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Abstract

TWIST1 is a highly conserved basic helix-loop-helix transcription factor that contributes to

cancer metastasis by promoting an epithelial-mesenchymal transition and repressing E-

cadherin gene expression in breast cancer. In this study, we explored the potential role of

miR-151 in TWIST1 expression and cancer properties in human breast cancer cells. We

found that the human TWIST1 3’UTR contains a potential binging site for miR-151-3p at the

putative target sequence 5’-CAGUCUAG-3’. Using a TWIST1-3’UTR luciferase reporter

assay, we demonstrated that the target sequence within the TWIST1 3’UTR is required for

miR-151-3p regulation of TWIST1 expression. Moreover, we found that ectopic expression

of miR-151-3p by infection with adenoviruses expressing miR-151 significantly decreased

TWIST1 expression, migration and invasion, but did not affect cell growth and tumorsphere

formation of human breast cancer cells. In addition, overexpression of the protein coding

region without the 3’UTR of TWIST1 reversed the repression of cell migration by miR-151-

3p. Furthermore, knockdown of miR-151-3p increased TWIST1 expression, reduced E-cad-

herin expression, and enhanced cell migration. In conclusion, these results suggest that

miR-151-3p directly regulates TWIST1 expression by targeting the TWIST1 3’UTR and thus

repressing the migration and invasion of human breast cancer cells by enhancing E-cad-

herin expression. Our findings add to accumulating evidence that microRNAs are involved

in breast cancer progression by modulating TWIST1 expression.

Introduction

Breast cancer is one of the most common malignancies in women and its incidence rate is

increasing [1]. Although there has been a remarkable improvement in mortality from breast

cancer, recurrence and metastases remain the major causes of death for breast cancer patients

[2]. Understanding the mechanisms responsible for breast cancer progression and developing

more specifically targeted, less toxic therapies are critical issues in breast cancer treatment.
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In human breast cancers, TWIST1 is usually found to be over-expressed, which is corre-

lated with invasive lobular carcinoma, a highly infiltrating tumor type associated with loss of

E-cadherin expression, lymph-node and distant metastases, and poor patient prognosis [3–6].

TWIST1 is a highly conserved basic helix-loop-helix (bHLH) transcription factor and is char-

acterized by a basic DNA binding domain that targets the consensus E-box sequence 5’-

CANNTG-3’ and a helix-loop-helix domain [7]. TWIST1 contributes to cancer metastasis by

promoting an epithelial-mesenchymal transition (EMT) [8, 9]. Moreover, TWIST1 is a tran-

scriptional repressor of E-cadherin gene expression in breast cancer [10]. Based on the func-

tion of E-cadherin as a cell-cell adhesion molecule, loss of E-cadherin is considered a pre-

requisite for EMT favoring tumor cell dissemination and metastasis [8]. Therefore, the regula-

tion of TWIST1 expression in cancer cells might be a potential target for the suppression of

cancer cell metastases.

MicroRNAs (miRNAs) are endogenous small single-stranded non-coding RNAs, typically

20–22 nucleotides in length, that regulate gene expression by binding specific sequences in the

3’-untranslated region (3’-UTR) of the target mRNA [11, 12]. Accumulating evidence has

proven that deregulation of miRNA is involved in a wide range of human diseases, including

cancer [13]. In human cancer, miRNAs can function as oncogenes or tumor suppressor genes

during tumorigenesis, depending on their target genes [14]. Recently, some miRNAs were

identified to modulate cancer properties by directly targeting TWIST1 expression in different

cancer cells [15], suggesting that TWIST1 might be regulated by different miRNAs during can-

cer progression.

