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Abstract
Background: Prostate	 cancer	 is	 a	 frequent	 neoplasm	 of	 the	male	 reproductive	
system,	with	increasing	incidence	in	China.	TMPRSS2-ERG fusion	gene	is	especially	
expressed	in	prostate	cancer,	displaying	diverse	frequencies	in	different	races.	

Objective:	 This	 study	 aimed	 to	 investigate	 the	 effect	 of	 genes	 and	microRNAs	
located	between	TMPRSS2 and ERG	in	the	progression	of	prostate	cancer,	which	
could	 be	 lost	 during	 TMPRSS2 and ERG	 genes,	 fused,	 and	 investigated	 their	
underlying	mechanisms.

Methods:	 Protein-protein	 interaction	 network	 diagrams	 were	 plotted	 using	
relevant	 data.	 Individual	 node	 proteins	 from	 the	 above	 networks	were	 further	
analyzed	using	gene	ontology	enrichment	analysis	 and	 signal	pathways.	 Finally,	
we	examined	the	microstructure	changes	of	artificially	constructed	cells	 lacking	
interstitial	genes.

Results:	Protein-protein	interaction	network	analysis	exhibited	sparse	interactive	
networks	among	the	interstitial	genes,	with	few	intersections	each	other.	In	three	
microRNAs,	 except	 for	 close	 connection	 between	 the	 networks	 of	 two	 splicing	
variants	of	miR-4760,	networks	of	other	two	microRNAs	were	distributed	apart.	
Gene	ontology	enrichment	analysis	and	signal	pathways	revealed	that	ERG, ETS2, 
BRWD1, DSCAM, HMGN1 and TMPRSS2	were	 involved	 in	 the	pathogenesis	and	
progression	of	a	variety	of	cancers.	The	changes	of	cell	ultrastructure	were	obvious	
and	involved	many	morphological	changes.	

Conclusion:	 Our	 study	 findings	 suggested	 that	 genes	 and	 microRNAs	 located	
between	TMPRSS2 and ERG	 genes	were	 involved	 in	 a	 variety	 of	 functions	 and	
subcellular	localizations,	without	evident	linkage	with	each	other.	Therefore,	we	
speculated	 that	 the	 loss	of	 these	multi-functional	and	multi-location	genes	and	
microRNAs	might	participate	in	the	occurrence	of	prostate	cancer.
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Introduction
Prostate	 cancer	 (PCa)	 is	 one	 of	 the	most	 important	malignant	
tumors	of	the	male	reproductive	system.	It	is	the	most	frequent	
malignancy	 in	 Europe	 and	 America,	 accounting	 for	 19%	 of	 all	
neoplasms	 and	 remains	 second	 (8%	 of	 male	 cancer-related	
deaths)	in	America	[1].	In	2017,	161,360	new	cases,	and	26,730	
deaths	 from	PCa	were	 recorded	 [1].	 In	 China,	 the	 incidence	of	
PCa	 has	 been	 on	 a	 rising	 trend,	 along	 with	 population	 aging,	
urbanization,	westernization	of	diets,	and	advances	in	detection	
technologies.	 The	 incidence	 rate	 was	 elevated	 at	 the	 rate	 of	
197.54%,	 from	 4.48/100,000	 in	 1990	 to	 13.33/100,000	 in	
2013;	while	 the	mortality	 rate	 rose	 at	 the	 rate	 of	 46.9%,	 from	
2.26/100,000	 to	 3.32/100,000	 [2].	 Moreover,	 PCa	 caused	 an	
obvious	increase	in	the	disease	burden,	with	an	increase	of	1.03%	
in	disability	adjusted	life	year	(DALY).	The	years	of	 life	lost	(YLL)	
due	 to	premature	death	 and	disability	 presented	an	 ascending	
trend	along	with	age	[2].	PCa	affects	both	the	quality	of	life	and	
life	expectancy	of	men,	becoming	an	important	topic	for	the	early	
prevention	and	treatment	of	malignant	neoplasms.

In	2005,	Tomlins	group	initially	discovered	and	reported	that	ERG 
(ETS	 (erythroblast	 transformation-specific)	 -related	 gene)	 and	
TMPRSS2	(encoding	transmembrane	protease,	serine	2,	a	type	II	
trans	membrane	serine	protease	regulated	by	androgen)	genes	

