	are	
in	vivo	results	suggesting	that	YAP,	Akt	and	p27kip1 are related to 
neuroblastoma.13,22,66	 YAP	 is	 significantly	 higher	 in	 the	malignant	
neuroblastoma tissues of human, compared to the peritumoral 
tissues.13	 Inhibition	 of	 the	 Akt	 signalling	 pathway	 shows	 thera-
peutic efficacy in neuroblastoma xenografts in vivo.66 Decrease 
of transcript levels of p27Kip1 increases human susceptibility to 
neuroblastoma.22

In	 summary,	our	 results	 indicate	 that	YAP	promotes	prolifer-
ation of neuroblastoma cells through decreasing the nuclear lo-
cation of p27Kip1	mediated	 by	Akt.	Disruption	of	 the	 balance	of	
p27Kip1 distribution between nuclear and cytoplasmic distribution 
by	YAP	activation	will	 influence	 cell	 cycle	 and	 cell	 proliferation.	
Our	study	provides	a	new	mechanism	for	the	proliferation	of	neu-
roblastoma cells, and suggest that nuclear p27Kip1 entrapment 
may	 be	 a	 potential	 therapeutic	 strategy	 for	 anti-proliferation	 in	
neural tumour cells.
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