In this study, we adopted in silico analyses and found that the TWIST1 3’UTR contains a

potential binging site for miRNA (miR)-151-3p at the putative target sequence from nucleotide

position (np) 71 to np 87. The miR-151 gene localizes to chromosome 8q24.3 and resides

within intron 22 of the host gene encoding focal adhesion kinase (FAK) [16]. It has been

reported that miR-151 regulates tumor cell migration and spreading of hepatocellular carci-

noma (HCC) [16, 17]. Downregulating Rho GDP Dissociation Inhibitor (GDI) Alpha (RhoG-

DIA) by miR-151 enhanced HCC cell migration through the activation of Rac1, Cdc42 and

Rho GTPases [16]. In breast cancer, miR-151-5p expression levels were not different among

tumors of varying grades, but the level was significantly lower in the lymph-node metastases

than in their corresponding tumors of breast cancer patients [18]. It was recently demon-

strated that miR-151-5p combined with other miRNAs (miR-145a-5p or miR-337-3p) are able

to significantly repress TWIST1 translation and result in the decreased migratory potential of

murine embryonic fibroblast cells [19]. However, the role of miR-151 in breast cancer progres-

sion and its direct targets in the regulation of breast cancer metastasis are still undefined. In

this study, we explored the potential role of miR-151 in TWIST1 expression and cancer prop-

erties in human breast cancer cells.

Materials and Methods

Plasmids and plasmid construction

The DNA sequence of the human TWIST1 3’-UTR (nucleotide positions 961–1247 from the

start of the 5’-UTR) was amplified by polymerase chain reaction (PCR) from HEK293T cells

using the primers TW-3UTR-f: 5’-ATC TCG AGC AGG CGG AGC CCC CCA-3’ and TW-

3UTR-r: 5’-ATG CGG CCG CCA ACT GTT CAG ACT TCT ATC-3’. The PCR products were

digested with XhoI and NotI, and they were then ligated into the reporter vector psi-

CHECKTM-2 (TWIST1 3’-UTR-WT). To create an 8-bp deletion (miR-151-3p target

sequence, 5’-CAGTCTAG-3’) within the TWIST1 3’UTR, the primer pair TW-3UTR-f

and 3UTR-Rd-r (5’-CAG AGT CTT CCA TTT TCT CCT TCT C-3’) and the primer pair
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3UTR-Fd-f (5’-AAA ATG GAA GAC TCT GGA GCT GGA TA-3’) and TW-3UTR-r were

used to generate two PCR fragments lacking the miR-151-3p target sequence. The two PCR

fragments were used to generate the TWIST1 3’-UTR 8bp-deletion by PCR using the primers

TW-3UTR-f and TW-3UTR-r. The PCR products were digested with XhoI and NotI and

were then ligated into the reporter vector psiCHECKTM-2 (TWIST1 3’-UTR-8bp-deletion).

The overexpression construct pFLAG-TWIST1 (pTWIST1) containing the TWIST1 protein

coding region without the 3’UTR and pFLAG-CMV (empty vector, pEV) was a gift from

Prof. Muh-Hwa Yang at National Yang-Ming University [20].

Cell culture

The cell lines MCF7, MDA-MB-231, HCC1937, and HEK293T were obtained from the Ameri-

can Type Culture Collection (ATCC). The MCF7, MDA-MB-231, and HEK293T cells were

grown in Dulbecco’s modified Eagle’s medium (Gibco, Carlsbad, USA) supplemented with

10% fetal bovine serum (FBS). Human breast cancer HCC1937 cells were cultured in RPMI

1640 (Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum. The cells were incu-

bated in a humidified atmosphere of 5% CO2 and 95% air at 37˚C.

Transfection

The cells were transiently transfected with TurboFect or Lipofectamine™ 2000 (Invitrogen)

transfection reagent. For the reporter assay, HEK293T or MDA-MB-231 cells (4 × 105) were

seeded into 6-well plates. After infection with adenoviruses expressing miR-151 (Ad-miR-151)

or GFP (Ad-GFP), the cells were transiently transfected with psiCHECKTM-TWIST1-

3’UTR-WT, psiCHECKTM-TWIST1- 3’UTR-8bp-deletion, or an empty plasmid using the

TurboFect reagent. For overexpression of TWIST1, pFLAG-TWIST (pTWIST1) or the empty

vector (pEV) were transfected into MDA-MB-231 cells by TurboFect after infection with ade-

noviruses expressing miR-151 (ad-miR-151) or GFP (ad-GFP). For knockdown of miR-151-

3p, antagomir-151-3p or scrambled negative control oligonucleotides (Ambion) were trans-

fected into HCC1937 cells at a final concentration of 100 nM using Lipofectamine™ 2000 (Invi-

trogen), respectively.