specifically	fused	in	PCa	[3].	Since	then,	TMPRSS2-ERG fusion	gene	
related	studies	had	become	the	hotspot	of	PCa	research,	including	
the	fusion	frequency	in	PCa	patients	from	different	ethnic	groups,	
comparison	 of	 detection	 methodologies,	 correlation	 between	
TMPRSS2-ERG gene	 fusion	with	 clinical	 features,	TMPRSS2-ERG 
fusion	protein	 signaling	pathway,	 therapeutic	methods	 for	ERG 
overexpression,	 and	 so	 on.	 The	 frequency	 of	 TMPRSS2-ERG 
fusion	gene	is	even	higher	in	younger	patients	(≤55	years,	63.9%)	
compared	to	older	patients	(≥	67	years,	40.8%)	[4,5].	In	a	study	
of	 11,152	 PCa	 cases,	 the	 data	 of	 next	 generation	 sequencing	
(NGS)	 exhibited	 that	 young	 patients	 had	 higher	 frequency	 of	
TMPRSS2-ERG gene	fusion,	while	older	patients	were	more	prone	
to	chromosome	deletion.	This	in	turn	could	be	attributed	to	more	
potent	androgen	signaling	pathways	in	younger	patients	than	in	
older	patients.	Moreover,	high	expression	of	ERG	was	 inversely	
correlated	with	 the	 tumor	 size	 [6].	 Additionally,	 the	 frequency	
of	TMPRSS2-ERG gene	fusion	was	20-30%	in	intraductal	PCa	and	
50%	in	carcinoma	in situ,	and	was	further	declined	in	malignant	
PCa	 [7-9].	 These	 data	 indicated	 that	 TMPRSS2-ERG fusion	was	
an	early	event	of	PCa,	a	potentially	driven	 factor	 to	 trigger	 the	
occurrence	of	PCa	(Figure 1). 

TMPRSS2-ERG fusion	 gene	 was	 specifically	 expressed	 in	 PCa,	
showing	different	incidence	rates	in	different	ethnic	populations.	
The	 frequency	 of	 TMPRSS2-ERG fusion	 was	 50%	 in	 Caucasian	
Americans,	31%	in	African	Americans	[10],	and	18.5%	in	Chinese	
population	[11].	Combining	these	reports	from	multiple	nations,	
the	frequency	of	TMPRSS2-ERG fusion	ranged	from	42%	to	60%	in	
Europe	and	America	and	about	20%	in	Asia	[4,12,13].

TMPRSS2-ERG gene	fusion	could	be	generated	by	chromosome	
translocation,	 or	 chromosome	 deletion.	 The	 frequency	 of	
translocation,	 deletion,	 and	 concurrence	 of	 the	 fusion	 gene	
was	 61.9%,	 38.1%,	 and	 0%,	 respectively	 in	 PCa	 patients	 with	
Caucasian	American	background,	while	20%,	60%,	and	20%,	and	
respectively	 with	 African	 American	 background	 [10].	 In	 2014,	
Dong	 and	 colleagues	 evaluated	 the	 status	 of	 TMPRSS2-ERG 
gene	 fusion	 in	 109	 PCa	 cases	 (needle	 core	 biopsy	 for	 91	 cases	
and	 radical	 prostatectomy	 for	 18	 cases)	 from	 Eastern	 China.	
Results	 revealed	 that	 the	 frequency	 of	 TMPRSS2-ERG gene 
fusion	was	14.3%	in	tissues	of	needle	core	biopsy	and	11.1%	in	
tissues	of	 radical	prostatectomy.	Besides,	13	 cases	 (86.7%)	had	
deletion-type	 aberration,	 7	 cases	 (46.6%)	 had	 translocation-
type	 aberration,	 and	 5	 cases	 had	 the	 concurrent	 aberrations	
of	 deletion	 and	 translocation.	 Further	 analysis	 revealed	 that	 5	
cases	 (38.5%)	 with	 metastasis	 had	 chromosome	 deletion;	 one	
case	with	metastasis	 had	 the	 concurrent	 aberrations,	 whereas	
on	metastasis	occurred	in	patients	with	translocation	aberration.	
In	 this	 regard,	 the	 frequency	of	TMPRSS2-ERG gene	 fusion	was	
explicitly	 lower	 in	 PCa	 patients	 from	developed	 Eastern	 region	
of	China	 than	 from	Europe	and	America,	and	 there	were	more	
deletion-type.	The	probability	of	metastasis	was	markedly	higher	
in	 deletion-type	 than	 in	 translocation-type	 [14].	 In	 2016,	 on	
the	basis	of	PTEN	knock-out	mouse	model,	Linn	and	colleagues	
constructed	two	mouse	models	with	TMPRSS2-ERG gene	fusion	
through	 translocation	 or	 deletion,	 and	 functional	 analysis	
demonstrated	that	only	deletion-type	model	might	develop	into	
prostatic	 adenocarcinoma,	 with	 poor	 differentiation	 and	 EMT	
(epithelial	mesenchyme	transition)	feature	[15].

Protein-protein	interaction	networks	of	TMPRSS2	and	ERG	
and	the	intergenic	genes.	Nodes	represented	proteins	and	
edges	indicated	connections	between	the	proteins.	Node	
proteins	encoded	by	TMPRSS2	and	ERG	and	the	intergenic	
genes	 were	 marked	 using	 yellow,	 and	 their	 direct	
interaction	 proteins	were	 blue.	 A.	 The	 network	 of	 these	
genes	and	validated	interactive	proteins;	B.	The	network	of	
these	genes	and	predicted	interactive	proteins.	

