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Abstract
Although	 leucine	zipper	tumour	suppressor	1	 (LZTS1)	has	been	considered	a	po-
tential	 tumour	 suppressor,	 accumulating	 evidence	 suggests	 that	 LZTS1	 is	 highly	
expressed	in	many	cancer	types.	To	unravel	the	exact	role	of	LZTS1	in	colorectal	
carcinogenesis,	we	performed	 the	bioinformatic	 analysis	 of	 LZTS1,	 including	 ex-
pression differences, correlations between expression levels and survival, meth-
ylation	 status	 of	 LZTS1	 promoter	 and	 related	 cellular	 pathways	 based	 on	 TCGA	
dataset,	GEO	databases	and	our	own	CRC	patient	cohort.	Furthermore,	we	con-
firmed	the	oncogenic	function	of	LZTS1	in	human	mammalian	cells	by	employing	a	
series of assays including tissue microarray, immunoblotting, cell proliferation and 
migration	assay.	We	found	that	the	expression	of	LZTS1	is	higher	in	tumour	samples	
compared	to	paired	normal	tissue	in	CRC	cancer	and	its	different	clinical	subtypes,	
which	is,	at	least	in	part,	due	to	the	low	methylation	status	of	LZTS1	promoter	in	
CRC	tumour	samples.	Functional	analysis	identified	the	close	relationship	between	
high	 expression	 of	 LZTS1	 and	 PI3K-	AKT	 pathway	 and	 the	 epithelial–mesenchy-
mal	transition	(EMT)	process.	Consistently,	we	found	that	the	expression	of	LZTS1	
positively	correlated	with	the	expression	PIK3CD,	N-	cadherin	in	CRC	tumour	sam-
ples,	while	the	expression	of	LZTS1	negatively	correlated	with	the	expression	of	
E-	cadherin	and	PTEN	in	CRC	tumour	samples.	Experimental	data	further	confirmed	
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1  |  BACKGROUND

Colorectal	cancer	(CRC)	is	one	of	the	most	common	types	of	cancer	
worldwide with high morbidity and mortality.1	Although	the	increasing	
understanding	of	CRC	pathophysiology	has	expanded	the	treatment	
options to include radiotherapy, chemotherapy, immunotherapy and 
targeted	therapy,	CRC	remains	a	serious	threat	to	 life	for	millions	of	
people globally.2	 Therefore,	 it	 is	 urgent	 to	 unravel	 the	 aetiology	 of	
CRC,	which	will	contribute	to	identifying	novel	therapeutic	targets.

At	 molecular	 level,	 colorectal	 carcinogenesis	 arises	 from	 abnor-
mal expression of oncogenes and tumour suppressors, which mostly 
results from genetic mutations and epigenetic alterations.3	The	mu-
tations	 of	 genes	 like	 TP53,	 for	 instance,	 have	 been	 found	 in	 more	
than	half	of	CRC	tumour	samples.4	Accumulating	evidence	suggests	
that the abnormal epigenetic modulations of these driver genes are 
demonstrated	as	important	regulators	for	CRC.5	Thus,	these	potential	
regulators	could	be	potential	targets	for	CRC	treatment.	Intriguingly,	
some genes could assume the oncogenic or tumour suppressive role in 
different stages of cancer or different subtypes of cancer. For instance, 
TGFb1	functions	as	a	tumour	suppressor	by	suppressing	cell	growth	
and inducing apoptosis at the early stage of cancer, while it acts as an 
oncogene	by	 inducing	EMT	and	regulatory	T-	cell	proliferation	at	the	
late	stage	of	CRC.6,7 He et al. also reported that Furin, a proprotein 
convertase,	serves	a	double	role	in	CRC.8,9	These	studies	suggest	that	
more	work	is	still	needed	to	clarify	the	distinct	roles	of	genes	in	cancer,	
providing precise guidance for cancer treatment.

The	 leucine	 zipper	 tumour	 suppressor	 (LZTS)	 family	 comprises	
three	members:	LZTS1,	LZTS2	and	LZTS3.	Several	studies	show	that	
the	expression	of	LZTS	members	seems	to	be	downregulated	in	tumour	
samples of breast cancer and lung cancer,10,11	indicating	that	LZTS	has	
a tumour suppressive function in these cancers. Furthermore, deletion 
of	LZTS1	in	mouse	embryos	predisposes	mice	to	cancer	development	
by accelerating mitotic progression.12 In human cancer cell lines, re-
pression	 of	 LZTS1	 causes	 aggressive	 phenotypes	 by	 regulating	 the	

PI3K-	AKT	pathway.13,14 On the other hand, emerging evidence sug-
gests	that	LZTS1	shows	higher	expression	in	pancreatic	tumour	tissue	
compared to paired normal tissue, indicating the oncogenic function of 
LZTS1	in	human	cancers.15	Furthermore,	inhibition	of	LZTS1	reduced	
the	activity	of	AKT	and	its	downstream	target	glycogen	synthase	ki-
nase 3 β	 (GSK-	3β)	 in	 pancreatic	 cancer	 cells,	 while	 overexpressed	
LZTS1	led	to	upregulated	activity	of	AKT	and	GSK-	3β.	These	studies	
suggest	that	the	role	of	LZTS1	could	vary	from	cancer	to	cancer.

Here,	 our	 results	 show	 that	 the	expression	of	 LZTS1	 is	 higher	
in	CRC	 tumour	 samples	compared	 to	 their	paired	normal	 tissue	 in	
both	public	datasets	and	our	cohort.	Accordingly,	CRC	tumour	sam-
ples	harbour	a	higher	promoter	methylation	level	of	LZTS1	than	that	
in	the	paired	normal	tissue.	Bioinformatic	analysis	and	in	vivo	assay	
show	that	LZTS1	contributes	to	tumorigenesis	by	increasing	the	ac-
tivity	of	AKT	and	EMT.	Furthermore,	depletion	of	LZTS1	repressed	
the	proliferation	and	migration	rate	of	CRC	cells.	Our	study	suggests	
that	LZTS1	functions	as	an	oncogene	in	CRC.

2  |  RESULTS

2.1  |  The increased expression of LZTS1 in CRC 
and other cancer types

Since	the	expression	of	LZTS1	has	been	reported	as	a	potential	tu-
mour suppressor gene in several cancer types, we first analysed the 
expression	 of	 LZTS1	 in	 pan-	cancer	 based	 on	 the	 TCGA	database.	
Our	analysis	showed	that	the	expression	of	LZTS1	was	significantly	
upregulated	 in	 eight	 types	 of	 cancer	 including	 COAD	 and	 READ	
(Figure 1A).	On	the	other	hand,	the	BRCA	and	KIRP	tumour	samples	
displayed	 downregulated	 LZTS1	 expression	 compared	 to	 normal	
tissues	 (Figure 1A).	Furthermore,	we	 found	 that	 the	expression	of	
LZTS1	was	significantly	increased	in	CRC	tumour	samples	based	on	
two	individual	GEO	datasets	(Figure 1B).	To	confirm	the	expression	

that	overexpression	of	LZTS1	upregulated	activity	of	AKT	and	promoted	EMT	pro-
cess.	Furthermore,	depletion	of	LZTS1	repressed	 the	proliferation	and	migration	
rate	of	CRC	cells.	Thus,	this	study	indicates	that	LZTS1	plays	an	oncogenic	role	in	
colorectal carcinogenesis.

