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Abstract
	 TGF-β	elicits	tumor	promoting	effects	through	its	ability	to	induce	EMT	which	
enhances	 invasiveness	 and	metastasis,	 the	perturbations	of	TGF-β/Smad	 signaling	are	
central	to	carcinogenesis	in	most	of	organs.	A	shift	in	Smad2/3	phosphorylation	from	the	
carboxy	terminus	to	linker	sites	is	a	key	event	determining	biological	function	of	TGF-β.	
Here,	we	showed	that	let-7	was	associated	with	breast	cancer	development	and	progres-
sion	by	directly	targeted	Smad2,	suggesting	a	tumor	suppressor	role	of	let-7	and	its	target	
Smad2	is	critical	regulators	of	TGF-β	signaling	in	breast	cancer.
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Introduction

	 Epithelial-mesenchymal	transition	(EMT)	is	a	process	implicated	in	cancer	me-
tastasis that involves the conversion of epithelial cells to a more mesenchymal and inva-
sive	cell	phenotype.	The	acquisition	of	metastatic	phenotypes	by	mammary	tumors	has	
been	linked	to	the	alterations	in	EMT[1,2].	TGF-β	elicits	tumor	promoting	effects	through	
its	ability	to	induce	EMT	which	enhances	invasiveness	and	metastasis[3].	TGF-β	is	impli-
cated	in	the	activation	of	tumor	stromal	fibroblasts,	leading	to	the	generation	of	CAFs	and	
to	 promoting	 tumor	 stromal	 formation	 through	 the	TGF-β/Smad	 signaling	 pathway[4]. 
The	perturbations	of	TGF-β/Smad	signaling	are	central	to	carcinogenesis	in	most	of	or-
gans.	A	shift	 in	Smad2/3	phosphorylation	from	the	carboxy	 terminus	 to	 linker	sites	 is	
a	key	event	determining	biological	function	of	TGF-β	in	colorectal	and	hepatocellular	
carcinoma. 
	 Smad	proteins	are	phosphorylated	and	activated	by	transmembrane	serine-thre-
onine	receptor	kinases	in	response	to	TGF-β	signaling.	The	product	of	this	gene	forms	
homomeric	complexes	and	heteromeric	complexes	with	other	activated	Smad	proteins,	
which	 then	 accumulate	 in	 the	 nucleus	 and	 regulate	 the	 transcription	 of	 target	 genes.	
Smad2 and Smad3 in their unphosphorylated and inactive form, reside predominantly in 
the	cytoplasm	bound	to	microtubule	filaments	and	filamins[5].	TGF-β	signaling	induces	
their	dissociation	by	phosphorylating	 their	C-terminal	domains	by	TbRI	 receptor.	 pS-
mad2 is a primary step and intracellular signaling effector for the mediation of intracel-
lular	signaling	of	TGF-β[6]. 
	 miRNAs,	an	evolutionarily	conserved	group	of	small	non-coding	RNAs,	down-
regulate	gene	expression	at	 the	post-transcriptional	 level.	The	high	 level	of	conserved	
target	motifs,	seed	sequences,	within	the	3’	UTR	of	the	affected	genes,	making	miRNAs	
powerful	 regulators	 of	 gene	 expression	 in	 numerous	 and	 complex	 cellular	 responses,	
including cancer cell invasion and metastasis[7,8].	Loss	of	 let-7	 in	cancer	 results	 in	 re-

verse	embryogenesis	and	dedifferen-
tiation[9,10].	However,	whether	let-7	is	
involved	in	the	progression	of	breast	
cancer and the underlying mechanism 
remains poorly understood.
	 In	 the	 present	 study,	 we	
showed	 that	 let-7	 was	 associated	
with	 breast	 cancer	 development	 and	
progression	 by	 directly	 targets	 seed	
sequences in the 3’ UTRs of Smad2, 
suggesting a tumor suppressor role 
of	 let-7	and	 its	 target	Smad2	 is	 crit-
ical	regulators	of	TGF-β	signaling	in	
breast	cancer.	

Materials and Methods 

Cell lines and culture conditions 
	 Breast	 cancer	 cell	 lines	
MCF-7	 were	 obtained	 from	Ameri-
can Type Culture Collection (ATCC, 
Manassas,	VA,	USA),	and	were	rou-
tinely	 cultured	 in	 Dulbecco’s	 Mod-
ified	 Eagle	 Medium	 (Gibco	 Labo-
ratories, Grand Island, NY, USA) 
supplemented	 with	 10%	 fetal	 calf	
serum	(Haoyang	biological	manufac-
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ture,	Tianjin,	China).	The	cells	were	incubated	at	37°C	in	a	hu-
midified	atmosphere	with	5%	CO2.