Figure 1
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In	 the	 post-genomic	 era,	 bulky	 genomic	 data	 and	 data	mining	
technologies	 in	 life	 sciences	 provided	 methodologies	 for	
systematically	understanding	 the	 complex	 regulatory	networks.	
Utilizing	 bioinformatics	 analysis,	 the	 study	 explored	 the	 role	
and	mechanism	 of	 the	 intragenic	 genes	 and	microRNAs	 in	 the	
progression	 of	 PCa,	 which	 were	 deleted	 when	 TMPRSS2 and 
ERG	genes	 fused.	The	protein-protein	 interaction	(PPI)	network	
diagrams	were	plotted	based	on	PPI	data	extracted	from	several	
databases,	 and	 drew	 the	 target	 gene	 networks	 of	 microRNAs.	
Subsequently,	each	nodal	protein	of	the	networks	was	analyzed	
based	on	gene	ontology	(GO)	enrichment	and	signaling	pathways.	
At	 last,	 the	 cellular	 ultrastructure’s	 of	 TMPRSS2-ERG positive	
sub	 line	 cells	 and	 the	 parent	 line	 cells	 were	 photographed	 by	
transmission	scanning	electron	microscope.	

Materials and Methods
Protein-protein interaction network diagram
PPI	 networks	 were	 generated	 by	 top	 nodes	 (hub	 genes)-	
TMPRSS2 and ERG	genes	plus	16	genes	located	in	their	intergenic	
regions,	and	external	linker	nodes-	the	direct	interactive	proteins.	
Data	 on	 PPI	were	 retrieved	 from	6	 databases.	 Among	 them,	 5	
databases	provided	validated	data	on	PPI:	HPRD	[16],	DIP	 [17],	
IntAct	 [18],	 MINT	 [19,20],	 and	 APID	 [21],	 while	 one	 database	
provided	 predicted	 data	 on	 PPI:	 STRING	 [22].	 Cytoscape_3.5.0	
software	 [23]	was	utilized	 to	plot	 the	visualized	diagram	of	PPI	
networks.	We	downloaded	the	data	of	PPI	from	multiple	protein	
interaction	 databases	mentioned	 above,	 and	 extracted	 the	 PPI	
information	recorded	more	than	twice,	and	formed	the	files	with	
the	extension	CSV.	Then,	the	files	were	imported	into	Cytoscape	
software	to	draw	the	PPI	network	maps.

The target genes of microRNAs located in the 
intergenic region of TMPRSS2 and ERG
microRNA	 sequences	 and	 their	 stem-loop	 structures	 were	
retrieved	 from	 the	 miRbase	 database	 [24,25].	 microRNA	
locations	were	retrieved	from	UCSC	Genome	Browser	on	Human	
Assembly	on	Dec.	 2013	 (GRCh38/hg38),	 [26].	 The	 target	 genes	
of	 intergenic	 microRNAs	 were	 predicted	 by	 four	 databases:	
TargetScanhuman7.1	 [27]	 RNA22	 [28,29],	 miRDB	 [30,31],	 and	
TargetMiner	[32].	Cytoscape_3.5.0	software	[23]	was	utilized	to	
plot	the	visualized	diagram	of	the	networks	between	intergenic	
microRNAs	 and	 predicted	 target	 genes.	 In	 the	 same	 way,	 we	
extracted	 the	 information	 of	 the	 predicted	 target	 genes	which	
were	recorded	more	than	twice,	and	formed	the	CSV	files,	and	
imported	these	files	into	Cytoscape	software	to	draw	the	target	
gene	network	maps.

Gene ontology enrichment and signal pathway 
analysis
Gene	 annotation	 and	 gene	 ontology	 enrichment	 analysis	 of	
each	nodal	protein	or	each	 target	protein	were	 carried	out	 via	
two	 databases:	 GO	 [33],	 and	WEGO	 [34]	 (Web	Gene	Ontology	
Annotation	Plot.	 The	 signaling	pathways	 for	TMPRSS2 and ERG 
and	 the	 intergenic	 genes	 were	 retrieved	 from	 six	 databases:	
KEGG	[35],	REACTOME	[36,37],	Wiki	Pathways	 [38],	PID	[39,40]	
Biocarta	[41],	and	Signal	ink	[42].