Recombinant adenoviruses

The recombinant miR-151-expressing adenoviral plasmid was linearized by PacI and subse-

quently transfected into the adenovirus packaging cells AD-293 to obtain packaged recombi-

nant adenovirus expressing miR-151 (designated Ad-miR-151). The pAdTrack-CMV empty

vector was used to generate recombinant adenovirus expressing GFP as a control (designated

Ad-GFP). The titer and multiplicity of infection of recombinant adenoviruses were deter-

mined according to the manufacturer’s protocol (Stratagene).

Luciferase reporter assay

HEK293T or MDA-MB-231 cells (4 × 105) were infected with adenoviruses expressing miR-

151 or GFP for 24 hours. After transfection using TurboFect with psiCHECKTM-TWIST1-3’-

UTR-WT or psiCHECKTM-TWIST1-3’-UTR-8bp- deletion plasmids for 24 hours, the cell

extracts were prepared, and the luciferase activity was measured using the Dual-Luciferase

Reporter Assay System (Promega).
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Quantitative real-time PCR analysis

Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA), and cDNA was syn-

thesized using Moloney murine leukemia virus reverse transcriptase (New England BioLabs,

Beverly, MA) with an oligo (dT18) primer. Quantitative real-time PCR was performed using a

Light Cycler system with a LightCycler FastStart DNA Master PLUS SYBR Green I (Roche,

Indianapolis, IN) [21]. The primers used in real-time PCR analysis are TWIST1-f: 5'-GGG
AGT CCG CAG TCT TAC GA-3', TWIST1-r: 5'-AGA CCG AGA AGG CGT AGC TG-3'; β-

catenin-f: 5'-CCA GCC GAC ACC AAG AAG-3', β-catenin-r: 5'-CGA ATC AAT CCA ACA
GTA GCC-3'; E-cadherin-f: 5'-CCC ACC ACG TAC AAG GGT C-3', E-cadherin-r: 5'-CTG
GGG TAT TGG GGG CAT C-3'; N-cadherin-f: 5'-CCA TCA AGC CTG TGG GAA TC-3', N-

cadherin-r: 5'-GCA GAT CGG ACC GGA TAC TG-3'; Slug-f: 5'-TGT GTG GAC TAC CGC
TGC-3', Slug-r: 5'-TCC GGA AAG AGG AGA GAG G-3'; Snail-f: 5'-ACATCC GAA GCC
ACA CGC TGC-3', Snail-r: 5'-CGC AGG TTG GAG CGG TCA GC-3'; Vimentin-f: 5'-CCT
TGA ACG CAA AGT GGA ATC-3', Vimentin-r: 5'-GAC ATG CTG TTC CTG AAT CTG AG-
3'; and GAPDH-f: 5'-CCGTCT AGA AAA ACC TGC C-3', GAPDH-r: 5'-GCCAAA TTC
GTT GTC ATA CC-3'. The relative mRNA levels were normalized to that of GAPDH. For the

detection of mature miRNAs, cDNA synthesis and TaqMan miRNA real-time PCR assays

were performed as previously described [22, 23]. The relative miRNA levels were normalized

to the level of RNU48, which is a small nucleolar RNA.