Plasmid construction and transfection
The	sequences	of	let-7	mimic	were	as	follows:	
5′-UUGCAUAGUCACAAAAGUGAUC-3′	 /5′-GAUCACU-
UUUGUGACUAUGCAA-3′.	The	sequence	of	 the	 let-7	 inhib-
itor	was	as	follows:	5′-AUCACUUUUGUGACUAUGCA-3′[11]. 
Cells	were	seeded	at	2	×	105	cells	per	well	in	a	6-well	plate	and	
transfected using Lipofectamine according to the manufacturer’s 
instructions.	Total	RNA	and	protein	were	collected	for	assay	2	
days post-transfection.

Quantitative real-time PCR analysis 
	 Total	 RNA	 was	 isolated	 using	 TRIzol	 (Invitrogen),	
and	 complementary	DNA	was	 synthesized	using	 reverse	 tran-
scriptase (Sangon, Shanghai, China). Real-time quantitative 
PCR	 reactions	 were	 performed	 using	 SYBR	 Green	 (Takara,	
Dalian,	 China)	 For	 the	 analysis	 of	mature	 let-7a,	 quantitative	
PCR	 (RT-qPCR)	was	performed	using	 the	miScript	PCR	Sys-
tem (Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions	 with	 let-7a	 primers	 5′-TGAGGTAGTAGGTTG-
TATAGTT-3′,	U6	forward	5′-CGCTTCGGCAGCACATATAC-
TA-3′,	 and	 the	 universal	 reverse	 primer	 5′-GCGAGCA-
CAGAATTAATACGAC-3′.	Smad2	mRNA	level	was	quantified	
by	qRT-PCR	using	Quantitect	SYBR	Green	PCR	Kit	(vazyme,	
Nanjing,	China)	 and	normalized	 to	β-actin	with	 the	 following	
primers:	Smad2	forward	5′-GAGGAGCAGCTCGCCAA-3′;	re-
verse	primer:	5′-CTGTCAAGGTCCGGCCAGCG-3′	 for	β-ac-
tin	forward	5′-CCTGTACGCCAACACAGTGC-3′,	and	reverse	
5′-ATACTCCTGCTTGCTGATCC-3′.	 Changes	 in	 the	 expres-
sion	were	calculated	using	the	ΔΔCt	method.	

Invasion assay
	 Cells	were	serum-starved	for	12	h	in	DMEM	medium	
containing	0.1%	FBS.	Serum-starved	cells	were	trypsinized	and	
resuspended	in	DMEM	containing	0.1%	FBS,	then	1×105 cells 
were	added	to	the	upper	BD	Matrigel	invasion	chambers	(8	µm	
pore	size;	Corning)	of	6-well	plates	in	serum-free	medium.	Af-
ter	incubation	for	24	h	at	37°C	in	5%	CO2,	the	migrated	cells	
on	the	lower	surface	of	the	membrane	were	stained	with	0.1%	
violet staining solution for 30min, and counted using an inverted 
microscope.

Smad2 3′-UTR reporter analysis
	 The	3′-UTR	of	Smad2	containing	a	putative	let-7	bind-
ing	site	was	amplified	and	cloned	into	pGL3	vector	to	generate	
the	wild	type	construct.	For	mutant	plasmid,	overlap	extension	
PCR	assay	was	used	as	described	previously[12]. Luciferase ac-
tivities	were	measured	according	to	the	manufacturer’s	instruc-
tions	(Dual-Luciferase	Assay	System;	Promega).	Renilla	lucif-
erase	activity	was	normalized	to	corresponding	firefly	luciferase	
activity and plotted as a percentage.

Western blot analysis
	 Briefly,	 the	 cells	 were	 lysed	 with	 NP40	 buffer	 (1%	
NP-40,	0.15M	NaCl,	50mM	Tris,	pH	8.0)	containing	protease	
inhibitors.	 Equal	 amounts	 of	 protein	 were	 separated	 on	 10%	
polyacrylamide-SDS	 gel.	 Proteins	 were	 transferred	 to	 poly-
vinylidene	difluoride	membranes.	The	blots	were	probed	with	

primary	antibodies,	and	then	incubated	with	1:5000	secondary	
antibody.	The	membranes	were	stripped	and	probed	with	mono-
clonal	antibody	for	GAPDH	as	loading	control.