Transmission scanning electron microscope 
assay 
We	gained	the	human	normal	prostate	epithelial	cell	line	RWPE-
1	 from	 American	 Type	 Culture	 Collection	 (ATCC).	 Cells	 were	
maintained	 in	RPMI	 (Roswell	 Park	Memorial	 Institute)	medium	
(Sigma)	supplemented	with	10%	FBS	(fetal	bovine	serum).	Then,	
RWPE-1	 cells	were	 transfected	with	 Fugene	 6	 (Promega)	 using	
eukaryotic	 expression	 vector	 pcDNA3.1-T2E	 and	 control	 vector	
pcDNA3.1	 (Promega).	 After	 cells	 steadily	 expressed	 TMPRSS2-
ERG fusion	protein,	we	collected	and	fixed	cells	according	to	the	
experimental	 requirements	 and	 then	 cells	 were	 photographed	
using	the	transmission	scanning	electron	microscopy.

Results
The	 difference	 between	 translocation-type	 and	 deletion-type	
lies	 in	 the	 fact	 that	 the	 latter	 is	 generated	 by	 the	 deletion	 of	
about	3.0	Mb	region	located	between	TMPRSS2 and ERG genes 
[43,44],	 and	 the	 role	 of	 these	 intergenic	 genes	 in	 PCa	 is	 not	
clear.	When	TMPRSS2	 (chr	21:41,464,551-41,508,159)	and	ERG 
(chr	21:	38,380,027-38,498,483)	were	input	into	UCSC	database	
[26]	for	query,	16	known	genes	and	3	microRNAs	were	mapped	
in the intergenic region. In the Supplementary Figure 1 and 
Supplementary Table 1,	 gene	 localizations	 and	 various	 splicing	
variants	of	 the	 intergenic	 genes	 and	micrRNAs	were	displayed,	
as	 well	 as	 the	 single	 nucleotide	 polymorphism	 (SNP)	 and	
conservation	was	shown.

microRNAs in the intergenic region
Supplementary Table 2	 displayed	 the	 mature	 sequences	 and	
secondary	 stem-loop	 structures	 of	microRNAs:	miR-3197,	miR-
4760,	 and	 miR-6508,	 which	 located	 in	 the	 intergenic	 region	
between	TMPRSS2 and ERG genes. 

Protein-protein interaction networks
According	 to	 the	 query	 in	 PPI	 databases,	 we	 sorted	 out	 681	
interactive	proteins	validated	by	experiments	and	144	predicted	
proteins,	which	interacted	directly	with	18	proteins	encoded	by	
TMPRSS2, ERG,	 and	 those	 intergenic	 genes.	 Among	 them,	 the	
validated	PPI	relations	were	retrieved	from	five	databases:	HPRD,	
DIP,	IntAct,	MINT	and	APID	[16-21],	while	predicted	PPI	relations	
were	obtained	from	the	STRING	database	[22].	The	PPI	networks	
were	built	on	the	basis	of	the	confirmed	and	predicted	PPI	data	
by	Cytoscape3.5.0	software	[23].	The	PPI	networks	of	validated	
proteins	 comprised	 of	 1260	 interactions	 from	 699	 proteins	
(network	nodes),	while	 the	PPI	 networks	 of	 predicted	proteins	
involved	1058	interactions	from	162	protein	nodes.	

microRNAs in the intergenic regions and the 
target genes 
At	present,	there	was	no	data	on	the	target	genes	validated	by	
experiments	of	microRNAs	(miR-3197,	miR-4760,	and	miR-6508)	
located	 in	 the	 intergenic	 region	of	TMPRSS2 and ERG.	Data	on	
the	 predicted	 target	 genes	 of	 three	microRNAs	were	 obtained	
from	four	databases:	TargetScanhuman	7.1,	RNA22,	miRDB,	and	
TargetMiner	[27-32].	In	combination	with	the	above	PPI	network	
information,	 we	 used	 cytoscape_3.5.0	 [23]	 software	 to	 draw	
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the	 network	 diagrams	 of	 three	microRNAs.	 The	 interactions	 of	
each	nodal	protein	were	derived	 from	the	verified	PPI	and	 the	
predicted	 PPI	 mentioned	 above,	 respectively,	 including	 640	
targeting	 relations	 with	 validated	 proteins	 and	 179	 targeting	
relations	 with	 predicted	 proteins.	 (Figure 2A)	 displayed	 the	
targeting	 relation	 networks	 of	 3	microRNAs	with	 the	 validated	
proteins.	 Among	 them,	 the	 relation	 network	 of	miR-3197	 was	
alienated	from	the	other	2	microRNAs’.	The	relation	networks	of	
two	 splicing	 variants	of	miR-6508:	miR-6508-5p	and	miR-6508-
3p	were	 relatively	 independent	 from	each	other.	Whereas	 two	
splicing	 variants	 of	miR-4760	 shared	multiple	 common	 targets.	
Similar	trend	was	reflected	in	the	targeting	relation	networks	of	3	
microRNAs	with	the	predicted	proteins	(Figure 2B).	In	addition	to	
the	above	phenomena,	the	linkage	between	two	splicing	variants	
of	miR-4760	was	not	apparent	in	(Figure 2B),	which	might	be	due	
to	the	limited	data	retrieval	of	the	predicted	target	proteins.	