Western blot

Whole cell extracts were prepared using radioimmunoprecipitation assay (RIPA) buffer (150

mM NaCl, 50 mM Tris-HCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.1% Triton X-100) plus

10 μg/ml aprotinin, 2 mM EGTA, 2 mM Na3VO4 and 1 mM PMSF. The protein concentra-

tions were determined using the Bradford assay (Sigma-Aldrich), and the samples were diluted

in 5X Laemmli buffer (300 mM Tris-HCl pH 6.8, 10% SDS, 5%, 2-mercaptoethanol, 25% glyc-

erol, 0.1% bromphenol blue) and boiled for 5 min. Proteins (40 μg) were separated by 8~15%

SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Pall Life Sci-

ences). Non-specific binding sites on the PVDF membranes were blocked with 5% non-fat

milk in TBST (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 1% Tween-20). The membranes were

then hybridized with primary antibodies overnight at 4˚C, followed by incubation with horse-

radish peroxidase (HRP)-conjugated secondary antibodies. The membranes were then devel-

oped using Immobilon Western Chemiluminescence HRP Substrates (Millipore). The images

were captured using a Luminescence/Fluorescence Imaging System (GE Healthcare), and the

signal intensities were quantified using Multi Gauge image analysis software (Fujifilm).

Cell proliferation assay

Cell proliferation was determined using the MTT assay. The cells (3 × 104) were seeded in

24-well plates cultured overnight prior to infection. After infection with adenoviruses express-

ing miR-151 or GFP for 48 hours, the medium was discarded and replaced with 0.25 mg/ml 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich) and

incubated for 2 hours at 37˚C in the dark. The reagent was discarded, and the plates were

washed with PBS. The cells were combined with 250 μl dimethyl sulfoxide (DMSO) to dissolve

the formazan produced. The absorbance at 550 nm was measured using a microplate enzyme-

linked immunosorbent assay reader (TECAN Infinite 200). We further determined cell growth

using the sulforhodamine B (SRB) assay. After infection with adenoviruses expressing miR-

151 or GFP for 48 hours, MDA-MB-231 cells (5 × 103) were seeded in 96-well plates for 0, 24,

48, 72 and 96 hours. The cells were fixed with 10% ice-cold trichloroacetic acid (TCA) (Sigma-

miR-151-3p Targets TWIST1 to Repress Breast Cancer Cell Migration

PLOS ONE | DOI:10.1371/journal.pone.0168171 December 8, 2016 4 / 20



Fig 1. The TWIST1 3’UTR contains a putative miR-151-3p binding site that is required for miR-151-3p regulation of TWIST1

expression. (A) There is a putative miR-151 binding site in the human TWIST1 3’UTR (nucleotide position 71 to 87) as predicted by

DIANAmT, miRanda, miRDB, miRWalk, PICTAR5 and Targetscan. The sequences containing the miR-151 binding site of the TWIST1

3’-UTRs of different species are aligned, including Has/ Human/ Homo sapiens (Symbol/ Common name/ Species); Ptr/ Chimpanzee/

Pan troglodytes; Mml/ Rhesus/ Macaca mulatta; Oga/ Bushbaby/ Otolemur garnetti; Tbe/ Treeshrew/ Tupaia belangeri; Mmu/ Mouse/

miR-151-3p Targets TWIST1 to Repress Breast Cancer Cell Migration
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Aldrich) at 4˚C for 1 hour, rinsed four times with distilled water and air dried. The cells were

then stained with 0.057% SRB (Sigma-Aldrich) in 1% acetic acid for 30 min at room tempera-

ture. After rinsing four times with 1% acetic acid and air drying, 50 μl of 10 mM Tris-base (pH

10.5) was added to each well for 30 min. The colorimetric level was read using a microplate

reader (Tecan) at 510 nm.

Tumorsphere formation assays

HCC1937 cells (2 × 103 cells) were suspended in serum-free Dulbecco’s modified Eagle’s

medium containing 1% N2, 2% B27, 20 ng/ml human fibroblast growth factor-2 and 20 ng/ml

epidermal growth factor (Invitrogen) and subsequently seeded into 96-well ultra-low attach-

ment plates (Corning). The cells were incubated at 37˚C for 9 days and supplemented with

medium every 3 days [24]. Spheres >50 μm in diameter were counted under the microscope.