K E Y W O R D S
AKT,	colorectal	cancer,	EMT,	LZTS1

F I G U R E  1 LZTS1	is	upregulated	in	CRC.	(A)	Transcriptional	levels	of	LZTS1	in	different	tumour	types	from	the	TCGA	database	
summarized	by	TIMER	database.	(B)	Box	plot	of	LZTS1	expression	in	two	independent	GEO	datasets	(GSE41258	and	GSE87211).	(C)	The	
protein	levels	of	LZTS1	were	checked	by	immunohistochemistry	in	tumour	and	paired	normal	tissue	of	CRC	patients.	Scale	bar:	100μm. 
(D)	Overall	survival	(OS)	analysis	of	CRC	patients	from	the	TCGA	database	stratified	by	LZTS1	expression	using	the	K–M	plotter	tool.	(E)	
Disease-	specific	survival	(DSS)	analysis	of	CRC	patients	from	the	TCGA	database	grouped	by	LZTS1	expression	using	the	Kaplan–Meier	
plotter	tool.	(F)	Progression-	free	survival	(PFS)	analysis	of	CRC	patients	from	the	TCGA	database	grouped	by	LZTS1	expression	using	
the	K–M	plotter	tool.	A	two-	tailed	Student's	t-	test	was	performed	for	(B)	log-	rank	test	was	performed	for	(D–F).	*p < 0.05,	**p < 0.01,	
***p < 0.001,	****p < 0.0001.
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of	LZTS1	in	CRC	tissue	at	the	protein	level,	we	checked	its	expres-
sion	in	three	paired	CRC	patients'	samples	by	means	of	immunohis-
tochemistry.	 As	Figure 1C	 shows,	 LZTS1	was	 highly	 expressed	 in	
CRC	tumour	samples	compared	to	paired	adjacent	normal	tissue	in	
these	three	paired	CRC	samples,	indicating	that	LZTS1	expression	is	
highly	upregulated	in	CRC	tumour	samples.

Next,	we	analysed	the	 relationship	between	LZTS1	expression	
and	CRC	patient'	prognosis.	We	observed	that	high	LZTS1	expres-
sion	 was	 correlated	 with	 poor	 overall	 survival	 (OS)	 in	 368	 CRC	
samples	 (Figure 1D).	Furthermore,	LZTS1	overexpression	was	also	
associated	with	worse	disease-	specific	survival	(DSS)	(Figure 1E)	and	
a	progression-	free	interval	(Figure 1F)	among	these	patients.	These	
data	reveal	that	upregulated	LZTS1	expression	 is	 linked	to	tumour	
progression	in	CRC.

2.2  |  Expression of LZTS1 in different 
CRC subgroups

Next,	 we	 evaluated	 the	 correlation	 between	 LZTS1	 expres-
sion	and	clinical	 features	of	other	CRCs	 (colon	adenocarcinoma:	
COAD;	rectal	adenocarcinoma:	READ).	In	both	COAD	and	READ,	
LZTS1	expression	revealed	a	substantial	upregulation	trend	as	tu-
mour	grade	increased,	compared	to	normal	tissues	(Figure 2A,B).	
There	is	also	the	case	in	the	N	stage	of	COAD	and	READ,	as	LZTS1	
expression	 showed	 a	 strong	 up-	regulation	 trend	 as	 the	N	 stage	
advanced	 (Figure 2C,D).	 As	 for	 adenocarcinoma	 and	mucus	 ad-
enocarcinoma,	 both	COAD	 and	READ	 showed	 enhanced	 LZTS1	
expression compared to normal tissue, along with increased trend 
of	 LZTS1	 in	 mucus	 adenocarcinoma	 (Figure 2E,F).	 Compared	
to	 normal	 tissue,	 we	 observed	 that	 LZTS1	 expression	 was	 sig-
nificantly	 higher	 in	 COAD	 patients	 despite	 their	 body	 weight	
(Figure 2G).	Similarly,	LZTS1	expression	showed	the	upregulation	
trend	in	READ	tumours,	although	there	was	no	significant	differ-
ence	between	normal	and	obese	subgroups	in	terms	of	LZTS1	ex-
pression	(Figure 2H).	As	Figure 2I displayed, age is an important 
factor	for	LZTS1	expression	in	patients	with	COAD	or	READ,	but	
the	 tendency	was	 the	 opposite.	 For	 the	 COAD	 patients,	 LZTS1	
expression was high across all age groups, with the highest 
among	 81–100 years	 subgroup	 (Figure 2I),	 while	 LZTS1	 expres-
sion	showed	a	downregulation	trend	among	READ	patients	as	the	
age	 increased	(Figure 2J).	 In	both	male	and	female	patients	with	
COAD	or	READ,	LZTS1	expression	was	upregulated	in	tumorous	
tissues	compared	to	normal	surrounding	tissues	(Figure 2K,L).	We	
also	observed	that	LZTS1	expression	was	higher	in	male	than	fe-
male.	The	 results	 reveal	 that	 LZTS1	 is	potentially	 related	 to	 the	
advancement	of	CRC.

2.3  |  Methylation landscape of LZTS1 in CRC

DNA	methylation	is	an	essential	epigenetic	mechanism	for	regu-
lating	gene	expression,	and	a	high	DNA	methylation	level	often	

suppresses transcriptional activation of genic regions.16	 To	un-
derstand	whether	the	methylation	pattern	of	LZTS1	caused	the	
different	expression	levels	of	LZTS1	in	COAD	and	READ	as	well	
as paired normal tissue, we analysed the methylation levels of 
LZTS1	promoter	in	COAD	and	READ.	As	Figure 3A,B show, the 
methylation	 level	 of	 LZTS1	 promoter	 was	 lower	 in	 COAD	 and	
READ	tumour	samples	compared	to	normal	surrounding	 tissue,	
consistent	with	the	finding	that	higher	expression	of	LZTS1	was	
observed	 in	COAD	and	READ	tumour	samples	 than	 in	 those	of	
normal tissue.

Then,	we	 further	analysed	 the	methylation	pattern	of	LZTS1	
in	distinct	subgroups	of	COAD	and	READ.	In	keeping	with	the	ex-
pression	pattern	of	 LZTS1	 in	COAD	and	READ,	 the	methylation	
level	 of	 the	 LZTS1	 promoter	 was	 significantly	 lower	 in	 tumour	
samples	 of	 COAD	 or	 READ	 with	 different	 tumour	 grades	 or	 N	
stage,	 compared	 to	 normal	 tissues	 (Figure 3C–F).	 Furthermore,	
the tumour samples at an advanced stages showed the lowest 
methylation	level	of	LZTS1.	As	for	adenocarcinoma	and	mucus	ad-
enocarcinoma,	 both	COAD	and	READ	showed	decreased	LZTS1	
expression	compared	to	normal	tissue	(Figure 3G,H).	Additionally,	
diverse	body	weight,	ages	and	genders	of	COAD	or	READ	all	pa-
tients	 had	 a	 lower	 LZTS1	 gene	 promoter	methylation	 level	 than	
the	 normal	 group	 (Figure 3I–N).	 Altogether,	 decreased	methyla-
tion	levels	of	LZTS1	promoter	could	result	in	the	increased	expres-
sion	of	LZTS1	in	CRC.