Analysis on gene ontology enrichment and 
signal pathways
According	to	the	findings	from	the	visualized	PPI	networks,	 the	
PPI	 relations	were	 relatively	 alienated	 from	each	 other	 for	 the	
18	genes,	including	TMPRSS2 and ERG,	and	16	intergenic	genes.	
These	genes	were	further	analyzed	on	gene	ontology	enrichment	
and	 signaling	 pathways.	MX1	 and	MX2	proteins	 shared	 almost	
similar	 functions,	mainly	participating	 in	 the	antiviral	 immunity	
(influenza,	 measles	 and	 hepatitis	 virus,	 etc).	 B3GALT5	 protein	
was	mainly	 involved	 in	 the	biosynthesis	of	mucopolysaccharide	
and	 glycossphingolipid.	 HMGN1	 protein	 was	 mainly	 involved	
in	 the	DNA	 repair,	 including	nucleotide	excision	 repair	 and	 the	
formation	of	excision	complex.	The	functions	of	ETS	and	DSCAM	
proteins	were	diversified,	 including	the	 involvement	 in	multiple	
signaling	pathways	(ERBB,	MAPK,	RAS,	WNT,	GnRH	prolactin,	etc.)	

and	 several	 types	 of	 cancers	 (colorectal,	 kidney	 and	 pancreas	
cancer,	 etc.)	 and	 a	 variety	 of	 infections	 (Shigella,	 Salmonella,	
pertussis,	hepatitis	and	Toxoplasma	gondii,	etc.).	SH3BR	protein	
was	 involved	 not	 only	 in	 synaptic	 transmitter	 and	 morphine	
addiction,	 but	 also	 in	 the	 secretion	 of	 a	 variety	 of	 digestive	
fluids	 (saliva,	 gastric	 and	 pancreatic	 fluids,	 and	 bile).	 ERG and 
TMPRSS2	 proteins	 were	 involved	 in	 cancer	 pathogenesis,	 and	
TMPRSS2	 protein	 responded	 to	 multiple	 hormones	 (estrogen,	
glucocorticoids,	 and	 androgens),	 (Figure 3 and Supplementary 
Table 1). 

Gene	 ontology	 enrichment	 analysis	 was	 performed	 for	 the	
predicted	target	genes	of	three	microRNAs	(miR-3197,	miR-4760,	
and	miR-6508)	located	in	the	intergenic	regions	of	TMPRSS2 and 
ERG.	 This	 revealed	 that	 the	distribution	and	 functions	of	 three	
microRNAs	 were	 comprehensive	 and	 diversified.	 The	 three	
microRNAs	showed	no	significant	differences	in	cell	distribution,	
function,	 and	 biological	 processes,	 except	 that	 miR-3197	 was	
involved	in	chemotactic	activity,	while	miR-6508	could	be	used	as	
a protein tag (Figure 4). 

Transmission scanning electron microscope 
assay
Finally,	 we	 compared	 the	 ultrastructure	 of	 TMPRSS2-ERG 
positive	RWPE-1	subline	cells	and	the	parent	RWPE-1	 line	cells,	
and	 analyzed	 their	 differences.	 The	 parent	 RWPE-1	 cells	 were	
closely	arranged,	small	 in	size,	with	abundant	surface	microvilli	
and	 regular	 nuclear	 morphology.	 In	 cytoplasm,	 there	 were	
abundant	mitochondria	with	 clear	 crest	membranes,	 abundant	
rough	endoplasmic	reticula,	and	a	small	amount	of	intracellular	
ton	 filaments	 (Figures 5A-5C). TMPRSS2-ERG positive	 RWPE-1	
cells	were	about	twice	as	large	as	the	parent	cells	with	abundant	

 

Visualized	network	of	predicted	target	proteins	of	three	microRNAs	located	between	TMPRSS2	and	ERG.	Nodes	represented	microRNAs	
or	 proteins,	 and	 edges	 represented	 the	 targeting	 relationship	 between	microRNAs	 and	 proteins.	microRNA	 nodes	were	marked	
using	red,	and	TMPRSS2	and	ERG	and	the	intergenic	genes	were	marked	using	yellow,	and	other	target	proteins	were	blue.	A.	The	
targeting	relationship	network	of	3	microRNAs	and	validated	interactive	proteins;	B.	The	targeting	relation	network	of	3	microRNAs	
and	predicted	interactive	proteins.	

Figure 2
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Gene	ontology	enrichment	analysis	on	the	interactive	proteins	of	TMPRSS2	and	ERG	and	the	intergenic	genes.	The	interactive	proteins	
validated	by	experiments	were	marked	using	 red,	and	 the	predicted	 interactive	proteins	were	blue.	A.	ERG；B.	ETS2；C.	WRB;	D.	
BRWD1;	E.	PSMG1;	F.	LCA5L;	G.	IGSF5;	H.	DSCAM;	I.	PCP4;	J.	HMGN1;	K.	B3GALT5;	L.	SH3BGR;	M.	BACE2;	N.	PLAC4;	O.	MX2;	P.	MX1;	Q.	
FAM3B;	R.	TMPRSS2;	S.	Gene	ontology	enrichment	analysis	of	all	interactive	proteins.	