Migration and invasion assays

Cellular migration and invasion abilities (1 × 104 for migration assay, 5 × 104 for invasion

assay) were analyzed in 24-well plates using Millicell tissue culture plate well inserts (Millipore,

Bedord, MA) for 12 hours and BD BioCoat Matrigel Invasion Chambers (Becton Dickson,

Mountain View, CA) for 20 hours, respectively. A total of 5 × 104 breast cancer cells were

placed in the serum-free medium inside the inserts and the 10% FBS medium was added in

the lower chamber. Then, the cells on the upper surface of membrane were removed with a

cotton swab after incubation. After fixation with methanol, cells in the lower surface of mem-

brane were stained with 0.005% crystal violet in PBS for 1 hour, and the number of migrated

or invaded cells was determined by counting 10 random fields under a microscope.

Statistical analysis

All data are presented as the mean ± SEM (standard error of the mean) from at least 3 inde-

pendent experiments. Significant differences between the control and treatment groups were

determined using Student’s t-test, and the significance was considered at P< 0.05.

Results

The TWIST1 3’UTR contains a putative miR-151 binding site that is

required for miR-151-3p regulation of TWIST1 expression

By in silico analyses using predictive software, including DIANAmT, miRanda, miRDB, miR-

Walk, PICTAR5 and Targetscan, we found that the human TWIST1 3’UTR contains a poten-

tial binging site for miR-151-3p at the putative target sequence from nucleotide position (np)

71 to np 87, 5’-CAGUCUAG-3’ (Fig 1A). Importantly, there is a phylogenic conservation of

the putative miR-151-3p binding site, the 8 bases 5’-CAGUCUAG-3’, within the TWIST1 3’-

Mus musculus; Rno/ Rat/ Rattus norvegicus; Cpo/ Guinea pig/ Cavia porcellus; Ocu/ Rabbit/ Oryctolagus cuniculus; Sar/ Shrew/ Sorex

araneus; Eeu/ Hedgehog/ Erinaceus europaeus; Cfa/ Dog/ Canis familiaris; Fca/ Cat/ Felis catus; Eca/ Horse/ Equus caballus; Bta/

Cow/ Bos taurus; Dno/ Armadillo/ Dasypus novemcinctus; Laf/ Elephant/ Loxodonta africana; Ete/ Tenrec/ Echinops telfairi; Mdo/

Opossum/ Monodelphis domestica; Oan/ Platypus/ Ornithorhynchus anatinus; Aca/ Lizard/ Anolis carolinensis; Gga/ Chicken/ Gallus

gallus; and Xtr/ Frog/ Xenopus tropicalis. (B) The wild type (WT) TWIST1 3’UTR reporter plasmid (TWIST1-3’UTR-WT) and the deleted

mutant TWIST1 3’UTR reporter plasmid (TWIST1-3’UTR-8bp-deletion) that lacked the miR-151-3p target sequence 5’-CAGTCTAG-
3’were constructed and confirmed by DNA sequencing. (C) After infection with adenoviruses expressing miR-151 (Ad-miR-151) or GFP

(Ad-GFP) for 24 hours, HEK293T or MDA-MB-231 cells (4 × 105) were transfected with psiCHECKTM-TWIST1-3’-UTR-WT or

psiCHECKTM-TWIST1-3’-UTR-8bp-deletion for luciferase reporter assay. All experiments were performed in triplicate. Each bar

represents the mean ± SEM (standard error of the mean). *, P < 0.05.

doi:10.1371/journal.pone.0168171.g001
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UTRs among different mammalian species (Fig 1A), which suggests that TWIST1 expression

could be regulated by miR-151-3p.

To validate whether the identified binding site is important for miR-151-3p regulation of

TWIST1 expression, we constructed two luciferase reporter plasmids, the wild type TWIST1

3’UTR (TWIST1-3’UTR-WT) and the 8 bp-deletion mutant (TWIST1-3’UTR-8bp-deletion).

