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Abstract
Objectives: Asbestos	 causes	 lung	 cancer	 and	 malignant	 mesothelioma	 in	 hu-
mans,	 but	 the	 precise	 mechanism	 has	 not	 been	 well	 understood.	 MicroRNA	
(miRNA)	 is	a	short	non-	coding	RNA	that	suppresses	gene	expression	and	par-
ticipates	 in	 human	 diseases	 including	 cancer.	 In	 this	 study,	 we	 examined	 the	
expression	levels	of	miRNA	and	potential	target	genes	in	lung	tissues	of	asbestos-	
exposed	mice	by	microarray	analysis.
Methods: We	intratracheally	administered	asbestos	(chrysotile	and	crocidolite,	
0.05	or	0.2 mg/instillation)	to	6-	week-	old	ICR	male	mice	four	times	weekly.	We	
extracted	 total	 RNA	 from	 lung	 tissues	 and	 performed	 microarray	 analysis	 for	
miRNA	and	gene	expression.	We	also	carried	out	real-	time	polymerase	chain	re-
action	 (PCR),	 Western	 blotting,	 and	 immunohistochemistry	 to	 confirm	 the	 re-
sults	of	microarray	analysis.
Results: Microarray	analysis	revealed	that	the	expression	levels	of	14 miRNAs	
were	 significantly	 changed	 by	 chrysotile	 and/or	 crocidolite	 (>2-	fold,	 P  <  .05).	
Especially,	 miR-	21,	 an	 oncogenic	 miRNA,	 was	 significantly	 upregulated	 by	
both	 chrysotile	 and	 crocidolite.	 In	 database	 analysis,	 miR-	21	 was	 predicted	 to	
target	tumor	suppressor	genes	programmed	cell	death	4	(Pdcd4)	and	reversion-	
inducing-	cysteine-	rich	protein	with	kazal	motifs	(Reck).	Although	real-	time	PCR	
showed	 that	 Pdcd4	 was	 not	 significantly	 downregulated	 by	 asbestos	 exposure,	
Western	 blotting	 and	 immunohistochemistry	 revealed	 that	 PDCD4	 expression	
was	 reduced	 especially	 by	 chrysotile.	 Reck	 was	 significantly	 downregulated	 by	
chrysotile	in	real-	time	PCR	and	immunohistochemistry.
Conclusions: This	is	the	first	study	demonstrating	that	miR-	21	was	upregulated	
and	corresponding	tumor	suppressor	genes	were	downregulated	in	lung	tissues	
of	 asbestos-	exposed	 animals.	 These	 molecular	 events	 are	 considered	 to	 be	 an	
early	 response	 to	 asbestos	 exposure	 and	 may	 contribute	 to	 pulmonary	 toxicity	
and	carcinogenesis.
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1 	 | 	 INTRODUCTION

Asbestos	is	a	naturally	occurring	fiber	that	has	been	used	
for	a	various	industrial	purposes,	and	causes	lung	cancer	
and	 malignant	 mesothelioma	 of	 the	 pleura	 and	 perito-
neum.	The	International	Agency	for	Research	on	Cancer	
(IARC)	has	evaluated	asbestos	 to	be	carcinogenic	 to	hu-
mans	(Group	1).1	Although	asbestos	use	has	been	banned	
in	developed	countries	and	estimated	worldwide	asbestos	
consumption	has	recently	been	decreased,	in	some	regions	
of	the	world,	asbestos	production	has	remained	steady	be-
cause	of	its	continued	demand.2	Therefore,	there	is	a	se-
rious	 concern	 that	 the	 cases	 of	 asbestos-	related	 diseases	
will	increase	especially	in	developing	countries.	However,	
the	precise	mechanism	of	asbestos-	induced	carcinogene-
sis	has	not	been	understood.	Several	possible	mechanisms	
for	asbestos-	induced	carcinogenesis,	such	as	irritation	of	
the	 pleura,	 mitosis	 disruption	 via	 interaction	 with	 mi-
totic	 spindle,	 generation	 of	 reactive	 oxygen	 species,	 and	
activation	of	 signaling	pathways	 leading	 to	upregulation	
of	 protooncogenes,	 have	 been	 proposed.3	 We	 have	 pre-
viously	 reported	 that	 subacute	 intratracheal	 exposure	 to	
asbestos	 fibers	 induced	the	 formation	of	8-	nitroguanine,	
a	 nitrative	 DNA	 lesion	 formed	 during	 inflammation,	 in	
lung	 tissues	of	mice.4	 In	human	 lung	 tissues,	 the	extent	
of	 8-	nitroguanine	 formation	 was	 significantly	 correlated	
with	asbestos	fiber	content.5

Regarding	 molecular	 events	 involved	 in	 environmen-
tal	carcinogenesis,	not	only	genetic	changes	but	also	epi-
genetic	 changes,	 including	 DNA	 methylation,	 histone	
modification,	 and	 alteration	 in	 microRNA	 (miRNA)	 ex-
pression,	are	considered	to	play	a	substantial	role.	miRNA	
is	a	small	non-	coding	RNA	that	binds	to	messenger	RNA	
(mRNA)	of	the	target	genes	to	suppress	their	expression.	
Alteration	 in	 the	expression	 level	of	miRNA	contributes	
to	 various	 human	 diseases	 including	 cancer.	 miRNA	 is	
expected	to	be	a	potential	biomarker	of	asbestos-	induced	
malignancies.6,7	 In	 relation	 to	asbestos	exposure,	 the	ex-
pression	 pattern	 of	 miRNA	 was	 investigated	 in	 human	
malignant	 mesothelioma	 tissues,	 and	 several	 miRNAs	
were	 differentially	 expressed	 in	 mesothelioma	 and	 nor-
mal	 tissues8	 and	 different	 histopathological	 subtypes.9	
Several	studies	have	reported	different	abundance	of	sev-
eral	 miRNAs	 in	 plasma	 between	 mesothelioma	 patients	
and	non-	cancerous	control	subjects.10–	12	A	recent	animal	
study	has	demonstrated	that	several	miRNAs	are	overex-
pressed	 in	 asbestos-	induced	 rat	 sarcomatoid	 mesotheli-
oma.13	However,	the	role	of	miRNA	in	the	pathogenesis	of	
asbestos-	induced	carcinogenesis	is	not	well	understood.	In	

addition,	the	expression	pattern	of	miRNA	and	predicted	
target	genes	has	not	been	 investigated	 in	 lung	 tissues	of	
asbestos-	exposed	animals.	Asbestos	fibers	are	classified	as	
serpentine	(chrysotile)	and	amphibole	(crocidolite,	amos-
ite	 and	 others),	 but	 the	 difference	 in	 miRNA	 profile	 in	
lung	tissues	of	animals	exposed	to	different	types	of	asbes-
tos	has	not	been	investigated.