Figure 3

microvilli	and	organelles,	and	a	 large	amount	of	nuclear	fission	
occurred	 (Figures 5D-5F).	 This	 finding	was	 consistent	 with	 the	
complex	multiple	functions	of	TMRPSS2,	ERG and the intergenic 
genes	and	microRNAs,	which	were	 involved	 in	a	wide	 range	of	
cellular	phenotypic	regulation	and	biological	processes.	

Discussion
TMPRSS2-ERG gene	 fusion	 is	 specifically	 expressed	 in	 PCa,	 and	
deletion-type	 fusion	 causes	 the	 loss	 of	 the	 intergenic	 genes	
and	the	partial	regions	of	TMPRSS2 and ERG	genes.	To	describe	
the	 effects	 of	 these	 gene	 deletions	 in	 the	 progression	 of	 PCa,	
we	 obtained	 the	 functions	 of	 these	 genes	 from	 multiple	 bio	
information	databases,	as	well	as	data	on	their	direct	interaction	
proteins.	 From	 the	 visualized	 PPI	 networks	 mapped	 using	

CytoScape	 software;	 these	 genes	 had	 their	 own	 interaction	
networks	 which	 were	 relatively	 independent	 of	 each	 other	
(Figure 1).	The	analyses	of	gene	ontology	enrichment	and	signal	
pathways	 demonstrated	 that	 other	 genes	 had	 no	 linkage	 with	
each	other	in	functions	and	biological	processes,	except	that	MX1	
and	MX2	 shared	 the	 similar	 functions,	 and	 ERG and TMPRSS2 
were	both	involved	in	carcinogenesis.	These	genes	were	neither	
from	the	same	family	nor	related	genes	with	synergistic	effects.	
We	 established	 TMPRSS2-ERG positive	 RWPE-1	 subline	 cells,	
and	 compared	 their	 ultrastructure	 with	 the	 parent	 RWPE-1	
line	cells	by	electron	microscope.	The	fusion	positive	cells	were	
two-fold	 larger	 than	 the	 parent	 cells,	 with	 abundant	microvilli	
and	organelles,	and	with	increased	nuclear	fission.	Additionally,	
the	analyses	of	gene	ontology	enrichment	and	signal	pathways	
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Gene	ontology	enrichment	analysis	on	the	target	proteins	of	three	microRNAs	located	in	the	intergenic	region	of	TMPRSS2	and	ERG.	
The	interactive	proteins	validated	by	experiments	were	marked	using	red,	and	predicted	interactive	proteins	were	blue.	A.	miR-3197;	
B.	miR-4760;	C.	miR-6508;	D.	Gene	ontology	enrichment	analysis	of	all	target	proteins.	

Figure 4

implicated	 that	 these	 intergenic	 genes	 could	 play	 the	 critical	
roles	in	human	cancers.	In	particular,	ERG, ETS2,	BRWD1,	DSCAM,	
HMGN1	 and	 TMPRSS2	 genes	 participated	 in	 the	 initiation	 and	
progression	of	a	 variety	of	 cancers,	 including	 colorectal	 cancer,	
renal	 cell	 carcinoma,	 pancreatic	 cancer,	 endometrial	 cancer,	
glioma,	PCa,	thyroid	cancer,	bladder	cancer,	leukemia,	melanoma	
and	non-small	cell	lung	cancer,	etc.	Among	them,	the	deletion	of	
HMGN1	led	to	severe	DNA	repair	disability.	

Linns	 team	 revealed	 the	 relationship	 between	 the	 intergenic	
genes (ETS2	and	BACE2)	with	the	recurrence	and	lethal	phenotype	
of	 PCa.	 PTEN-/ETS2-	 double	 knock-out	 mice	 spontaneously	
developed	prostate	adenoma,	suggesting	that	ETS2	was	a	tumor	
suppressor	 gene	whose	deletion	deteriorated	 the	disease	 [15].	
The	 expression	 levels	 of	 ETS2	 and	 BACE2	 were	 significantly	

reduced	in	lethal	PCa.	Data	from	animal	models	and	human	PCa	
cell	lines	indicated	that	the	deletion	of	ETS2	gene	would	result	in	
PCa	progression,	combining	with	PTEN	gene	deletion.	