The two reporter plasmids were successfully constructed and confirmed by DNA sequencing

(Fig 1B). Using the two luciferase reporter constructs, we observed that the ectopic expression

of miR-151 (Ad-miR-151) can significantly decrease the reporter signals of the TWIST1-

Fig 2. miR-151 expression is higher in breast cancers than in their corresponding adjacent normal tissues. (A) The miR-151 and FAK expression

levels of breast cancer samples and the corresponding adjacent normal tissue samples were downloaded from the “The Cancer Genome Atlas” (TCGA)

and the Broad GDAC Firehose data portal. The miR-151 reads per million reads of all samples were selected and analyzed to compare abundances. (B)

As described above, the miR-151 and FAK expression levels of breast cancer samples (N = 648) were downloaded. The correlation between miR-151 and

FAK expression levels was analyzed. (C) As described above, the miR-151 and FAK expression levels of breast cancer samples were downloaded and

then divided according to the stage classification. *, P < 0.05 as compared with normal breast tissues. The results shown here are reported in their entirety

based upon data generated by the TCGA Research Network: http://cancergenome.nih.gov.

doi:10.1371/journal.pone.0168171.g002
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Fig 3. miR-151-3p reduces TWIST1 mRNA and protein expression in human breast cancer cells. (A) After infection with adenoviruses

expressing miR-151 (Ad-miR-151) or GFP (Ad-GFP) for 48 hours, the TWIST1 mRNA expression levels of MDA-MB-231 cells were determined

using quantitative real-time PCR. The data were normalized to GAPDH mRNA levels. (B) After infection with adenoviruses expressing miR-151

(Ad-miR-151) or GFP (Ad-GFP) for 48 hours, the TWIST1 protein expression levels of MDA-MB-231 cells were determined using Western blotting.

The data were normalized to α-tubulin protein levels. All experiments were performed in triplicate. Each bar represents the mean ± SEM (standard

error of the mean). *, P < 0.05. (C) miR-151 and TWIST1 expression levels of breast cancer samples (N = 648) were downloaded from the “The

Cancer Genome Atlas” (TCGA) and the Broad GDAC Firehose data portal. The correlation between miR-151 and FAK expression levels was

analyzed. The results shown here are reported in their entirety based upon data generated by the TCGA Research Network: http://cancergenome.

nih.gov.

doi:10.1371/journal.pone.0168171.g003
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3’UTR-WT, but not significantly decrease that of the TWIST1-3’UTR-8bp-deletion when

compared with the control (Ad-GFP) groups in HEK293T (Fig 1C) and MDA-MB-231 cells

(Fig 1D). These results indicate that the sequence 5’-CAGUCUAG-3’within the TWIST1

3’UTR is required for miR-151-3p regulation of TWIST1 expression in human cells.

miR-151 expression is increased in human breast cancers

To evaluate the miR-151 expression in breast cancers, we analyzed the data obtained from The

Cancer Genome Atlas (TCGA) and found that miR-151 expression levels and its host gene

FAK mRNA levels in breast cancers were significantly higher when compared with that of

paired normal tissues (Fig 2A). Moreover, the miR-151 expression levels were significantly

positively correlated with the FAK mRNA levels in breast cancers (Fig 2B). Although no signif-

icant difference was observed among the stages of breast cancer, the miR-151 and FAK expres-

sion levels of breast cancers at different stages were higher than those of normal tissues (Fig

2C). These results suggest that the miR-151 expression is increased in breast cancer and is

associated with the expression of its host gene FAK.

In addition, after infection with adenoviruses expressing miR-151, we found that the

mRNA (Fig 3A) and protein (Fig 3B) expression levels of TWIST1 were significantly decreased

in human breast cancer cells. The results further confirmed the role of miR-151-3p in regulat-

ing TWIST1 expression in human breast cancer cells. Interestingly, it was noted that the data

obtained from TCGA showed that there is a significantly negative correlation between the

miR-151 expression levels and TWIST1 mRNA levels (Fig 3C). We further evaluated that the

correlations between miR-151 and TWIST1-related gene expression levels in human breast

cancers and found that miR-151 levels is significantly positive correlated with E-cadherin gene

expression levels, and is significantly negative correlated with the gene expressions of fibronec-

tin, osteonectin, and α5-integrin (Table 1). Among these TWIST1-related genes, the expres-

sion E-cadherin is repressed by TWIST1, while the expressions of fibronectin, osteonectin,

Table 1. Correlation of miR-151 and TWIST1-related gene expressions in human breast cancers.