2.4  |  The expression of LZTS1 in Chinese 
CRC cohort

To	 confirm	 the	 bioinformatic	 analysis	 of	 LZTS1	 expression	 in	
CRC,	we	examined	the	expression	of	LZTS1	in	our	own	CRC	co-
hort	 containing	 of	 90	CRC	 patients.	 Based	 on	 the	 IHC	 staining	
of	LZTS1	in	a	tissue	microarray	with	90	cases	of	CRC	and	paired	
adjacent	colorectal	tissues	(Figure 4A),	we	found	that	the	protein	
expression	 of	 LZTS1	 was	 significantly	 upregulated	 (p < 0.01)	 in	
CRC	tissues	compared	to	adjacent	colorectal	tissues	(Figure 4B),	
consistent	 with	 the	 high	 expression	 of	 LZTS1	 in	 CRC	 tissues	
from	TCGA	and	GEO	datasets.	Next,	we	analysed	the	expression	
of	 LZTS1	 in	 different	 CRC	 subgroups.	 Across	 different	 tumour	
grades	 (T1–T3),	 increased	expression	of	LZTS1	was	observed	 in	
CRC	tissues	compared	to	normal	tissues	(Figure 4C).	Interestingly,	
different	 N	 stages	 showed	 different	 trends	 in	 terms	 of	 LZTS1	
expression.	In	the	N0	and	N1	stages,	LZTS1	expression	was	sig-
nificantly	 increased	 in	CRC	compared	to	the	adjacent	colorectal	
tissues, while its expression showed a decreased trend in the N2 
stage	(Figure 4D).	Although	both	adenocarcinoma	tissues	and	mu-
cinous	adenocarcinoma	tissues	showed	higher	LZTS1	expression	
than that of the paired normal tissues, the increased degree of 
LZTS1	expression	in	adenocarcinoma	tissues	was	much	stronger	
than	mucinous	adenocarcinoma	tissues	(Figure 4E).	As	Figure 4F 
displayed,	LZTS1	expression	had	an	upregulated	trend	in	CRC	tis-
sues compared to the normal tissues in distinct age subgroups 
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(Figure 4F).	 In	male	CRC	patients,	LZTS1	expression	was	signifi-
cantly increased in tumour tissues versus normal tissues, and its 
expression	level	also	showed	an	upregulation	trend	in	female	CRC	
patients	(Figure 4G).	In	the	CRC	patients	with	distant	metastasis,	
despite	the	limited	sample	size,	we	still	observed	a	slight	upreg-
ulation trend in the tumour tissues compared to normal tissues 
(Figure 4H).	Furthermore,	in	the	CRC	patients	without	metastasis,	
LZTS1	expression	was	significantly	upregulated	in	the	tumour	tis-
sues	 compared	 to	 the	normal	 tissues	 (Figure 4H).	 These	 results	
further	 support	 the	hypothesis	 that	 LZTS1	 contributes	 to	 colo-
rectal carcinogenesis in our cohort.

2.5  |  Upregulated LZTS1 expression enhances the 
activity of PI3K- AKT and EMT pathways in CRC

We	next	aimed	to	unravel	the	biological	function	of	LZTS1	in	CRC.	
To	do	so,	we	compared	differentially	expressed	genes	(DEGs)	in	the	
TCGA	COAD-	READ	 cohort	 between	 the	 LZTS1high	 and	 LZTS1low 
groups.	Among	these	DEGs,	we	identified	1635	upregulated	DEGs	
and	1622	downregulated	DEGs	(Figure 5A; Table S1).	KEGG	path-
way	 enrichment	 analysis	 showed	 that	 the	 PI3K-	AKT	 signalling	
pathway, focal adhesion and other signalling pathways were signifi-
cantly	enriched	 in	 the	upregulated	DEGs	 (Figure 5B).	 In	contrast,	

F I G U R E  2 The	correlation	between	LZTS1	expression	and	distinct	clinicopathological	status	in	TCGA	COAD	and	READ	dataset.	(A,	B)	
The	correlation	between	LZTS1	expression	and	tumour	stage	in	TCGA	COAD	(A)	and	READ	(B)	dataset.	(C,	D).	The	correlation	between	
LZTS1	expression	and	lymph	nodes	metastasis	in	TCGA	COAD	(C)	and	READ	(D)	dataset.	(E,	F).	The	correlation	between	LZTS1	expression	
and	cancer	subtype	in	TCGA	COAD	(E)	and	READ	(F)	dataset.	(G,	H).	The	correlation	between	LZTS1	expression	and	patients'	body	weight	
in	TCGA	COAD	(G)	and	READ	(H)	dataset.	(I,	J).	The	correlation	between	LZTS1	expression	and	patients'	age	in	TCGA	COAD	(I)	and	READ	
(J)	dataset.	(K,	L).	The	correlation	between	LZTS1	expression	and	patients'	gender	in	TCGA	COAD	(K)	and	READ	(L).	The	Welch's	T-	test	was	
used to estimate the significance of differences in expression levels between normal and primary tumours or tumour subgroups based on 
clinicopathological	features.	*p < 0.05,	**p < 0.01,	***p < 0.001.
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Alzheimer	 disease,	 prion	 diseases	 and	 other	 pathways	 were	 sig-
nificantly	enriched	 in	 the	downregulated	DEGs	 (Figure S1A).	The	
GO analysis revealed that the biological processes associated with 

these upregulated DEGs were extracellular matrix structural con-
stituent,	integrin	binding	and	other	biological	processes	(Figure 5C),	
which	 were	 related	 to	 epithelial–mesenchymal	 transition	 (EMT).	

F I G U R E  3 The	methylation	pattern	of	LZTS1	promoter	in	CRC	samples	from	TCGA	database.	(A,	B).	The	methylation	level	of	LZTS1	
promoter	in	TCGA	COAD	(A)	and	READ	(B)	dataset.	(C,	D).	The	methylation	level	of	LZTS1	promoter	in	tumour	sample	with	different	stage	
from	TCGA	COAD	(C)	and	READ	(D)	dataset.	(E,	F).	The	methylation	level	of	LZTS1	promoter	in	tumour	sample	with	different	lymph	nodes	
metastasis	status	from	TCGA	COAD	(E)	and	READ	(F)	dataset.	(G,	H).	The	methylation	level	of	LZTS1	promoter	in	different	cancer	subtype	
from	TCGA	COAD	(G)	and	READ	(H)	dataset.	(I,	J).	The	methylation	level	of	LZTS1	promoter	in	tumour	sample	with	different	patients'	body	
weight	in	TCGA	COAD	(I)	and	READ	(J)	dataset.	(K,	L).	The	methylation	level	of	LZTS1	promoter	in	tumour	sample	with	different	patients'	
age	in	TCGA	COAD	(K)	and	READ	(L)	dataset.	(M,	N).	The	methylation	level	of	LZTS1	promoter	in	tumour	sample	from	male	patients	
or	female	patients	in	TCGA	COAD	(M)	and	READ	(N)	dataset.	The	Welch's	T-	test	was	used	to	measure	the	significance	of	hypo-	/hyper-	
methylation	status	of	promoter	DNA	between	normal	and	primary	tumours	or	tumour	subgroups	based	on	clinicopathological	features.	
*p < 0.05,	**p < 0.01,	***p < 0.001.
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Furthermore, GO molecular function analysis identified that these 
upregulated	DEGs	were	enriched	 in	EMT-	related	molecular	 func-
tions	 including	 collagen-	containing	 extracellular	 matrix	 and	 cell–
cell	 junction	 (Figure 5D).	 These	 upregulated	 DEGs	 were	 closely	

related	to	extracellular	matrix	organization	and	extracellular	struc-
ture	 organization,	 both	 of	 which	 played	 important	 roles	 in	 EMT	
(Figure 5E),	In	contrast,	these	downregulated	DEGs	were	enriched	
into distinct biological processes, molecular functions and cellular 