Mx1,	also	known	as	MxA	(Myxovirus	resistance	A),	was	another	
gene	 located	 in	 the	 intergenic	 region	 of	 TMPRSS2 and ERG. 
The	gene	encodes	a	kind	of	78	kDa	GTPase	that	is	mediated	by	
interferon	(IFN).	It	was	expressed	in	PC3	cells,	but	not	in	malignant	
metastatic	PCa	PC3M	cells.	Stable	expression	of	exogenous	Mx1	
in	 PC3M	 cells	 could	 inhibit	 cell	migration	 and	 invasion	 in vitro 
[45].	Meta-analysis	 suggested	 that	 the	 expression	 of	Mx1	was	
inversely	correlated	with	the	progression	of	PCa.	Compared	with	
normal	tissues,	the	expression	of	Mx1	was	significantly	reduced	
in	 PCa	 tissues.	 In	 agreement,	 Mx1	 expression	 knock-down	 by	
shRNA	 in	 DU145	 cells	 obviously	 promoted	 cell	 proliferation.	
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Also,	the	overexpression	of	Mx1	in	another	PCa	cell	line,	LNCaP,	
resulted	in	cell	cycle	arrest	[46].	

According	to	the	previous	literature,	ETS2	and	Mx1	were	reported	
as	relevant	tumor	suppressor	genes	in	PCa,	while	HMGN1	gene	
was	 used	 in	 the	 diagnosis,	 prevention	 and	 treatment	 of	 PCa.	
High	mobility	group	(HMG)	is	a	nucleosome	binding	superfamily,	
including	 HMGA,	 HMGB,	 and	 HMGN	 subfamilies.	 And	 each	
subfamily	 contains	 several	 members,	 such	 as	 HMGB	 1-3	 and	
HMGN	 1-5.	 HMGN1	 (high-mobility	 group	 N1)	 is	 a	 member	 of	
HMGN	subfamily	and	is	commonly	expressed	in	vertebral	animal	
cells.	HMGN1	is	composed	of	two	major	domains:	a	C-terminal	
chromatin	 uncoiling	 domain,	 and	 an	 N-terminal	 nucleosome	
binding	domain	which	specifically	binds	to	147	bp	DNA	sequences	
that	winds	 to	 the	histone	core	octamer	 [47].	 It	 also	modulates	

the	 chromatin	 structure.	 Over	 the	 past	 35	 years,	 HMGN1	was	
considered	 to	 bind	 to	 the	 transcriptional	 regulatory	 elements:	
the	 promoter	 and	 the	 enhancer	 [48].	 The	 genome	map	of	 the	
embryonic	 fibroblasts	 of	 Hmgn1-/-,	 Hmgn2-/-,	 Hmgn1-/-n2-/-	
knockout	mouse	revealed	that	the	deletion	of	HMGN	variants	led	
to	the	remodeling	of	the	DNase	I	hypersensitive	site.	Therefore,	
we	 concluded	 that	 HMGN1	 played	 an	 extremely	 critical	 role	
in	 ensuring	 the	 genetic	 markers	 of	 transcriptional	 regulatory	
regions,	and	transcription	fidelity.	 In	addition,	HMGN1	had	also	
an	important	role	in	repairing	the	damaged	DNA	[49].	

In	2012,	HMGN1	was	recognized	as	a	new	alarmin	[50].	Alarmin	
is	 an	 endogenous	 molecule	 that	 provides	 early	 alarm	 signals	
to	 the	 immune	 system	 to	 attract	 and	 activate	 leukocytes,	 in	
particular,	the	antigen	presenting	cells	(APCs).	HMGN1	promotes	

 
Electron	microscopic	 images	of	TMPRSS2-ERG	positive	RWPE-1	subline	cells	and	the	parent	RWPE-1	cells.	A-C.	 Images	of	RWPE-1	
cells	using	transmission	scanning	electron	microscope;	D-F.		Images	of	TMPRSS2-ERG	positive	RWPE-1	subline	cells	by	transmission	
scanning	electron	microscope.	