N = 648 miR-151 TWIST1

TWIST1-related genes Pearson r P value Pearson r P value

TWIST1 -0.1565 < 0.0001* - -

Repression by TWIST1

Claudins 0.0320 0.4158 -0.0368 0.3495

Occludin 0.0600 0.1272 -0.0687 0.0807

E-cadherin 0.1116 0.0044* -0.0305 0.4380

Desmoplakin 0.0722 0.0660 -0.0514 0.1909

Plakoglobin 0.0716 0.0687 -0.0530 0.1775

Activation by TWIST1

Fibronectin -0.2108 < 0.0001* 0.1270 0.0012

Vitronectin -0.0274 0.4870 0.0288 0.4647

N-cadherin -0.0241 0.5405 0.0482 0.2205

Osteonectin -0.3172 < 0.0001* 0.2064 < 0.0001*

α5-integrin -0.2221 < 0.0001* 0.1812 < 0.0001*

The expression levels of miR-151 and TWIST1-related genes of breast cancer samples (N = 648) were downloaded from the “The Cancer Genome Atlas”

(TCGA) and the Broad GDAC Firehose data portal. The correlation between miR-151 and TWIST1-related gene expression levels was analyzed.

*, P < 0.05. The results shown here are reported in their entirety based upon data generated by the TCGA Research Network: http://cancergenome.nih.gov.

doi:10.1371/journal.pone.0168171.t001
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Fig 4. miR-151-3p represses cell migration and invasion, but not cell growth and tumorsphere formation of

human breast cancer cells. (A) MCF-7, MDA-MB-231 and HCC1937 cells (3 × 104) were infected with adenoviruses

expressing miR-151 or GFP for 48 hours. The viable cells were measured using MTT assay. (B) After infection with

adenoviruses expressing miR-151 or GFP for 48 hours, MDA-MB-231 cells (5 × 103) were seeded on 96-well plates

for 0, 24, 48, 72 and 96 hours. The relative cell numbers were measured using SRB assay. (C) After infection with
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and α5-integrin are activated by TWIST1 [25]. These results suggest that miR-151-3p might

regulate TWIST1 expression and thereby TWIST1-related downstream gene expression.

miR-151-3p represses cell migration and invasion, but not cell growth

and tumorsphere formation of human breast cancer cells

To evaluate the biological function of miR-151-3p in human breast cancer cells, we ectopically

expressed miR-151 in three breast cancer cell lines (MCF-7, MDA-MD-231, and HCC1937)

by infection with adenoviruses expressing miR-151 and analyzed the effects on cell growth,

tumorsphere formation, cell migration and invasion. The results of the MTT assay (Fig 4A)

and SRB assay (Fig 4B) revealed that the ectopic expression of miR-151 does not significantly

alter cell growth when compared with that of controls. In addition, the number and size of the

tumorspheres within HCC1937 cells were not significantly affected by ectopic expression of

miR-151 (Fig 4C). Using a transwell migration assay and a Matrigel invasion assay, we found

that both migration (Fig 4D) and invasion (Fig 4E) of the three human breast cancer cell lines

were significantly repressed by infection with adenoviruses expressing miR-151. These results

indicate that miR-151-3p can regulate cell migration and invasion, but not cell growth and

tumorsphere formation in human breast cancer cells.