Statistics analysis
	 The	software	SPSS	V20.0	was	used	for	statistical	anal-
ysis.	Student’s	 t-test	and	one-way	ANOVA	analysis	were	used	
to	determine	significance.	P	<	0.05	was	considered	statistically	
significant.

Results

Ectopic expression of let-7a suppressed cell migration and 
invasion in vitro
	 We	first	examined	the	invasion	changes	in	let-7a	over-
expressed	 cells.	As	 shown	 in	 Figure	 1a,	We	 found	 that	 let-7a	
could	significantly	suppress	 invasion	of	MCF-7	cells	 in	breast	
cancer	cells	lines.	To	further	investigate	whether	the	inhibitory	
effect	of	let-7a	on	invasion	was	mediated	by	MET,	we	examined	
the	expression	of	MET	markers.	As	expected,	let-7	overexpres-
sion	increased	the	expression	level	of	E-cadherin	and	decreased	
the	levels	of	vimentin	and	Zeb1	(Figure	1b).

Figure 1:	 Ectopic	 expression	 of	 let-7a	 suppressed	 breast	 cancer	 cell	
invasion	 in	vitro	and	 induced	MET.	 (a)	Effects	of	ectopic	expression	
of	 let-7a	 on	 the	 invasion	 of	MCF-7	 cells.	 (b)	MET	 related	 markers	
show	 different	 expression	 in	 MCF-7	 cells	 with	 or	 without	 let-7a	
overexpression.

Let-7a directly targets the Smad2 3’ untranslated region (3’-
UTR) 
	 Ectopic	overexpression	of	let-7a	resulted	in	significant-
ly	decrease	in	the	levels	of	Smad2	expression,	this	suppression	
was	found	both	at	the	mRNA	as	observed	by	qRT-PCR	(Figure	
2a)	and	the	protein	levels	as	determined	by	Western	blots	(Fig.	
2b).	On	the	contrary,	let-7	inhibitor	restored	Smad2	expression	
(Figure	2b).	Online	TargetScan	program	revealed	that	a	region	in	
the 3’-UTR of Smad2 had a perfect matching region to the seed 
sequence	of	 the	 let-7a	 (Figure	2c).	To	confirm	 that	 the	silenc-
ing	of	Smad2	expression	is	consequent	to	let-7a	targeting	of	the	
3’-UTR in Smad2 transcript, Smad2 3’-UTR and corresponding 
mutant	 counterparts	 were	 subcloned	 into	 pGL3	 luciferase	 re-
porter	vector	(Figure	2d).	Incubation	of	MCF-7	cells	transfected	
with	Smad2	promoter	constructs	showed	suppression	of	lucifer-
ase	activity	in	cells	transfected	with	wild	type	3’-UTR	of	Smad2	
but	not	in	cells	with	mutant	3’-UTR	(Figure	2e).
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Knockdown of Smad2 leads to the alteration of EMT markers
	 siRNA-targeting	 Smad2	 was	 transfected	 into	MCF-7	
cells.	We	found	that	the	Silencing	of	Smad2	in	the	MCF-7	cells	
resulted	in	the	up-regulation	of	E-cadherin	and	down-regulation	
of	 ZEB1	 and	 vimentin	 both	 at	 the	 mRNA	 and	 protein	 levels	
(Figure 2f). These results suggest that the Smad2 is critical for 
the	acquisition	of	EMT	characteristics	and	that	the	ihibition	of	
Smad2	could	reverse	the	EMT	phenotype	of	breast	cancer	cells.

Figure 2:	Smad2	is	specifically	targeted	by	let-7a
(a)	The	alignment	of	the	let-7a	targeting	sequences	located	in	Smad2	3’-UTR.	
(b)	let-7a	overexpression	reduced	Smad2	protein	expression	in	MCF-7	cells.	(c)	
let-7a	inhibitor	transfection	increased	expression	of	Smad2.	(d)	The	sequences	
of	wild	 type	 and	mutant	 3’-UTR	 showed	 the	 segments	 cloned	 into	 luciferase	
reporter	 plasmid.	 (e)	 Overexpression	 of	 let-7a	 suppressed	 gradually	 3′-UTR	
luciferase	activity.	(f)	Knocdown	of	Smad2	in	the	MCF-7	cells	resulted	in	the	
up-regulation	mRNA	of	E-cadherin	and	down-regulation	of	ZEB1	and	vimentin.	
**p<0.01.