F I G U R E  4 The	protein	level	of	LZTS1	in	individual	CRC	tumour	samples	cohort.	(A)	The	immunohistochemistry	of	LZTS1	in	180	tissue	
spots	from	90	CRC	patients	(left	panel).	Representative	images	of	LZTS1	immunohistochemistry	in	tumour	tissue	(T)	and	paired	normal	
tissue	(N)	(right	panel).	(B)	The	quantification	of	LZTS1	immunohistochemistry	in	tumour	tissue	and	paired	normal	tissue	based	on	the	
immunohistochemistry	score.	(C)	The	LZTS1	expression	in	CRC	tumour	samples	with	different	stage.	(D)	The	LZTS1	expression	in	CRC	
tumour	samples	with	different	extent	of	lymph	nodes	metastasis.	(E)	The	LZTS1	expression	in	different	CRC	subtype.	(F)	The	LZTS1	
expression	in	tumour	sample	with	different	patients'	age.	(G)	The	LZTS1	expression	in	tumour	sample	from	male	patients	or	female	patients.	
(H)	The	LZTS1	expression	in	tumour	sample	with	or	without	distant	metastasis.	A	two-	tailed	Student's	t-	test	was	performed	for	(B–H)	
*p < 0.05,	**p < 0.01.
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components	 (Figure S1B–D).	These	data	suggest	that	LZTS1	con-
tributes	to	PI3K-	AKT	signalling	pathways	activation	and	EMT	bio-
logical processes.

We then analysed the potential pathways associated with the 
LZTS1	 expression	 level	 via	 GESA	 analysis.	 Consistent	 with	 KEGG	
analysis,	 LZTS1	 expression	was	 positively	 associated	with	 the	 ac-
tivity	of	the	PI3K-	AKT	signalling	pathway	(Figure 5F),	indicating	that	
LZTS1	could	upregulate	the	activity	of	the	PI3K-	AKT	signalling	path-
way.	 Furthermore,	 we	 observed	 that	 LZTS1	 expression	was	 posi-
tively	associated	with	the	EMT	pathway	(Figure 5G),	in	keeping	with	
GO	analysis.	This	evidence	reveals	that	LZTS1	plays	a	critical	role	in	
PI3K-	AKT	and	EMT	signalling	pathways.

2.6  |  LZTS1 overexpression strengthens the 
activity of the PI3K- AKT pathway and EMT process

In	our	pursuit	to	comprehend	the	impact	of	LZTS1	on	both	the	PI3K-	
AKT	 signalling	 pathway	 and	 the	 epithelial-	mesenchymal	 transition	
(EMT)	 process,	 we	 embarked	 on	 a	 series	 of	 experiments.	 Initially,	
we	 crafted	 a	 LZTS1-	3xFLAG	 plasmid	 and	 successfully	 introduced	
it	into	human	cells	via	transfection.	To	mitigate	potential	data	noise	
arising from the inherent cellular heterogeneity characteristic of tu-
mour	cell	lines,	we	judiciously	selected	H293T	cells	as	our	preferred	
experimental	model	for	subsequent	 investigations.	As	illustrated	in	
Figure 6A,	our	efforts	resulted	in	the	robust	expression	of	the	FLAG	

F I G U R E  5 LZTS1	is	vital	in	PI3K-	AKT	pathway	and	EMT	process.	(A)	Volcano	plot	indicates	DEGs	by	comparing	LZTS1low	and	LZTS1high 
groups	from	the	TCGA	COAD+READ	datasets.	Green	dot:	downregulated	DEGs;	red	dot:	upregulated	DEGs.	(B)	Pathways	enrichment	
of	1635	upregulated	DEGs	by	KEGG	analysis.	(C–E).	Biological	process,	molecular	function	and	cellular	component	of	1635	upregulated	
DEGs	by	GO	analysis.	(F)	GSEA	shows	that	processes	of	PI3K-	AKT	singling	pathway	(F)	and	epithelial-	mesenchymal	transition	(EMT)	(G)	are	
significantly	enriched	in	patients	with	high	LZTS1	expression.
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tag	 in	 the	 transfected	 cells.	 Importantly,	we	 also	observed	 a	 stark	
contrast	in	LZTS1	expression	levels	between	the	transfectants	and	
the	control	group,	with	LZTS1	being	barely	detectable	in	the	latter	
(Figure 6A).	 These	 compelling	 data	 firmly	 support	 the	 notion	 that	
LZTS1	 is	 conspicuously	 overexpressed	 in	 the	H293T	 cells	 used	 in	
this study.

Next,	we	tend	to	examine	the	effect	of	LZTS1	overexpression	
on	 the	 above-	mentioned	 signalling	 pathways.	 As	 the	 Figure 6B 
indicates,	we	observed	 that	LZTS1	overexpression	enhanced	the	
phosphorylation	 level	of	AKT	at	Ser473	 sites,	 indicating	upregu-
lated	 activity	 of	 PI3K-	AKT	 signalling	 pathway.	 Furthermore,	 we	
checked	the	effect	of	LZTS1	on	the	EMT	process.	LZTS1	overex-
pression	caused	the	decreased	expression	of	epithelial	marker	E-	
cadherin	(Figure 6C).	In	contrast,	overexpressed	LZTS1	resulted	in	
the	increased	expression	of	N-	cadherin	and	slug,	both	of	which	are	
mesenchymal	marker	 in	 the	EMT	process	 (Figure 6C).	 In	keeping	
with	 bioinformatic	 analysis	 in	 tumour	 samples,	 LZTS1	 promotes	
the	PI3K-	AKT	signalling	pathway	and	EMT	process,	thus	contrib-
uting to oncogenesis.

2.7  |  LZTS1 inactivation represses the tumorigenic 
properties of CRC cells

To	 explore	 the	 role	 of	 LZTS1	 in	 CRC	 cells,	 we	 established	 the	
LZTS1	 deficient	 cell	 line	 in	 SW480	 and	 HCT116	 cells	 using	
CRISPR-	Cas9	technology.	For	both	SW480	and	HCT116	cells,	we	
employed	three	guide	RNAs	to	inactive	LZTS1.	As	immunoblotting	
assay	showed,	LZTS1	expression	were	barely	detected	in	CRC	cells	
transduced	by	 lentivirus	with	 three	 guide	RNAs	 (Figure 6D).	We	
subsequently	 examined	whether	 LZTS1	 inactivation	 could	 affect	
the	proliferation	rates	of	SW480	and	HCT116	cells.	We	found	that	
LZTS1	inactivation	resulted	 in	 inhibited	proliferation	rate	 in	both	
SW480	and	HCT116	cells	(Figure 6E).	Interestingly,	we	also	found	
that	HCT116	control	cells	proliferated	faster	than	SW480	control	
cells	(fourteen-	fold	vs.	six-	fold	increase	after	7 days,	respectively)	
(Figure 6E),	indicating	that	LZTS1	inactivation	represses	the	prolif-
eration	of	CRC	cells.