In	this	study,	we	examined	miRNA	and	gene	expression	
in	 lung	 tissues	 of	 asbestos-	exposed	 mice	 by	 microarray	
analysis.	We	employed	a	mouse	model	of	subacute	asbes-
tos	exposure	to	examine	miRNA	expression	as	an	early	re-
sponse	leading	to	pulmonary	toxicity	and	carcinogenicity.	
We	 performed	 database	 analysis	 to	 predict	 target	 genes	
of	 miRNA	 that	 was	 differentially	 expressed	 in	 asbestos-	
exposed	mice.	We	validated	the	expression	of	miRNA	and	
predicted	target	genes	by	real-	time	polymerase	chain	reac-
tion	(PCR),	Western	blotting	and	immunohistochemistry.	
Especially,	miR-	21	 is	known	to	be	an	oncogenic	miRNA	
that	was	upregulated	in	human	lung	cancer	tissues	com-
pared	with	normal	tissues14	and	targets	tumor	suppressor	
genes,	 including	 programmed	 cell	 death	 4	 (Pdcd4)	 and	
reversion-	inducing-	cysteine-	rich	 protein	 with	 kazal	 mo-
tifs	(Reck).15,16	In	this	study,	according	to	our	results,	we	
focused	 on	 upregulation	 of	 miR-	21	 and	 downregulation	
of	tumor	suppressor	genes	in	relation	to	asbestos-	induced	
carcinogenesis.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animal experiments

ICR	male	mice	(6 weeks	of	age,	Japan	Clea)	were	housed	
in	 plastic	 cages	 lined	 with	 soft	 wood	 chips.	 The	 cages	
were	 placed	 in	 a	 conventional	 room,	 which	 was	 air-	
conditioned	at	23℃	and	55%–	70%	humidity	with	a	light/
dark	(12 h/12 h)	cycle.	Mice	were	given	a	commercial	diet	
and	 water	 ad libitum.	 Asbestos	 fibers	 used	 in	 this	 study	
were	standard	reference	samples	of	Union	Internationale	
Contre	 le	 Cancer	 (UICC)	 [chrysotile	 B	 (2.6  ±  2.3  µm	 of	
length	 and	 0.15  ±  1.8  µm	 of	 diameter)	 and	 crocidolite	
(2.5 ± 2.0 µm	of	length	and	0.33 ± 2.1 µm	of	diameter),	
mean  ±  standard	 deviation	 (SD)].17	 We	 suspended	 as-
bestos	 fibers	 in	 saline	 containing	 0.05%	 (v/v)	 Tween	 80	
(vehicle)	 and	 then	 sonicated	 for	 5  min	 with	 an	 ultra-
sonic	disrupter	(UD-	201;	Tomy)	under	cooling	condition.	
Each	 mouse	 was	 intratracheally	 instilled	 with	 0.05  mg	
(low	dose)	or	0.2 mg	(high	dose)	of	asbestos	under	anes-
thesia	 with	 4%	 halothane.	 The	 instillation	 was	 repeated	
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four	 times	at	weekly	 intervals	 (total	asbestos	doses	were	
0.2	and	0.8 mg	for	low	and	high	doses,	respectively).	The	
control	 mice	 administered	 the	 vehicle	 alone.	 We	 em-
ployed	 these	 experimental	 conditions,	 because	 we	 have	
previously	demonstrated	that	asbestos	exposure	 induced	
significant	nitrative	DNA	damage,	an	initial	event	of	car-
cinogenesis,	 under	 the	 same	 conditions.4	 One	 day	 after	
the	last	administration,	all	mice	were	sacrificed	by	exsan-
guination	 under	 deep	 anesthesia,	 and	 lung	 tissues	 were	
removed	and	stored	at	−80℃.	The	study	adhered	 to	 the	
U.S.	 National	 Institutes	 of	 Health	 guidelines	 for	 the	 use	
of	experimental	animals.	The	animal	care	method	was	ap-
proved	 by	 the	 Animal	 Care	 and	 Use	 Committee	 at	 Oita	
University	of	Nursing	and	Health	Sciences	in	Oita,	Japan.

2.2	 |	 Microarray analysis for 
miRNA expression

The	 lung	 tissues	 were	 obtained	 from	 asbestos-	exposed	
mice	(0.05 mg/instillation)	and	preserved	in	RNAlater-	ICE	
(Ambion)	at	−20℃.	Then	the	tissues	were	homogenized	
in	 Lysis/Binding	 Buffer	 included	 in	 a	 mirVana	 miRNA	
Isolation	 Kit	 (Ambion)	 using	 a	 μT-	01	 Beads	 Crusher	
(Taitec).	Total	RNA	was	extracted	from	the	homogenates	
with	this	kit	following	the	manufacturer’s	instructions	and	
quantified	with	a	BioSpec-	nano	UV-	VIS	 spectrophotom-
eter	(Shimadzu).	RNA	(100 ng)	was	labeled	with	fluores-
cent	cyanine	3-	CTP	(Cy3),	included	in	a	miRNA	Complete	
Labeling	 Reagent	 and	 Hyb	 Kit	 (Agilent	 Technologies),	
following	 the	 manufacturer’s	 instructions.	 Then	 Cy3-	
labeled	RNA	was	hybridized	onto	a	SurePrint	G3 Mouse	
miRNA	 microarray	 (Rel.	 19.0;	 Agilent	 Technologies)	 at	
55℃	for	20 h.	Hybridized	microarray	slides	were	scanned	
with	a	DNA	Microarray	Scanner	(Agilent	Technologies).	
The	 scanned	 images	 were	 analyzed	 numerically	 using	
a	 Feature	 Extraction	 software	 (version	 10.7;	 Agilent	
Technologies).

2.3	 |	 Microarray analysis for 
gene expression

Total	 RNA	 was	 extracted	 from	 the	 lung	 tissues	 and	
quantified	as	described	above.	RNA	(25 ng)	was	reverse-	
transcribed	to	cDNA	and	then	cRNA	was	synthesized	and	
labeled	with	Cy3	using	a	Low	Input	Quick	Amp	Labeling	
Kit	 (Agilent	 Technologies)	 according	 to	 the	 manufac-
turer’s	instructions.	Then	Cy3-	labeled	RNA	(600 ng)	was	
hybridized	 onto	 SurePrint	 G3  Mouse	 GE	 microarrays	
(Agilent	Technologies)	at	65℃	for	17 h.	Hybridized	micro-
array	slides	were	scanned	and	 the	scanned	 images	were	
analyzed	numerically	as	described	above.