Discussion

	 TGF-β1	is	the	prototypic	member	of	a	large	family	of	
structurally	related	pleiotropic-secreted	cytokines.	The	TGF-β1/
Smad	 signaling	 pathway	 usually	 participates	 in	 a	 wide	 range	
of	 cellular	 processes	 such	 as	 growth,	 proliferation,	 differen-
tiation and apoptosis. The phosphorylated receptor-regulated 
Smad	form	heterologous	complexes	with	the	common-mediator	
Smad4	and	subsequently	translocate	into	the	nucleus	to	regulate	
the	expression	of	target	genes[13]. 
	 The	mechanisms	 of	 Smad	 nuclear	 import	 and	 export	
have	 been	 extensively	 studied	 over	 the	 last	 few	 years,	 partic-
ularly in Smads 2, 3, and 4[14]. Several studies have provided 
evidence that Smad2 have different transcriptional functions 
and	 profiling	 studies	 have	 revealed	 distinct	 target	 genes	 for	
Smad2[15].	 In	 a	 skin	 cancer	model	 in	mice,	 homozygous	 dele-
tion	of	Smad2	in	keratinocytes	triggered	an	EMT	phenotype	in	
tumors.	This	was	observed	by	downregulation	of	E-cadherin	ex-

pression	and	induction	of	Vimentin,	α-smooth	muscle	actin	and	
the	E-Cadherin	repressor	Snail[16]. We herein present data on the 
role	of	the	Smad2	signaling	pathway	in	human	breast	cancer	and	
explain	the	potent	biological	effects	of	Smad2	on	breast	cancer	
cells.	We	found	that	silencing	of	Smad2	expression	using	siRNA	
resulted	 in	 the	 loss	 of	TGF-β1	 inhibitory	 effect	 on	 aromatase	
transcription, demonstrating that Smad2 mediates the effect of 
TGF-β1	on	these	cells.	
 miRNAs are discovered to play an important role in 
tumorigenesis and metastasis in human cancer[17]. A recent report 
demonstrated	 that	miR-224	is	regulated	by	TGF-β/Smad	path-
way	 and	 targets	 Smad4	 in	mouse	 granulosa	 cells[18].	The	 bio-
logical	function	of	miRNA-130a	on	colon	cancer	cells	is	likely	
mediated	by	 suppression	of	Smad4.	Collectively,	 these	 results	
suggest	that	miRNAs	are	contributing	to	tumorigenesis	by	reg-
ulating	TGF-β/Smad	signaling,	which	may	have	potential	appli-
cation in cancer therapy[13].
	 Let-7	microRNA	functions	as	a	potential	growth	sup-
pressor in human colon cancer cells[19].	Loss	 of	 let-7	 function	
enhances lung tumor formation in vivo, strongly supporting the 
hypothesis	that	let-7	is	a	tumor	suppressor[20].	While	much	work	
remains	 to	be	done	 to	determine	 the	 tumor-suppressive	mech-
anism	of	let-7	in	in	vivo	lung	tumors.	In	the	current	study,	we	
found	that	overexpression	of	let-7	in	breast	cancer	cells	signifi-
cantly	 suppressed	β3	 integrin	 in	vitro,	To	 identify	 the	 cellular	
target	 through	which	 let-7	promotes	 cell	 proliferation	we	 sys-
tematically	 screened	 for	 let-7	 putative	 targets	 by	 integrating	
multiple in silico miRNA-target gene prediction algorithms, 
Computational	prediction	revealed	that	two	evolutionarily	con-
served region in the Smad2 3’-UTR mRNA has a perfect com-
plementary	matching	 region	 to	 the	seed	sequence	of	 the	 let-7.	
Luciferase	activity	assay	 indicated	 that	 let-7	could	bind	 to	 the	
3’-UTR sequence of Smad2 mRNA and Smad2 is a direct target 
of	let-7.	

Conclusion

	 These	 findings	 have	 important	 implications	 towards	
understanding	that	TGF-β1/Smad2	contributes	to	breast	cancer	
progression.	Meanwhile,	our	studies	show	that	let-7,	as	a	tumor	
suppressor,	is	a	regulator	of	Smad2	replication	in	breast	cancer,	
notably,	let-7-Smad2	may	represent	a	novel	pathway	for	prog-
nostic	and	therapeutic	intervention	for	breast	cancer.
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