We	 next	 analysed	 how	 LZTS1	 impacted	 on	 migration	 ability	
of	 CRC	 cell	 lines	 through	wound	 healing	 assay	 (Figure 6F).	 In	 all	
HCT116	groups,	the	wound	gap	width	showed	clear	decrease	trend	
over	time.	At	12 h,	 the	wound	gap	width	was	decreased	by	about	
45%	in	control	group,	while	wound	gap	width	of	gRNA1	and	gRNA2	
groups	was	decreased	by	20%	and	25%,	 respectively	 (Figure 6F),	
both	of	which	were	significantly	slower	 than	control	group.	After	
24 h,	 we	 also	 observed	 that	 the	 migration	 rate	 of	 gRNA1	 and	
gRNA2	groups	was	significantly	slower	than	control	group.	In	con-
trast,	SW480	cells	migrated	much	slower	than	HCT116	(Figure 6E).	
Furthermore,	 we	 found	 that	 the	 migration	 rate	 of	 gRNA1	 and	
gRNA2	groups	was	significantly	slower	than	control	group	in	both	
24	and	48 h,	 indicating	 that	disruption	of	LZTS1	supresses	migra-
tion	rate	in	CRC	(Figure 6F).

2.8  |  The correlation of LZTS1 with PI3K- AKT 
pathway and EMT in human CRC tissue

To	 confirm	 the	 correlation	 between	 the	 expression	 of	 LZTS1	 and	
PI3K-	AKT	and	EMT	pathways,	we	analysed	the	mRNA	expression	of	
LZTS1,	PI3K-	AKT	and	EMT	markers	in	CRC	by	TNM	plot	database.	
It	is	well	documented	that	PIK3CD	and	PTEN	are	positive	and	nega-
tive	 regulator	 for	PI3K-	AKT	pathway,	 respectively.17 We observed 
that	mRNA	expression	of	 LZTS1	positively	 correlated	with	mRNA	
expression	 of	 PIK3CD	 (Figure.7A).	 In	 contrast,	 mRNA	 expression	
of	 LZTS1	 negatively	 correlated	 with	 mRNA	 expression	 of	 PTEN	
(Figure.7A). Immunofluorescence analysis also showed that both 
LZTS1	and	pAKT	were	consistently	high	expressed	in	CRC	tumour	
samples	 (Figure.7B).	 These	 data	 further	 support	 the	 notion	 that	
LZTS1	promotes	PI3K-	AKT	pathway.

Similarly,	gene–gene	correlation	analysis	displayed	that	 the	ex-
pression	 of	 LZTS1	 negatively	 correlated	 with	 the	 expression	 of	
CDH1	 (encoding	 E-	cadherin)	 at	 mRNA	 level	 while	 its	 expression	
positively	 correlated	 with	 the	 expression	 of	 CDH2	 (encoding	 N-	
cadherin)	 (Figure.7C).	At	protein	 level,	both	LZTS1	and	N-	cadherin	
were	consistently	expressed.	 In	contrast,	 the	expression	of	LZTS1	
and	 E-	cadherin	 had	 a	 opposite	 trend	 (Figure.7D).	 Taken	 together,	
LZTS1	 contributes	 to	 N-	cadherin	 expression,	 thereby	 promoting	
EMT	process	(Figure.7D).

3  |  DISCUSSION

The	 LZTS1	 gene,	 encoding	 a	 67-	kDa	 leucin	 zipper	 protein,	
shares	 a	 32%	 sequence	 with	 the	 cAMP-	responsive	 activating-	
transcription	 factor	 (ATF5),	 suggesting	 its	 potential	 function	
in	 regulating	 DNA	 transcription.18 Further functional analy-
sis	 showed	 that	 LZTS1	 can	 form	 a	 complex	 with	 phosphatase	
CDC25C,	 thus	preventing	CDC25C	 from	proteasomal	degrada-
tion during mitosis.19	Therefore,	loss	of	LZTS1	causes	increased	
CDC25C	 degradation	 during	 the	 metaphase,	 which	 decreases	
CDK1	activity.	As	 a	 result,	 the	decreased	CDK1	activity	 accel-
erated mitotic progression and improper chromosome segrega-
tion.12	 Furthermore,	 LZTS1	 can	 regulate	microtubule	 assembly	
by interacting with p34cdc2	 at	 the	 late	S–G2/M	stage,	and	 thus	
impacting mitosis progression.20 During the process of neuronal 
delamination,	loss	of	LZTS1	impairs	neuronal	migration	by	reduc-
ing	the	activity	of	myosin	II,	indicating	that	LZTS1	might	promote	
cell migration by regulating microtubule components.21	 More	
importantly,	 this	 study	 demonstrated	 that	 LZTS1	 expression	 is	
closely	associated	with	N-	cadherin,	an	EMT	transcriptional	fac-
tor.	Consistently,	our	data	showed	that	LZTS1	promotes	the	ex-
pression	of	N-	cadherin,	which	supports	the	idea	that	LZTS1	has	
a	potential	role	in	the	EMT	process.	Recently,	Williams	et	al.	clas-
sified	LZTS1	as	a	potential	epigenetic	regulator.22	Therefore,	fur-
ther	studies	are	needed	to	unravel	the	epigenetic	role	of	LZTS1	
in cells.
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Since	 LZTS1	 is	 located	 at	 chromosome	8p22,	 a	 region	of	 fre-
quent	 loss	 of	 heterozygosity	 (LOH)	 in	 human	 cancers	 like	 breast	
and bladder cancers,23,24	LZTS1	is	widely	considered	a	tumour	sup-
pressor. However, this notion is recently been challenged by other 
studies.	 It	has	been	 reported	 that	 the	expression	of	LZTS1	 is	not	
decreased in ovarian cancer cells, compared to normal ovarian sur-
face	epithelial	cells,	indicating	that	LZTS1	is	not	the	target	of	LOH	
at 8p22 in ovarian cancer.25 Furthermore, Welsh et al. reported that 
the	expression	of	LZTS1	is	not	altered	in	primary	ovarian	tumours	
than in normal ovary tissues.26 Intriguingly, decreased expression 
of	LZTS1	reflects	a	higher	rate	of	complete	response	to	platinum–
taxane-	based	 chemotherapy	 than	 non-	taxane-	based	 treatment	 in	
patients with ovarian cancer,27	 indicating	that	a	decreased	LZTS1	
level	favours	chemotherapy	response	in	ovarian	cancer.	Moreover,	
several	studies	reported	that	expression	of	LZTS1	is	higher	in	can-
cer tissues, compared to matched control samples, indicating the 
oncogenic	 function	 of	 LZTS1	 in	 carcinogenesis.28–31	 Together,	
these	 results	 challenge	 the	 notion	 that	 LZTS1	 functions	 as	 a	 tu-
mour	 suppressor	 in	 cancer.	 Consistent	 with	 these	 observations,	
our	analysis	 showed	that	 tumour	samples	harbour	LZTS1	overex-
pression in multiple cancer types. Interestingly, the increment of 
LZTS1	expression	 is	more	 in	endometrial	cancer	patients	without	
lymph node metastasis, compared to endometrial cancer patients 
with lymph node metastasis.31 Furthermore, Simoes et al. reported 
that	LZTS1	expression	is	strongly	associated	with	the	development	
of metastasis,32	indicating	that	LZTS1	promotes	cancer	metastasis.