2.4	 |	 Microarray data analysis

Microarray	 data	 for	 miRNA	 and	 gene	 expression	 were	
statistically	 analyzed	 with	 a	 GeneSpring	 GX	 software	
(version	 12;	 Agilent	 Technologies).	 The	 data	 were	 nor-
malized	by	75%	percentile	shift	as	described	previously.18	
We	performed	analysis	of	variance	(ANOVA)	followed	by	
Tukey’s	 test	 to	 identify	 differentially	 expressed	 miRNAs	
and	genes	with	>2-	fold	change	between	the	control	and	
asbestos-	exposed	 mice.	 P	 values  <  .05	 were	 considered	
as	 statistically	 significant.	 We	 predicted	 target	 genes	 of	
these	miRNAs	according	to	the	following	criteria:	(a)	po-
tential	target	genes	are	listed	in	all	of	the	following	data-
bases:	miRanda,	TargetScan	(Release	7.0)	and	PicTar;	(b)	
expression	 levels	were	 significantly	 changed	by	asbestos	
compared	with	the	control	(>2-	fold,	P < .05	by	one-	way	
ANOVA  +  Tukey’s	 test);	 (c)	 expression	 levels	 were	 in-
versely	changed	from	the	corresponding	miRNA.

2.5	 |	 Real- time PCR for 
miRNA expression

To	validate	 the	expression	 levels	of	miRNAs	 in	 lung	 tis-
sues	 of	 asbestos-	exposed	 mice,	 we	 performed	 quantita-
tive	 real-	time	 PCR.	 Total	 RNA	 was	 extracted	 from	 lung	
tissues	of	asbestos-	exposed	mice	with	a	mirVana	miRNA	
Isolation	 Kit	 (Ambion)	 and	 quantified	 with	 a	 BioSpec-	
nano	 UV-	VIS	 spectrophotometer	 (Shimadzu).	 miRNA	
was	 reverse-	transcribed	 with	 a	 TaqMan®	 MicroRNA	
Reverse	Transcription	Kit	(Applied	Biosystems).	Relative	
miRNA	expression	was	quantified	with	a	StepOne	Real-	
Time	 PCR	 System	 using	 TaqMan	 MicroRNA	 Assays	
(Applied	 Biosystems).	 The	 PCR	 cycling	 conditions	 were	
50℃	for	2 min,	95℃	for	10 min,	and	40	cycles	of	95℃	for	
15 s	and	60℃	for	1 min.	miRNA	levels	were	normalized	
against	 the	 corresponding	 levels	 of	 U6  snRNA.	 Relative	
expression	levels	were	calculated	using	the	ΔΔCt	method.	
The	experiments	were	performed	in	duplicate	in	separate	
wells.

2.6	 |	 Real- time PCR for target 
gene expression

To	validate	the	expression	levels	of	potential	target	genes	
of	 miRNAs,	 we	 performed	 real-	time	 PCR.	 Total	 RNA	
was	extracted	from	lung	tissues	of	asbestos-	exposed	mice	
and	 quantified	 as	 described	 above.	 RNA	 was	 reverse-	
transcribed	 into	 cDNA	 with	 a	 High	 Capacity	 RNA-	
to-	cDNA	 kit	 (Applied	 Biosystems).	 Relative	 mRNA	
expression	was	quantified	with	a	StepOne	Real-	Time	PCR	
System	using	TaqMan	Gene	Expression	Assays	(Applied	
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Biosystems).	 The	 PCR	 cycling	 conditions	 were	 50℃	 for	
2 min,	95℃	for	10 min,	and	40	cycles	of	95℃	for	15 s	and	
60℃	for	1 min.	mRNA	levels	were	normalized	against	the	
corresponding	levels	of	Gapdh.	Relative	expression	levels	
were	calculated	using	the	ΔΔCt	method.	The	experiments	
were	performed	in	duplicate	in	separate	wells.

2.7	 |	 Western blotting

We	quantified	the	expression	level	of	PDCD4	as	a	potential	
target	gene	of	miR-	21	by	Western	blotting	by	the	method	
described	previously.19	The	lung	tissues	were	homogenized	
in	phosphate-	buffered	saline	containing	proteinase	inhib-
itor	cocktail	 (Complete	Mini;	Roche	Diagnostics)	with	a	
μT-	01	Beads	Crusher	(Taitec).	The	homogenate	was	cen-
trifuged	at	14 000 g	for	10 min	at	4℃,	and	the	supernatant	
was	used	 for	 the	experiment.	Protein	concentration	was	
measured	using	a	Coomassie	Protein	Assay	Reagent	Kit	
(Pierce	 Biotechnology)	 following	 the	 manufacturer’s	 in-
structions.	Proteins	were	solubilized	in	sample	buffer	[2%	
(w/v)	sodium	dodecyl	sulfate	(SDS),	10%	(v/v)	glycerol,	5%	
(v/v)	2-	mercaptoethanol,	0.001%	(w/v)	bromophenol	blue	
and	50 mM	Tris-	HCl	(pH	6.8)]	and	boiled	for	5 min.	The	
proteins	 were	 separated	 by	 5%–	20%	 SDS-	polyacrylamide	
gel	electrophoresis	and	blotted	onto	a	polyvinylidene	dif-
luoride	membrane,	which	was	then	treated	with	5%	(w/v)	
skim	milk	in	Tris-	buffered	saline	(pH	7.4)	containing	0.1%	
(v/v)	Tween	20.	The	membrane	was	incubated	with	rabbit	
polyclonal	anti-	PDCD4	(ab51495,	1:2000;	Abcam)	or	anti-	
GAPDH	 (sc-	25778,	 1:1000,	 an	 internal	 standard;	 Santa	
Cruz	Biotechnology)	antibody	for	60 min,	and	then	with	
horseradish	 peroxidase-	conjugated	 donkey	 anti-	rabbit	
immunoglobulin	 G	 (IgG)	 antibody	 (1:2000;	 Santa	 Cruz	
Biotechnology)	 for	 30  min.	 The	 membrane	 was	 treated	
with	 ECL	 plus	 Western	 blotting	 detection	 reagents	 (GE	
Healthcare)	and	analyzed	with	a	LAS-	4000 mini	biomo-
lecular	 imager	 (Fujifilm).	 We	 performed	 quantitative	
image	analysis	by	measuring	 the	band	 intensity	with	an	
ImageJ	software	and	normalized	with	GAPDH.