Figure 5



8 This article is available in: http://www.imedpub.com/journal-molecular-cellular-biochemistry/

ARCHIVOS DE MEDICINA
ISSN 1698-9465

2018
Vol.2 No.2:8

Journal of Molecular and Cellular Biochemistry

the	 maturation	 of	 dendritic	 cells	 and	 other	 APCs,	 ensuring	
preferential	 participation	 of	 antigen	 specific	 Th1	 cells	 in	 the	
immune	 response	 [50].	 In	 2014,	 Wei	 and	 colleagues	 declared	
HMGN1	as	a	vaccine	adjuvant	that	could	help	anti-tumor	immune	
response	 [51].	 Hmgn1tm1/tm1	 mice,	 lacking	 the	 nucleosome	
binding	domain	of	HMGN1,	showed	earlier	onset	of	liver	cancer	
phenotype	 than	 Hmgn1+/+	 littermates	 after	 2	weeks	 induction	
with	nitrosodimethylamine	injection	[52].	Improper	responses	to	
the	DNA	in	Hmgn1−/−	cells	or	mice	generated	the	accumulation	of	
genome	aberrations	that	were	responsible	for	cancer	progression	
[47].	 A	 variety	 of	 proto-oncogenes,	 such	 as	 c-fos,	 Bcl-3,	 and	
N-cadherin,	were	upregulated	in	the	case	of	Hmgn1−/−,	while	the	
expression	of	apoptotic	gene	NGFr	was	downregulated	[53].	The	
number	of	spontaneous	tumors	was	two-fold	higher	in	Hmgn1−/−
mice	 than	 in	Hmgn1+/+	 littermates.	 Primary	 cells	 purified	 from	
Hmgn1−/−	 mice	 proliferated	 faster	 than	 those	 from	 Hmgn1+/+	
mice.	 In	addition,	when	Hmgn1−/−	 tumor	cells	were	 inoculated	
into	the	nude	mice,	the	tumor	growth	was	5-6	folds	larger	than	
the	tumor	cells	with	Hmgn1+/+	[54].	Hmgn1−/−	mice	were	more	
prone	to	various	malignant	tumors	and	more	likely	to	metastasize	
than	 Hmgn1+/+	 mice	 [54].	 In	 this	 regard,	 we	 concluded	 that	
HMGN1	 modulates	 chromatin	 structure	 at	 the	 promoter	 and	
enhancer	 sites,	 thereby	 activating	 or	 inhibiting	 cancer-related	
genes:	 proto-oncogenes	 and	 tumor	 suppressor	 genes.	 At	 the	
same	time,	HMGN1	inhibited	tumor	growth	via	promoting	DNA	
repair	and	genomic	stability,	and	exerted	the	anti-tumor	effects	
via	stimulating	anti-tumor	immune	response.	

Our	 study	 was	 the	 first	 comprehensive	 functional	 analysis	 of	
TMPRSS2 and ERG	genes	and	the	intergenic	genes	and	microRNAs	
from	multiple	bioinformatics	platforms.	We	believed	that	similar	
strategies	 would	 be	 helpful	 to	 further	 elucidate	 complicated	
biological	processes	and	had	broad	application	prospects	in	cell	
biology	 and	 functional	 genomics.	 In	 summary,	 the	 recognized	
genes	could	benefit	to	understand	the	molecular	mechanisms	of	
carcinogenesis	of	TMPRSS2-ERG positive	PCa.	In	addition,	further	
study	of	these	genes	could	help	identify	the	elevated	risk	of	PCa	
due	to	TMPRSS2-ERG gene	fusion	and	deletion	of	the	intergenic	
genes	and	microRNAs.	

Conclusion
The	 study	 concerned	 the	 research	 hotspot	 in	 the	 field	 of	 PCa	
that	 aroused	 the	 attention	 of	 researchers	 since	 2016.	 It	 was	
the	 first	 comprehensive	 functional	 analysis	 of	 the	 genes	 and	
microRNAs	 located	 between	 TMPRSS2 and ERG	 from	 multiple	
bioinformatics	platforms.	These	genes	had	their	own	networks	of	
interactions,	and	they	were	relatively	independent	of	each	other.	

The	 analyses	 of	 gene	ontology	 enrichment	 and	 signal	 pathway	
demonstrated	 that	 there	 was	 no	 obvious	 connection	 between	
these	 genes.	 Otherwise,	 except	 that	 two	 splicing	 variants	 of	
miR-4760	shared	a	variety	of	common	targets,	 the	 relationship	
networks	of	miR-3197	and	miR-6508	were	relatively	independent	
from	each	other.	This	revealed	that	the	distribution	and	functions	
of	three	microRNAs	were	comprehensive	and	diversified.	Finally,	
the	electron	microscopy	results	showed	that	the	cell	volume	of	
TMPRSS2-ERG positive	RWPE-1	 cells	was	 twice	as	 large	as	 that	
of	the	parent	line	cells,	with	abundant	microvilli	and	organelles	
and	nuclear	 fission.	 This	 phenomenon	was	 consistent	with	 the	
multifunction	 of	 TMRPSS2,	 ERG and the intergenic genes and 
microRNAs.	These	genes	and	microRNAs	participated	in	a	variety	
of	cell	phenotype	regulation	and	biological	processes.

To	sum	up,	the	study	supposed	that	PCa	might	be	drived	by	the	
fusion	 of	 TMPRSS2 and ERG	 genes,	 especially	 by	 the	 deletion	
of	 intergenic	 genes	 and	 microRNAs.	 According	 to	 the	 analysis	
results	of	this	article,	the	functions	of	the	 intergenic	genes	and	
microRNAs	were	diversified	and	complex	and	they	were	mutually	
independent	forming	their	respective	PPI	networks.	The	 loss	of	
their	 tumor	 suppressor	 roles	might	 be	 the	 key	 reasons	 for	 the	
carcinogenesis	of	PCa.
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