Recently,	 Hong	 et	 al.	 demonstrated	 that	 LZTS1	 is	 overex-
pressed	in	the	intestinal	mucosa	of	Crohn's	disease	(CD)	patients,	
compared to the health control group.33	More	importantly,	LZTS1	
expression	is	much	higher	in	inflamed	intestinal	mucosa	of	CD	pa-
tients	than	that	of	noninflamed	intestinal	mucosa	of	CD	patients,	
suggesting	that	high	expression	of	LZTS1	promotes	inflammatory	
symptoms	 in	 CD,	 thus	 increasing	 the	CRC	 risk.	 Accordingly,	 our	
study	found	that	high	expression	of	LZTS1	is	associated	with	poor	
prognosis	in	CRC	patients.	In	keeping	with	these	findings,	Ma	et	al.	
reported	 that	 expression	of	 LZTS1	 is	 negatively	 associated	with	
OS	in	CRC	patients.28

The	PI3K-	Akt	 signalling	pathway,	 a	 classical	 oncogenic	path-
way, has been widely reported to promote carcinogenesis.34 In 
our study, we found that many upregulated DEGs are enriched in 
this	pathway	in	the	high	LZTS1high	CRC	patient'	group,	indicating	
that	high	expression	of	LZTS1	contributes	to	the	activity	of	PI3K-	
AKT	 signalling	 pathway.	 Consistently,	 exogenous	 expression	 of	

LZTS1	in	H293T	cells	upregulate	phosphorylated	AKT	at	both	the	
Thr308	and	Ser473	sites.	In	keeping	with	this	finding,	one	study	
reported	that	overexpression	of	LZTS1	upregulates	the	activity	of	
the	AKT/GSK-	3β signalling pathway in pancreatic cancer cells.15 
On	the	other	hand,	another	study	reported	that	LZTS1	could	be	
a	 negative	 regulator	 of	 AKT,	 thus	 inhibiting	 carcinogenesis.35 
Consequently,	 a	 comprehensive	 understanding	 of	 the	 precise	
mechanisms	governing	LZTS1's	impact	on	the	PI3K-	AKT	pathway	
holds potential significance for tailoring therapeutic strategies in 
cancer treatment.

In	 this	 study,	 we	 showed	 that	 the	 expression	 of	 LZTS1	 was	
higher	in	CRC	tissues	as	well	as	multiple	other	cancer	types	com-
pared to normal tissues, and its overexpression was correlated 
with	 poor	 survival	 in	 CRC.	 In	 CRC	 tissues,	 LZTS1	 overexpres-
sion	was	significantly	correlated	 to	several	clinical	 indices	 linked	
to	tumour	progression	like	tumour	grade	and	lymph	node	status.	
Accordingly,	the	LZTS1	overexpression	in	the	CRC	tissues	was	as-
sociated	with	 lower	methylation	of	 the	LZTS1	promoter,	 in	 con-
trast to normal colorectal tissues. Furthermore, molecular function 
analysis	 revealed	 that	 high	 expression	 of	 LZTS1	 in	 CRC	 tissues	
largely	 contributes	 to	 PI3K-	AKT	 and	 EMT	 biological	 processes.	
Our	experimental	data	 further	 supports	 that	 LZTS1	overexpres-
sion	upregulated	phosphorylated	AKT	and	mesenchymal	markers	
like	N-	cadherin	and	slug.	Furthermore,	 inhibition	of	LZTS1	could	
repress	 the	 tumorigenic	properties	of	CRC	cells.	These	data	 fur-
ther	support	the	idea	that	LZTS1	could	play	an	oncogenic	function	
in colorectal carcinogenesis.

4  |  METHODS AND MATERIAL S

4.1  |  Data acquisition

All	the	bioinformatic	analyses	were	performed	by	the	R	software.	
The	 package	 TCGAbiolinks	 was	 used	 to	 download	 the	 RNA-	seq	
data	for	the	COAD-	READ	tumour	types.	In	total	there	are	698	sam-
ples	 distributed	 as	 follows:	 primary	 solid	 tumour	 (647)	 and	 solid	
normal	tissue	(51).	Before	running	the	differential	analysis	with	the	
R-	package	LIMMA,36	 a	pre-	filtering	step	was	applied.	 In	 this	way,	
we	removed	low	expressed	genes	by	the	LIMMA	filterByExpr	func-
tion.	 In	 the	 next	 step,	 the	 data	were	 normalized	 using	 the	Voom	
method.37	 Patients	 without	 clinical	 data	 information	 were	 ex-
cluded	from	the	related	clinical	prognosis	analysis.	Two	expression	

F I G U R E  6 LZTS1	promotes	activity	of	AKT	and	EMT	process	and	regulates	malignant	phenotypes	of	CRC	cells.	(A)	Overexpression	of	
LZTS1	in	H293T	cells.	(B)	Overexpression	of	LZTS1	enhances	the	activity	of	AKT	at	Thr308	and	Ser473	site.	(C)	Overexpression	of	LZTS1	
causes	the	downregulation	of	E-	cadherin	(the	epithelial	marker)	and	upregulation	of	N-	cadherin	and	Slug	(the	mechachymal	marker).	(D)	
Protein	immunoblotting	of	cell	extracts	of	SW480	and	HCT116	cells	transduced	by	lentivirus	with	empty	vector	(EV)	or	different	guide	
RNAs	targeting	LZTS1.	GAPDH	from	cell	extracts	is	shown	as	loading	control	(lower).	(E)	Proliferation	curves	of	control	cells	(EV)	and	LZTS1	
KO	cells	of	SW480	and	HCT116.	(F)	The	effect	of	LZTS1	on	the	migration	rate	in	SW480	and	HCT116	cells.	The	representative	photos	of	
time-	lapse	cell	migration	assay	of	control	cells	and	LZTS1	KO	cells	of	SW480	and	HCT116	cell	lines	(upper	panel),	quantitation	of	migration	
assays	for	each	CRC	cell	lines	(lower	panel).	All	experiments	are	performed	in	triplicate.	A	two-	tailed	Student's	t-	test	was	performed	for	(A).	
A	two-	tailed	Student's	t-	test	was	performed	for	(A)	a	two-	way	ANOVA	followed	by	Dunnett's	post	hoc	test	was	performed	for	(E)	a	one-	way	
ANOVA	followed	by	Dunnett's	post	hoc	test	was	performed	for	(F).	*p < 0.05,	**p < 0.01,	***p < 0.001.
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microarray series, that is GSE41258 and GSE87211 containing 
CRC	 tumour	 and	 paired	 normal	 tissues,	 were	 retrieved	 from	 the	
Gene	 Expression	 Omnibus	 (GEO,	 https:// www. ncbi. nlm. nih. gov/ 
geo/ ).	The	details	of	each	GEO	microarray	series	are	 summarized	
in Table S2.	TIMER	was	used	 to	analyse	 the	expression	of	LZTS1	
across	various	tumour	(https:// cistr ome. shiny apps. io/ timer/  ).38

4.2  |  KEGG and GO analysis

In	the	TCGA	dataset,	we	acquired	these	DEGs	between	LZTS1low and 
LZTS1high	groups	 identified	based	on	 the	median	cut-	off	of	LZTS1	
expression	using	the	‘edgeR’	package.	Fold	change	>1.5 and adjusted 
p value <0.05	were	used	as	the	standards	for	DEGs.	To	determine	
the functions of the 1635 upregulated DEGs and 1622 upregulated 
DEGs,	these	DEGs	were	then	subjected	to	DAVID	6.8	(https:// david. 
ncifc rf. gov/ )	for	KEGG	pathway	and	GO	functional	analyses.	The	re-
sults of downregulated DEGs were shown in Figure S1A–D.