2.8	 |	 Histological staining and 
immunohistochemical analysis

To	 observe	 histopathological	 changes	 in	 lung	 tissues	 of	
asbestos-	exposed	 mice,	 we	 performed	 hematoxylin	 and	
eosin	(HE)	staining.	Fibrotic	changes	in	the	lung	tissues	
were	 evaluated	 by	 Masson’s	 trichrome	 (MT)	 staining	
using	a	Trichrome	Stain	Kit	(ScyTek	Labolatories)	and	an-
iline	blue	(Fujifilm	Wako	Pure	Chemical	Corporation).	To	
examine	macrophage	infiltration,	we	performed	immun-
operoxidase	 staining	 for	 CD68,	 a	 macrophage	 marker,	

according	 to	 the	 method	 described	 previously.5	 Paraffin	
sections	of	lung	tissues	were	deparaffinized,	microwaved	
and	incubated	with	anti-	CD68	rabbit	polyclonal	antibody	
(1.5 µg/ml,	ab125212;	Abcam)	overnight	at	room	tempera-
ture.	Then	the	sections	were	incubated	with	horseradish	
peroxidase-	conjugated	mouse	anti-	rabbit	IgG	antibody	(sc-	
2357,	1:100;	Santa	Cruz	Biotechnology)	for	2 h.	The	immu-
nostaining	was	developed	by	using	3,3ʹ-	diaminobenzidine	
tetrahydrochloride	(Dojindo	Laboratories)	and	hydrogen	
peroxide.	 The	 sections	 were	 counterstained	 with	 hema-
toxylin	and	observed	under	a	light	microscope.

To	 examine	 the	 localization	 and	 expression	 levels	 of	
PDCD4	 and	 RECK	 in	 lung	 tissues	 of	 asbestos-	exposed	
mice,	 we	 performed	 fluorescent	 immunohistochemical	
analysis	 as	 described	 previously.5	 Deparaffinized	 lung	
tissue	 sections	 were	 incubated	 with	 rabbit	 polyclonal	
anti-	PDCD4	 (1:100;	 Abcam)	 or	 anti-	RECK	 (sc-	28918,	
1:200;	 Santa	 Cruz	 Biotechnology)	 antibody	 overnight	 at	
room	 temperature.	 Then,	 the	 sections	 were	 incubated	
with	 Alexa	 594-	labeled	 goat	 antibody	 against	 rabbit	
IgG	 (1:400;	 Molecular	 Probes)	 for	 3  h.	 The	 nuclei	 were	
stained	 with	 4ʹ,6-	diamidino-	2-	phenylindole	 contained	
in	 SlowFade	 Diamond	 (Molecular	 Probes).	 The	 stained	
sections	 were	 examined	 under	 a	 fluorescent	 microscope	
(BX53,	Olympus).	The	staining	 intensity	of	each	sample	
was	quantitatively	analyzed	with	an	 ImageJ	 software	by	
analyzing	 five	 randomly	 selected	 fields.	 The	 proportion	
of	positively	stained	cells	was	calculated	by	counting	300	
cells	per	sample.

2.9	 |	 Statistical analysis

For	 statistical	 analysis	 of	 the	 data,	 ANOVA	 followed	 by	
Tukey’s	test	was	used	at	a	significance	level	of	0.05.	The	
statistical	analysis	was	performed	by	SPSS	20.0 software	
for	Macintosh.	The	data	represent	means ± SD.

3 	 | 	 RESULTS

3.1	 |	 Differentially expressed miRNAs in 
lung tissues of asbestos- exposed mice

We	 examined	 miRNA	 expression	 in	 lung	 tissues	 of	
asbestos-	exposed	 mice	 by	 microarray	 analysis.	 The	 ex-
pression	levels	of	14 miRNAs	were	significantly	changed	
(>2-	fold	and	P < .05,	ANOVA + Tukey’s	test)	by	exposure	
to	chrysotile	and/or	crocidolite	compared	with	the	control	
as	listed	in	Table 1.	The	expression	levels	of	four	miRNAs	
(miR-	21,	 miR-	146b,	 miR-	449a,	 and	 miR-	486)	 were	 sig-
nificantly	changed	by	both	chrysotile	and	crocidolite.	The	
expression	 levels	of	nine	miRNAs	(miR-	133a,	miR-	133b,	
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miR-	144,	 miR-	150,	 miR-	322,	 miR-	376b,	 miR-	451,	 miR-	
709,	and	miR-	1895)	were	significantly	changed	(>2-	fold)	
by	only	chrysotile	and	one	miRNA	(miR-	128)	was	signifi-
cantly	upregulated	by	only	crocidolite.

3.2	 |	 Prediction of target 
genes of miRNAs

We	examined	gene	expression	in	lung	tissues	of	asbestos-	
exposed	 mice	 by	 microarray	 analysis.	 In	 lung	 tissues	
of	 chrysotile-		 and	 crocidolite-	exposed	 mice,	 921  genes	
(569	 upregulated	 and	 352	 downregulated	 genes),	 and	
473	 genes	 (206	 upregulated	 and	 267	 downregulated	
genes)	 were	 differentially	 expressed	 (>2-	fold,	 P  <  .05	
by	 ANOVA  +  Tukey’s	 test)	 compared	 with	 the	 control,	
respectively.	 We	 performed	 database	 analysis	 using	 mi-
Randa,	TargetScan	and	Pictar,	and	listed	predicted	target	
genes	 of	 corresponding	 miRNAs	 in	 Table  1.	 Predicted	
target	genes	were	found	for	miR-	21,	miR-	133a,	miR-	144,	
and	miR-	449a.	The	expression	levels	of	the	predicted	tar-
get	genes	analyzed	by	microarray	analysis	are	 shown	 in	
Table 2.	Especially,	miR-	21	was	predicted	to	target	Pdcd4	
and	Reck	tumor	suppressor	genes,	and	miR-	133a	was	pre-
dicted	to	target	glial	cell	line-	derived	neurotrophic	factor	
(Gdnf),	which	is	a	ligand	for	the	RET	oncogene	product.

3.3	 |	 miRNA expression evaluated by 
real- time PCR

We	 performed	 real-	time	 PCR	 to	 validate	 the	 expres-
sion	 levels	 of	 miR-	21	 and	 miR-	133a,	 because	 they	 were	
predicted	 to	 target	 genes	 involved	 in	 tumor	 suppression	
and	development,	respectively.	The	results	are	shown	in	
Figure 1.	The	expression	level	of	miR-	21	was	significantly	
increased	 by	 both	 chrysotile	 and	 crocidolite	 (P  <  .05).	
At	 the	 high	 dose,	 the	 expression	 level	 of	 miR-	21	 was	
significantly	 higher	 in	 chrysotile-	exposed	 mice	 than	 in	
crocidolite-	exposed	mice	(P < .05).	miR-	133a	was	signifi-
cantly	downregulated	by	chrysotile	exposure	(P < .01)	but	
crocidolite	did	not	induce	a	significant	change.	There	was	
a	 significant	difference	 in	miR-	133a	expression	 level	be-
tween	chrysotile-		and	crocidolite-	exposed	mice	at	the	low	
dose	(P < .001).

3.4	 |	 Expression of predicted target genes 
evaluated by real- time PCR and correlation 
with miRNA expression

We	 performed	 real-	time	 PCR	 to	 validate	 the	 expres-
sion	levels	of	predicted	target	genes	of	above-	mentioned	
miRNAs	 (Pdcd4,	 Reck,	 and	 Gdnf),	 which	 are	 known	 to	

T A B L E  1 	 miRNAs	differentially	expressed	in	lung	tissues	of	asbestos-	exposed	mice	in	microarray	analysis	and	predicted	target	genes

miRNA P(ANOVA)
Chrysotile
(fold vs. control)

Crocidolite
(fold vs. control)

Predicted 
target genes¶

miR-	21 .0002 3.76* 2.47* Pdcd4,	Reck

miR-	146b .0001 3.60* 2.42*

miR-	449a <.0001 9.34* 3.85*# Lef1

miR-	486 .0014 −2.93* −2.39*

miR-	133a .0041 −71.23* 2.49# Gdnf,	Ppfia3

miR-	133b <.0001 −246.69* −1.25#

miR-	144 .0026 −2.10* −1.64$ Fosb,	Myo1e,	
Phlda1

miR-	150 .0024 −48.34* −1.55#

miR-	322† .0059 2.04* 1.57

miR-	376b .0157 145.23* −1.41#

miR-	451 .0006 −2.01* −1.44$#

miR-	709† .0005 2.27* 1.09#

miR−1895† .0108 2.04* 1.14#

miR-	128 .0025 −2.59 28.89*#

Abbreviations:	ANOVA,	analysis	of	variance;	miRNA,	microRNA.
¶	Listed	in	all	of	miRanda,	TargetScan,	and	PicTar	as	potential	target	genes	of	the	corresponding	miRNA.
†Does	not	exist	in	humans,	according	to	miRBase	(release	22).
*P < .05	and	>2-	fold	change	compared	with	control.
$P < .05	and	<2-	fold	change	compared	with	control.
#P < .05	between	chrysotile-		and	crocidolite-	exposed	mice	(ANOVA	followed	by	Tukey’s	test,	n = 4).



6 of 12 |   HIRAKU et al.

participate	 in	 tumor	 development	 or	 suppression,	 and	
the	results	are	shown	in	Figure 2A.	The	expression	level	
of	Pdcd4	was	not	significantly	changed	by	asbestos	expo-
sure,	although	it	tended	to	be	decreased	at	the	high	dose	
of	 chrysotile.	 Reck	 was	 significantly	 downregulated	 by	
both	chrysotile	and	crocidolite	at	the	high	dose	(P < .05).	
Gdnf	 was	 significantly	 upregulated	 by	 chrysotile	 expo-
sure	 (P <  .001)	but	crocidolite	did	not	 induce	a	signifi-
cant	change.	There	was	a	significant	difference	in	Gdnf	
expression	 level	 between	 chrysotile-		 and	 crocidolite-	
exposed	mice	(P < .05).

Figure 2B	shows	the	correlation	of	the	expression	lev-
els	of	miRNA	and	predicted	target	genes.	Although	the	
expression	level	of	miR-	21	was	not	correlated	with	that	
of	 Pdcd4,	 there	 was	 a	 significant	 negative	 correlation	

between	 the	 expression	 levels	 of	 miR-	21	 and	 Reck	
(r  =  −.609,	 P  <  .01	 by	 Pearson’s	 correlation	 test).	 The	
expression	level	of	miR-	133a	was	significantly	and	nega-
tively	correlated	with	that	of	Gdnf	(r = −.595,	P < .01).	The	
correlation	of	expression	levels	of	mRNA	and	target	gene	
was	 separately	 analyzed	 in	 chrysotile-		 and	 crocidolite-	
exposed	 groups	 (including	 control	 in	 each	 group).	 The	
expression	level	of	miR-	21	was	not	correlated	with	that	
of	 Pdcd4	 in	 both	 chrysotile-		 and	 crocidolite-	exposed	
mice,	but	significantly	correlated	with	Reck	expression	in	
chrysotile-		(r = −.767,	P < .01)	and	crocidolite-	exposed	
mice	(r = −.573,	P < .05).	The	expression	level	of	miR-	
133a	 was	 significantly	 correlated	 with	 that	 of	 Gdnf	 in	
chrysotile-	exposed	mice	(r = −.678,	P < .01)	but	not	in	
crocidolite-	exposed	mice	(r = −.096,	P = .743).

T A B L E  2 	 Predicted	target	genes	differentially	expressed	in	lung	tissues	of	asbestos-	exposed	mice	in	microarray	analysis

Gene P(ANOVA)
Chrysotile
(fold vs. control)

Crocidolite
(fold vs. control)

Targeted by 
(predicted)

Pdcd4 .0009 −1.82 −2.03 miR−21

Reck <.0001 −2.22 −1.52# miR−21

Gdnf .0004 2.15 1.54# miR−133a

Ppfia3 .0002 2.42 1.61# miR−133a

Fosb .0001 2.55 1.90 miR−144

Myo1e <.0001 2.03 1.35# miR−144

Phlda1 .0001 2.86 1.87# miR−144

Lef1 .0001 −3.45 −1.82# miR−449a

Note: These	genes	were	significantly	upregulated	or	downregulated	by	exposure	to	chrysotile	and	crocidolite	compared	with	control	(P < .05).
Abbreviation:	ANOVA,	analysis	of	variance.
#P < .05,	between	chrysotile-		and	crocidolite-	exposed	mice	(ANOVA	followed	by	Tukey’s	test,	n = 4).

F I G U R E  1  miRNA	expression	in	lung	tissues	of	asbestos-	exposed	mice.	The	expression	levels	of	miR-	21	and	miR-	133a	were	quantified	
by	real-	time	PCR	as	described	in	Section 2.	U6 snRNA	was	used	as	an	internal	control.	Data	were	expressed	as	means ± SD	of	4–	5	
independent	experiments.	*P < .05,	**P < .01,	and	***P < .001,	compared	with	control;	#P < .05	and	###P < .001,	between	chrysotile	and	
crocidolite	by	ANOVA	followed	by	Tukey’s	test.	ANOVA,	analysis	of	variance;	miRNA,	microRNA;	PCR,	polymerase	chain	reaction;	SD,	
standard	deviation
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3.5	 |	 Downregulation of PDCD4 and 
RECK at the protein level

We	examined	 the	downregulation	of	PDCD4	and	RECK	
at	 the	 protein	 level	 as	 potential	 target	 genes	 of	 miR-	21.	
Western	blotting	revealed	that	PDCD4	expression	was	de-
creased	by	asbestos	exposure	(Figure 3A).	Image	analysis	
revealed	that	chrysotile	significantly	reduced	the	intensity	
of	PDCD4	expression	(P < .01).	Crocidolite	tended	to	de-
crease	PDCD4	expression,	but	not	 significant	 (P =  .078,	
Figure 3B).	There	was	a	significant	and	negative	correla-
tion	between	the	expression	levels	of	miR-	21	and	PDCD4	
(r = −.860,	P < .001,	Figure 3C).