4.3  |  GSEA analysis

To	 explore	 the	 expressive	 differences	 between	 LZTS1low and 
LZTS1high	subgroups	and	diverse	pathways	within	them,	the	R	pack-
age	FGSEA39 was used to test the significance of a biological pathway. 
With	 the	R	package	 clusterProfiler40 we performed an enrichment 
analysis	 on	 the	 significant	 genes.	 The	 gene	 set	 permutations	were	
performed	1000	times	to	obtain	the	normalized	enrichment	score.

4.4  |  Survival analysis

Firstly,	Cox	regression	analysis	was	performed	to	estimate	the	rela-
tionship	between	LZTS1	expression	and	OS,	DSS	and	progression-	
free	 survival	 (PFS)	 in	 CRC	 from	 the	 TCGA	 database	 using	 the	
Sangerbox	website	(http:// sange rbox. com).41

4.5  |  Expression of LZTS1 in different CRC 
subtypes and DNA methylation analysis

The	 UALCAN	 database	 was	 used	 to	 compare	 the	 expression	 of	
LZTS1	in	different	CRC	subtypes	based	on	the	TCGA	dataset.42 In 

addition,	DNA	methylation	level	of	the	LZTS1	promoter	in	tumours	
and	 corresponding	 normal	 tissues	 was	 analysed	 by	 the	 UALCAN	
database.

4.6  |  The correlation analysis of gene expression 
in CRC

The	TNMplot	 database43 was used to analyse the correlation be-
tween	the	expression	of	LZTS1	and	expression	of	AKT,	E-	cadherin,	
N-	cadherin	and	Slug	in	different	CRC	subtypes	based	on	the	TCGA	
dataset and GEO datasets.

4.7  |  Clinical samples

The	 study	 was	 conducted	 in	 accordance	 with	 the	 Declaration	 of	
Helsinki.	 The	 tumour	 and	 adjacent	 nontumor	 tissues	 used	 in	 this	
study were obtained via written informed consent from the patients 
with	CRC	undergoing	colon	cancer	resection	in	the	Department	of	
General	 Surgery	 of	 Henan	 Tongxu	 County	 People'	 Hospital.	 The	
experimental protocols for immunohistochemistry and tissue mi-
croarray	were	approved	by	the	Ethics	Committee	of	Henan	Tongxu	
County	People's	Hospital,	which	 granted	 research	ethics	 approval	
for	 this	 study.	 All	 human	 samples	 for	 immunofluorescence	 were	
obtained	following	ethical	approval	 from	the	Commissie	Medische	
Ethiek	UZ	KU	Leuven/Onderzoek	(Ethics	no.:	S66460)	and	individu-
als signed an informed consent.

4.8  |  Tissue microarrays

Tissue	 microarrays	 were	 constructed	 by	 Shanghai	 Wellbio	
Technology	 Co.,	 Ltd	 (Wellbio	 Technology	 Co.,	 Shanghai,	 China).	
Pathologists-	stained	 tissue	 paraffin	 blocks	 of	CRC	paired	 samples	
from	 test	 and	validation	 cohorts	with	haematoxylin–eosin	 to	 con-
firm	the	diagnoses	and	marked	at	fixed	points	which	displayed	the	
most	typical	histological	characteristics	under	a	microscope.	Cores	
with	1.0-	mm	diameter	from	per-	donor	block	were	diverted	into	a	re-
cipient	block	microarrayer,	and	each	dot	array	contained	fewer	than	
180	dots.	4-	μm-	thick	sections	were	cut	from	the	recipient	block	and	
diverted to glass slides used with an adhesive tape transfer system 
in order to immunohistochemistry.

F I G U R E  7 Correlation	analysis	of	LZTS1	with	PI3K-	AKT	and	EMT	pathways	in	CRC.	(A)	Correlation	analysis	between	mRNA	expression	
of	LZTS1	and	mRNA	expression	of	the	PIK3CD	and	PTEN	in	CRC	by	online	TNM	plot	database.	Each	dot	represents	one	sample.	The	
strength	of	the	correlation	was	determined	using	the	Spearman's	correlation	coefficient	(r),	and	the	p	value	was	calculated.	A	linear	
regression-	fitting	curve	is	shown	as	a	blue	line.	(B)	Tumour	tissue	from	CRC	were	evaluated	by	immunofluorescence	(IF)	for	LZTS1	(green	
signal)	and	a	marker	for	PI3K-	AKT	pathway	(pAKT:	red	signal).	(C)	Correlation	analysis	between	mRNA	expression	of	LZTS1	and	mRNA	
expression	of	the	CDH1	(E-	cadherin)	and	CDH2	(N-	cadherin)	in	CRC	by	online	TNM	plot	database.	Each	dot	represents	one	sample.	
The	strength	of	the	correlation	was	determined	using	the	Spearman's	correlation	coefficient	(R),	and	the	p	value	was	calculated.	A	linear	
regression-	fitting	curve	is	shown	as	a	blue	line	(D).	(B)	Tumour	tissue	from	CRC	were	evaluated	by	immunofluorescence	(IF)	for	LZTS1	(Green	
signal)	and	the	markers	for	EMT	process	(N-	cadherin:	red	signal	and	E-	cadherin:	yellow	signal).

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://cistrome.shinyapps.io/timer/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://sangerbox.com


14 of 16  |     XU et al.

4.9  |  Immunohistochemistry

Specimens	were	paraffin-	embedded.	Serial	4 μm sections were cut, 
deparaffinized,	 blocked	 and	 incubated	 at	 4°C	 overnight	 with	 the	
primary	 antibody,	 followed	 by	 a	 horseradish	 peroxidase-	labelled	
secondary	 antibody.	 The	 primary	 antibody	 used	 is	 LZTS1	 poly-
clonal	 antibody	 purchased	 from	 ThermoFisher.	 Human	 CRC	 tis-
sue	microarrays	 (ZL-	CocSur	 1801)	were	 purchased	 from	Shanghai	
Zhuolibiotech	Company	Co.,	Ltd.	 (Shanghai,	China),	and	LZTS1	ex-
pression	was	 evaluated	 using	 the	 automated	VIS	DIA	VisioMorph	
System	(Visiopharm®,	Hoersholm,	Denmark).	Clinical	and	pathologi-
cal	information	concerning	the	samples	is	summarized	in	Table S3.

4.10  |  Immunofluorescence assay

Formalin-	fixed,	 paraffin-	embedded	 (FFPE)	 material	 was	 ob-
tained	 from	 surgical	 resection	 specimens	 at	 University	 Hospital	
Leuven	(UZ	Leuven),	 in	the	form	of	4–6 μm-	sections	of	one	tissue	
block	 per	 patient.	 Antigen	 retrieval	was	 conducted	 on	 deparaffi-
nized	 sections	 using	 citrate	 buffer	 (pH 6.0)	 in	 a	microwave	 oven.	
Subsequently,	 the	 slides	 were	 washed	 in	 TBS	 containing	 0.01%	
Tween.	 Sections	 were	 treated	 with	 ENZO	 Peroxidase	 block	 for	
15 min	to	eliminate	endogenous	peroxidase	activity,	followed	by	a	
2-	min	wash	 in	 TBS-	Tween.	 Then,	 sections	were	 incubated	with	 a	
protein	block	solution	comprising	5%	BSA,	2%	milk,	and	1%	human	
IgG	in	TBS-	Tween	for	1 h.	Following	this,	sections	were	exposed	to	
anti-	LZTS1	polyclonal	antibody	(Thermofisher)	for	1 h	at	room	tem-
perature. Negative controls were prepared by omitting the primary 
antibody.	Slides	were	rinsed	three	times	in	TBS-	Tween	and	further	
incubated	 for	 1 h	 with	 Polymer-	HRP	 goat	 anti-	rabbit	 (DAKO)	 di-
luted	1:200,	followed	by	three	washes	in	TBS-	Tween.	Next,	slides	
were	 incubated	 in	Tyramide	Signal	Amplification	 in	 borate	buffer	
(1 M	borate,	3 M	NaCl,	0.1%	Tween	adjusted	 to	pH 7.8	 containing	
0.003% H2O2)	for	10 min.	They	were	then	rinsed	three	times	with	
TBS-	Tween	 and	 incubated	 with	 Hoesch	 for	 nuclei	 staining	 (Cell	
Signalling	Technology).	The	same	procedure	was	subsequently	per-
formed	for	anti-	E-	cadherin	monoclonal	(Cell	Signalling	Technology),	
anti-	Phospho-	Akt	(Ser473)	(Cell	Signalling	Technology)	rabbit	mAb	
(4	Cell	Signalling	Technology),	and	anti-	N-	cadherin	antibody	clone	
13A9	(Cell	Signalling	Technology).