Figure 4	shows	histopathological	changes	in	lung	tis-
sues	 of	 asbestos-	exposed	 mice	 and	 reduction	 in	 PDCD4	
and	 RECK	 staining	 evaluated	 by	 fluorescent	 immuno-
histochemistry.	HE	and	MT	staining	revealed	that	chrys-
otile	 and	 crocidolite	 induced	 mild	 pathological	 changes	

in	 lung	 tissues	 and	 no	 neoplastic	 lesions	 were	 observed	
(Figure 4A).	MT	staining	showed	that	asbestos	exposure	
induced	 no	 obvious	 fibrosis,	 although	 the	 slight	 fibrotic	
change	 was	 observed	 in	 the	 tissue	 where	 crocidolite	 fi-
bers	 were	 trapped	 (Figure  4A).	To	 examine	 macrophage	
infiltration,	we	performed	immunoperoxidase	staining	for	
CD68,	a	macrophage	marker.	In	control	mice,	a	few	CD68-	
positive	 cells	 were	 found	 in	 alveolar	 spaces	 as	 reported	
previously.20	 In	 asbestos-	exposed	 mice,	 macrophage	 in-
filtration	was	mild	but	more	frequently	observed	than	in	
control	mice.	Crocidolite	fibers	appeared	to	be	phagocyto-
sed	by	macrophages	(Figure 4A).

Fluorescent	 immunohistochemistry	 revealed	 that	
PDCD4	was	positive	in	most	bronchial	and	alveolar	ep-
ithelial	 cells	 in	 control	 mice,	 and	 in	 asbestos-	exposed	
mice,	 its	 expression	 was	 largely	 reduced	 in	 these	 cells	
throughout	 the	 lung	 tissues	 (Figure  4B).	 Quantitative	
image	 analysis	 showed	 that	 chrysotile	 and	 crocidolite	

F I G U R E  2  Expression	of	predicted	target	genes	of	miRNAs	in	lung	tissues	of	asbestos-	exposed	mice	and	correlation	with	miRNA	
expression.	(A)	Expression	of	predicted	target	genes	of	miR-	21	and	miR-	133a.	Expression	levels	of	predicted	target	genes	of	miR-	21	(Pdcd4	
and	Reck)	and	miR-	133a	(Gdnf)	were	quantified	by	real-	time	PCR	as	described	in	Section 2.	Gapdh	was	used	as	an	internal	control.	Data	
were	expressed	as	means ± SD	of	4–	5	independent	experiments.	*P < .05,	**P < .01	and	***P < .001	compared	with	control;	#P < .05	and	
##P < .01,	between	chrysotile	and	crocidolite	by	ANOVA	followed	by	Tukey’s	test.	(B)	Correlation	of	the	expression	levels	of	miRNA	and	
predicted	target	genes.	Individual	points	show	the	expression	levels	of	mRNA	and	corresponding	target	gene	in	each	lung	tissue.	The	
correlations	of	the	expression	levels	of	miRNAs	and	target	genes	were	analyzed	by	Pearson’s	correlation	test.	ANOVA,	analysis	of	variance;	
miRNA,	microRNA;	PCR,	polymerase	chain	reaction;	PDCD4,	programmed	cell	death	4;	RECK,	reversion-	inducing-	cysteine-	rich	protein	
with	kazal	motifs;	SD,	standard	deviation
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significantly	and	non-	significantly	reduced	the	staining	
intensity	of	PDCD4	(P < .01	and	P = .097),	respectively	
(Figure  4C).	 The	 proportion	 of	 PDCD4-	positive	 cells	
was	significantly	decreased	by	both	chrysotile	(P < .01)	
and	crocidolite	(P <  .05,	Figure 4D).	For	RECK	expres-
sion,	 fluorescent	 immunohistochemistry	 revealed	 that	
its	 expression	 was	 also	 reduced	 in	 bronchial	 and	 al-
veolar	 epithelial	 cells	 throughout	 the	 lung	 tissues	 of	
asbestos-	exposed	mice	compared	with	 the	control	mice	
(Figure 4E).	 Image	analysis	showed	that	chrysotile	and	
crocidolite	 significantly	 and	 non-	significantly	 reduced	
the	staining	intensity	of	RECK	(P < .01	and	P = .067),	re-
spectively	(Figure 4F).	The	proportion	of	RECK-	positive	
cells	was	significantly	decreased	by	chrysotile	(P < .05),	
but	not	crocidolite	(Figure 4G).

4 	 | 	 DISCUSSION

In	 this	 study,	 we	 performed	 microarray	 analysis	 for	
miRNA	and	gene	expression	 in	 lung	 tissues	of	asbestos-	
exposed	mice.	We	employed	a	mouse	model	of	subacute	
asbestos	exposure	to	examine	miRNA	expression	as	early	
response	that	may	lead	to	carcinogenesis.	The	expression	
levels	of	14	miRNAs	were	significantly	changed	by	expo-
sure	to	chrysotile	and/or	crocidolite.	We	predicted	target	
genes	 of	 these	 miRNAs	 by	 database	 analysis.	 Potential	
target	genes	were	found	for	miR-	21,	miR-	133a,	miR-	144,	
and	 miR-	449a.	 Among	 them,	 miR-	21	 was	 significantly	
upregulated	in	the	lung	tissues	of	asbestos-	exposed	mice	
and	predicted	to	target	Pdcd4	and	Reck	tumor	suppressor	
genes.

F I G U R E  3  PDCD4	expression	in	lung	tissues	of	asbestos-	exposed	mice	at	the	protein	level.	(A)	PDCD4	expression	in	lung	tissues	
evaluated	by	Western	blotting.	Western	blotting	was	performed	as	described	in	Section 2.	(B)	Quantitative	image	analysis	of	PDCD4	
expression.	Data	were	expressed	as	means ± SD	of	four	independent	experiments.	**P < .01,	compared	with	control	by	ANOVA	followed	by	
Tukey’s	test.	(C)	Correlation	of	the	expression	levels	of	miR-	21	and	PDCD4.	miR-	21	expression	was	quantified	by	real-	time	PCR	as	described	
in	Section 2.	Individual	points	show	the	expression	levels	of	miR-	21	and	PDCD4	in	each	lung	tissue.	The	correlation	of	the	expression	levels	
of	miR-	21	and	PDCD4	was	analyzed	by	Pearson’s	correlation	test.	ANOVA,	analysis	of	variance;	PCR,	polymerase	chain	reaction;	PDCD4,	
programmed	cell	death	4;	SD,	standard	deviation

F I G U R E  4  Histopathological	changes	and	fluorescent	immunohistochemical	analysis	for	PDCD4	and	RECK	in	lung	tissues	of	asbestos-	
exposed	mice.	(A)	Histopathological	changes	in	lung	tissues	of	asbestos-	exposed	mice.	Histopathological	changes	were	examined	by	HE	
and	MT	staining.	Macrophage	infiltration	was	examined	by	immunoperoxidase	staining	for	CD68	as	described	in	Section 2.	Black	arrows	
indicate	CD68-	positive	cells.	Red	arrows	in	insets	(MT	and	CD68)	indicate	crocidolite	fibers.	Scale	bar = 100 µm.	(B)	Fluorescent	images	
for	PDCD4	expression	in	lung	tissues	of	asbestos-	exposed	mice.	Histopathological	changes	were	examined	by	HE	staining.	Fluorescent	
immunohistochemistry	was	performed	as	described	in	Section 2.	The	nuclei	were	stained	with	DAPI.	Scale	bar = 50 µm.	(C)	Quantitative	
image	analysis	for	PDCD4	expression.	The	staining	intensity	per	field	was	analyzed	with	an	ImageJ	software	as	described	in	Section 2.	
(D)	Proportion	of	PDCD4-	positive	cells.	We	calculated	the	proportion	of	positive	cells	as	described	in	Section 2.	(E)	Fluorescent	images	
for	RECK	expression.	HE	staining	and	fluorescent	immunohistochemistry	were	performed	as	described	in	(B).	Scale	bar = 50 µm.	(F)	
Quantitative	image	analysis	for	RECK	expression.	The	staining	intensity	per	field	was	analyzed	as	described	in	(C).	(G)	Proportion	of	RECK-	
positive	cells.	We	calculated	the	proportion	of	positive	cells	as	described	in	(D).	(C,	D,	F,	G)	Data	were	expressed	as	means ± SD	of	three	
independent	experiments.	*P < .05	and	**P < .01,	compared	with	control	by	ANOVA	followed	by	Tukey’s	test.	ANOVA,	analysis	of	variance;	
DAPI,	4ʹ,6-	diamidino-	2-	phenylindole;	HE,	hematoxylin	and	eosin;	MT,	Masson’s	trichrome;	PDCD4,	programmed	cell	death	4;	RECK,	
reversion-	inducing-	cysteine-	rich	protein	with	kazal	motifs;	SD,	standard	deviation
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A	 previous	 study	 showed	 that	 miR-	21	 was	 overex-
pressed	 in	 non-	small	 cell	 lung	 cancer	 tissues	 compared	
with	 non-	tumor	 tissues.21	 Meta-	analysis	 of	 miRNA	 ex-
pression	 studies	 in	 human	 lung	 cancer	 tissues	 revealed	
that	 miR-	21	 was	 significantly	 upregulated	 in	 cancer	 tis-
sues	compared	with	non-	cancerous	tissues.14	The	plasma	
expression	 level	 of	 miR-	21	 was	 higher	 in	 patients	 with	

lung	 cancer	 than	 in	 healthy	 controls.22	 miR-	21	 overex-
pression	in	cancer	tissues	and	serum	was	associated	with	
poor	prognosis	of	lung	cancer	patients.23,24	In	association	
with	 asbestos	 exposure,	 miR-	21	 expression	 was	 related	
to	 histological	 subtypes	 in	 malignant	 mesothelioma	 pa-
tients.9	The	molecular	 link	between	miR-	21	and	PDCD4	
was	 firstly	 reported	 in	 colorectal	 cell	 lines	 and	 human	
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colon	cancer	tissues.15	Downregulation	of	miR-	21	expres-
sion	restrains	lung	cancer	cell	proliferation	and	migration	
through	PDCD4	upregulation.25	PDCD4	suppresses	tumor	
transformation	 by	 inhibiting	 activation	 of	 the	 transcrip-
tion	factor	AP-	1.26	PDCD4	protein	expression	was	widely	
lost	in	human	lung	cancer	samples	and	the	loss	of	its	ex-
pression	 was	 associated	 with	 poor	 prognosis.27	 miR-	21	
was	also	reported	to	target	RECK,	an	inhibitor	of	matrix	
metalloproteinase	(MMP),	to	promote	glioma	invasion	in	
animal	models	and	human	brain	tissues.16	RECK	is	also	
negatively	 regulated	 by	 miR-	21	 in	 lung	 squamous	 carci-
noma	 tissues.28	 RECK	 interacts	 with	 MMP-	9	 to	 inhibit	
the	degradation	of	 the	extracellular	matrix	and	suppress	
tumor	 invasion	 and	 metastasis.29	 Downregulation	 of	
RECK	is	associated	with	poor	prognosis	of	lung	cancer	pa-
tients.30	The	association	of	miRNA	expression	with	lung	
cancer	has	not	well	been	investigated	in	experimental	an-
imals,	 although	 a	 recent	 study	 has	 shown	 that	 miR-	199	
and	 miR-	214	 are	 overexpressed	 in	 asbestos-	induced	 sar-
comatoid	mesothelioma	of	 rats.13	A	 recent	epidemiolog-
ical	study	has	reported	that	serum	miR-	126	and	miR-	222	
expression	is	increased	in	patients	with	asbestos-	induced	
non-	small	 cell	 lung	 cancer	 compared	 with	 disease-	free	
subjects.31	This	is	the	first	study	showing	that	miR-	21	was	
upregulated	 and	 its	 potential	 target	 genes	 PDCD4	 and	
RECK	 were	 downregulated	 in	 lung	 tissues	 of	 asbestos-	
exposed	animals,	raising	a	possibility	that	these	molecules	
participate	in	asbestos-	induced	lung	carcinogenesis.

In	 this	 study,	 although	 real-	time	 PCR	 showed	 that	
mRNA	expression	of	Pdcd4	gene	was	not	significantly	de-
creased	 by	 asbestos	 exposure,	Western	 blotting,	 and	 im-
munohistochemistry	revealed	that	PDCD4	expression	was	
reduced	by	asbestos,	especially	chrysotile.	miRNA	directly	
binds	to	a	target	mRNA,	resulting	in	mRNA	degradation	
or	inhibition	of	protein	translation.32	Our	results	suggest	
that	 miR-	21	 affects	 the	 translation	 process	 of	 PDCD4	
rather	than	mRNA	degradation.	This	finding	is	supported	
by	previous	studies	showing	that	the	transfection	of	an	an-
tisense	oligonucleotide	for	miR-	21	into	human	embryonic	
kidney	cells	and	head	and	neck	cancer	cells	significantly	
increased	the	protein	level	of	PDCD4,	but	did	not	change	
its	 mRNA	 level.33,34	 Recent	 studies	 have	 demonstrated	
that	chromium	and	arsenic-	induced	miR-	21	upregulation	
and	PDCD4	downregulation	in	a	lung	bronchial	cell	line,	
and	this	pathway	appears	to	be	involved	in	tumor	devel-
opment.35,36	These	findings	raise	a	possibility	that	miR-	21	
upregulation	and	the	resulting	downregulation	of	tumor	
suppressor	genes,	 including	Pdcd4	and	Reck,	contributes	
to	lung	carcinogenesis	induced	by	inhalation	exposure	to	
industrial	chemicals.