4.11  |  Cell culture and transfection

HEK-	293 T	and	the	human	CRC	cell	lines	SW480	and	HCT116	were	
obtained	 from	 the	 American	 Type	 Culture	 Collection.	 HEK-	293 T	
cells	and	SW480	cells	were	cultured	in	DMEM	supplemented	with	
10%	fetal	bovine	serum	and1%	penicillin–streptomycin	(Invitrogen).	
Human	 CRC	 cell	 line	 HCT116	 was	 maintained	 in	 McCoy's	 5A	
(Modified)	 medium	 supplemented	 with	 10%	 fetal	 bovine	 serum	
and	 1%	 penicillin–streptomycin	 (Life	 Technologies).	 The	 cell	 lines	
were	routinely	tested	for	mycoplasma	and	maintained	at	37°C	in	a	

humidified	atmosphere	with	5%	CO2.	For	transfection,	LZTS1	with	
3xFlag	label	overexpressing	plasmid	was	purchased	from	Guangzhou	
GeneCopoeia,	Inc.	(Guangzhou,	China).	For	transfection,	2ug	LZTS1-	
3xFlag	plasmid	was	added	to	serum-	free	DMEM	medium	and	then	
4 μL	 (1 mg/mL)	PEI	was	added	to	 the	diluted	plasmid.	This	mixture	
was	incubated	15–20 min	at	room	temperature.	Next,	the	transfec-
tion	mix	was	transferred	to	the	H293T	cells.	After	18 h,	H293T	cells	
were harvested for later use.

4.12  |  Immunoblotting

Cells	 were	 lysed	 in	 RIPA	 lysis	 buffer	 with	 protease	 inhibitor	 and	
phosphatase	 inhibitors	 cocktail	 (Cell	 Signalling	 Technology).	 After	
brief sonication, the preparation was centrifuged, and the superna-
tants	were	qualified	using	a	Pierce™	BCA	protein	assays	kit	(Thermo	
Fisher	 Scientific)	 following	 the	 manufacturer's	 protocol.	 Proteins	
were	resolved	on	8%	SDS-	PAGE	gels	and	transferred	to	a	nitrocel-
lulose	membrane.	After	blocking	with	5%	non-	fat	milk	 in	PBS	with	
0.1%	Tween-	20,	membranes	were	 incubated	with	 the	primary	 an-
tibody followed by the secondary antibody conjugated with horse-
radish	 peroxidase.	 After	 washing,	 the	 bands	 were	 visualized	 with	
enhanced	chemiluminescence	substrate	and	quantified	using	Image	
J software. Detailed information on the antibodies used is given in 
the	supplementary	data	(Table S4).

4.13  |  CRISPR- Cas9- based LZTS1 knockout

sgRNAs	(oligonucleotide	sequences	were	indicated	in	Table S5)	were	
ligated	into	BsmBI-	digested	lentiCRISPR-	v2	with	T4	ligase	(NEB).	In	
order	 to	 produce	 lentivirus,	 HEK-	293 T	 cells	were	 resuspended	 in	
DMEM	medium	and	 co-	transfected	with	8 μg	of	 gRNA	expression	
or	 lentiCRISPR-	v2	 (EV)	constructs,	4 μg	psPAX2	vector	 (Addgene),	
and	 2 μg	 psMD2G	 (Addgene)	 vector	 in	 28 μL	 of	 PEI.	 The	medium	
was	aspirated	after	16 h	and	 replaced	with	 fresh	DMEM/F12	with	
10%	FCS.	The	supernatant	was	collected	after	48 h,	centrifuged	at	
1500 rpm	at	4°C	for	5 min,	 filtered	through	a	0.45 μm	low	protein-	
binding	membrane	 (Millipore),	 and	 used	 to	 transduce	CRC	 cells	 in	
the	 presence	 of	 8 mg/mL	 polybrene	 (Sigma).	 The	 virus-	containing	
media	were	removed	24 h	after	transduction,	and	infected	cells	were	
screened	with	puromycin	(1.5 μg/mL).	The	expression	of	LZTS1	was	
evaluated by an immunoblotting assay.

4.14  |  Cell proliferation assay

Cell	viability	was	examined	using	a	Cell	Counting	Kit-	8	 (CCK8)	cell	
proliferation	assay	according	to	the	manufacturer's	protocol.	Briefly,	
cells	were	counted	and	plated	at	a	density	of	1 × 103 cells per well 
in	96-	well	plates	in	nonuple	and	cultured	at	37°C	with	5%	CO2 in a 
humidified	incubator.	CCK8	reagent	was	added	at	1,	3,	5,	or	7 days,	
and	 incubation	was	continued	 for	an	additional	2 h.	A	colorimetric	
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assay	was	done	using	a	microplate	reader	at	a	wavelength	of	450 nm	
(ThermoFisher	Scientific,	Varioskan™	LUX).

4.15  |  Cell migration assay

Cells	were	seeded	at	a	density	of	3 × 104 cells per well in an attached 
silicone	 insert	with	a	defined	cell-		 free	gap	 (Ibidi)	and	cultured	 for	
12–24 h	 to	 reach	 80%	 of	 confluence.	 The	 wound	 was	 generated	
by	 removing	 inserts.	 Medium	 was	 changed	 to	 remove	 dead	 cells	
and.	The	images	were	taken	by	a	 light	microscope	(×10 magnifica-
tion)	fitted	with	a	microscope	camera	(Leica)	at	time	intervals	of	0,	
12	 and	 24 h.	 Cell	migration	 towards	 the	wound	was	 calculated	 as	
a	percentage	of	wound	closure:	percentage	of	wound	closure = DT/
D0 × 100%,	where	D0	is	the	area	of	wound	gap	measured	immedi-
ately	after	the	wound	gap	was	made,	and	DT	is	the	area	of	wound	
measured	12	or	24 h	after	the	wound	gap	was	made.

4.16  |  Statistical analysis

Quantitative	 data	 were	 analysed	 using	 Student's	 t-	test.	 Survival	
curves	were	generated	by	the	Kaplan–Meier	method.	The	log-	rank	
test was used to determine the significance of differences between 
survival curves. For three or more groups, the statistical significance 
was	analysed	using	one-	way	by	Dunnett's	post	hoc	test.	Statistical	
analysis	was	performed	using	Prism	(GraphPad).	A	value	of	p < 0.05	
was regarded as indicative of statistical significance. Data are pro-
vided as means ±	standard	deviations	(SDs).
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