Previous	studies	examined	histopathological	changes	
in	 lung	 tissues	 of	 mice	 with	 intratracheal	 exposure	 to	
crocidolite.	 Long	 fibers	 (>20  µm)	 were	 deposited	 in	

bronchiolar	regions	and	induced	fibrosis	and	granuloma	
formation,	 whereas	 short	 fibers	 (<1  µm)	 reached	 alve-
oli	 but	 did	 not	 induce	 fibrosis.37	 In	 this	 study,	 we	 used	
relatively	 short	 asbestos	 fibers,	 which	 induced	 only	
mild	 histopathological	 changes	 and	 macrophage	 infil-
tration.	A	recent	study	using	miR-	21 knockout	mice	has	
demonstrated	that	miR-	21	plays	a	critical	role	 in	nickel	
nanoparticle-	induced	 pulmonary	 inflammation	 and	
fibrosis,38	 suggesting	 that	 miR-	21	 precedes	 asbestos-	
induced	 histopathological	 changes.	 In	 this	 study,	 flu-
orescent	 immunohistochemistry	 showed	 that	 PDCD4	
and	RECK	expression	was	reduced	in	bronchial	and	al-
veolar	cells	throughout	the	lung	tissues,	even	where	no	
histopathological	changes	occurred.	These	results	imply	
that	 these	 molecular	 events	 precede	 histopathological	
changes	caused	by	asbestos	exposure.

Oxidative	and	nitrative	stress	is	considered	to	contrib-
ute	to	asbestos-	induced	carcinogenesis.3–	5	Several	stud-
ies	have	shown	that	reactive	oxygen	species	(ROS)	and	
reactive	nitrogen	species	(RNS)	mediate	miR-	21	expres-
sion	 in	 various	 experimental	 systems.	 There	 are	 some	
reports	showing	that	ROS	initiate	miR-	21	expression.36	
Growth	 factors	 (epidermal	 growth	 factor	 and	 basic	 fi-
broblast	 growth	 factor)	 induce	 miR-	21	 expression	 and	
PDCD4	 suppression	 via	 ROS	 generation	 in	 colon	 can-
cer	cells.39	 In	knockout	mice	 for	 inducible	nitric	oxide	
synthase	showed	a	reduction	in	miR-	21	expression	and	
tumor	 cell	 proliferation	 in	 KRAS-	induced	 lung	 car-
cinogenesis.40	In	this	study,	chrysotile	tended	to	induce	
miR-	21	upregulation	and	PDCD4	and	RECK	downregu-
lation	to	a	greater	extent	 than	crocidolite,	whereas	our	
previous	study	showed	that	crocidolite	induced	stronger	
DNA	damage	mediated	by	ROS	and	RNS	in	lung	tissues	
of	mice.4	Therefore,	it	is	speculated	that	miR-	21	upregu-
lation	in	this	study	was	not	solely	accounted	for	by	these	
reactive	species.

We	have	also	observed	that	miR-	133a	was	significantly	
downregulated	in	lung	tissues	of	chrysotile-	exposed	mice	
compared	 with	 control	 mice.	 Clinical	 studies	 showed	
that	miR-	133a	was	downregulated	in	lung	cancer	tissues	
compared	 with	 corresponding	 non-	tumor	 tissues.41–	43	
miR-	133a	expression	in	cancer	tissues	was	negatively	as-
sociated	with	clinical	stage,	metastasis	and	survival	of	the	
patients.41,43	 The	 transfection	 of	 miR-	133a	 significantly	
reduced	 the	 proliferation	 of	 lung	 cancer	 cell	 lines.42	We	
predicted	 that	 miR-	133a	 targets	 the	 tumor	 suppressor	
gene	Gdnf.	GDNF	is	a	ligand	for	the	RET	oncogene	prod-
uct,	transduces	signals	for	cell	growth	and	differentiation.	
GDNF	is	overexpressed	in	squamous	non-	small-	cell	lung	
carcinoma,	 but	 normally	 absent	 in	 adult	 lung	 tissues.44	
Reduction	 in	 miR-	133a	 expression	 and	 resulting	 GDNF	
upregulation	 may	 also	 contribute	 to	 asbestos-	induced	
carcinogenesis.
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Asbestos	includes	several	types	of	mineral	fibers,	such	
as	 chrysotile	 and	 crocidolite,	 and	 carcinogenic	 potential	
of	each	type	of	asbestos	is	under	debate.	Cohort	studies	of	
asbestos-	exposed	 workers	 demonstrated	 that	 crocidolite	
was	 more	 potent	 for	 causing	 mesothelioma	 than	 chryso-
tile.45	In	contrast,	Jiang	et	al.	have	demonstrated	that	chrys-
otile	caused	earlier	mesothelioma	development	with	a	high	
fraction	of	sarcomatoid	histology	in	the	rat	peritoneal	cav-
ity	than	crocidolite	and	amosite.46	In	this	study,	chrysotile	
tended	to	induce	a	more	significant	change	in	miRNA	ex-
pression	 than	 crocidolite.	This	 result	 raises	 a	 speculation	
that	 the	 alteration	 in	 miRNA	 expression	 predominantly	
contributes	to	chrysotile-	induced	carcinogenesis.	However,	
in	this	study,	we	used	a	subacute	model	of	asbestos	expo-
sure	and	cannot	exclude	the	possibility	that	altered	miRNA	
expression	was	consequential	to	fiber	exposure.	Extensive	
studies	have	been	conducted	to	examine	molecular	events	
and	histopathological	changes	in	mice	exposed	to	particu-
late	matters,	 including	asbestos.37,38	However,	 it	has	been	
reported	 that	 intratracheal	 administration	 of	 asbestos	 in-
duces	 lung	tumor	in	rats	and	hamsters,	but	not	 in	mice.1	
Although	we	employed	a	mouse	model	with	subacute	as-
bestos	exposure	in	this	study,	further	studies	using	differ-
ent	 animal	 species	 with	 long-	term	 asbestos	 exposure	 are	
needed	to	understand	the	role	of	miRNA	and	target	genes	
in	the	pathogenesis	of	asbestos-	induced	diseases.	In	addi-
tion,	further	investigation	using	human	specimens	is	neces-
sary	to	utilize	miRNAs	and	their	target	genes	as	biomarkers	
to	evaluate	the	risk	of	these	diseases.
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