Overexpression of the TWIST1 protein-coding region reverses miR-151-

3p inhibition of cell migration

To validate the role of TWIST1 expression in the miR-151-3p regulation of cell migration, we

transfected MDA-MB-231 cells with the TWIST1 cDNA plasmid to overexpress the protein

coding region (that lacks the TWIST1 3’UTR) after infection with adenoviruses expressing

miR-151. We found that overexpression of TWIST1 can reverse the TWIST1 expression that is

decreased by ectopic expression of miR-151 (Fig 5A). Importantly, overexpression of TWIST1

can overcome the miR-151’s inhibitory effect on the migration of MDA-MB-231 cells (Fig 5B).

These results suggest that miR-151-3p may regulate cell migration through targeting TWIST1

expression.

Knockdown of miR-151-3p increases TWIST1 expression and enhances

cell migration of human breast cancer cells

TWIST1 is known as a critical regulator of EMT and is a transcriptional repressor of E-

cadherin gene expression in breast cancer. We analyzed the expression of EMT-related

genes in MDA-MD-231 cells after infection with adenoviruses expressing miR-151 (Ad-

miR-151) and found that the gene expression of E-cadherin was significantly increased,

whereas the gene expression levels of β-catenin, slug, N-cadherin, snail and vimentin were

not significantly different when compared with that of the control (Ad-GFP) (Fig 6A). The

results suggest that E-cadherin may be involved in miR-151-3p-TWIST1-mediated cell

migration.

adenoviruses expressing miR-151 or GFP for 48 hours, HCC1937 cells (2 × 103) were seeded for a tumorsphere

formation assay. After 9 days of incubation, spheres >50 μm in diameter were counted under the microscope. (D) After

infection with adenoviruses expressing miR-151 or GFP for 48 hours, MCF-7, MDA-MB-231 and HCC1937 cells

(1 × 104) were seeded for transwell migration. After incubation for 12 hours, the migrated cells were counted from 10

random fields under a microscope. (E) After infection with adenoviruses expressing miR-151 or GFP for 48 hours,

MCF-7, MDA-MB-231 and HCC1937 cells (5 × 104) were seeded for Matrigel invasion. After incubation for 20 hours,

the invaded cells were counted from 10 random fields under microscope. All experiments were performed in triplicate.

Each bar represents the mean ± SEM. *, P < 0.05.

doi:10.1371/journal.pone.0168171.g004
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Fig 5. Overexpression of the TWIST1 protein coding region overcomes miR-151-3p inhibition cell

migration. (A) After infection with adenoviruses expressing miR-151 (Ad-miR-151) or GFP (Ad-GFP) for 24

hours, MDA-MB-231 cells (4 × 105) were transfected with pEV or pTWIST1. The TWIST1 mRNA expression

levels were determined using quantitative real-time PCR. The data were normalized to GAPDH mRNA levels.

(B) After infection with adenoviruses expressing miR-151 (Ad-miR-151) or GFP (Ad-GFP) for 24 hours,
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In addition, we used antogomir-151-3p (anti-miR-151-3p) to knockdown endogenous

miR-151-3p expression in breast cancer cells. Fig 6B shows that the miR-151-3p expression

was significantly decreased by anti-miR-151-3p in a dose-dependent manner. Moreover,

knockdown of miR-151-3p increased TWIST1 protein expression and decreased E-cad-

herin protein expression (Fig 6C). In addition, the migration of HCC1937 cells was signifi-

cantly increased by anti-miR-151-3p treatment when compared with that of the scrambled

control (Fig 6D). These results support the notion that miR-151-3p regulates TWIST1

expression and thus modulates E-cadherin expression as well as cell migration of breast

cancer cells.

Discussion

This is the first study to demonstrate that miR-151-3p directly regulates TWIST1 expression

by targeting the TWIST1 3’UTR and thus represses the migration and invasion of human

breast cancer cells by enhancing E-cadherin expression. Our findings add to accumulating evi-

dence that microRNAs are involved in breast cancer progression by modulating TWIST1

expression.

Several miRNAs have been documented to directly inhibit TWIST1, including miR-1-1

[26], miR-33a [27, 28], miR-137 [29], miR-186 [30], miR-300 [31], miR-520d-5p [32], miR-

539 [31], miR-543 [31], miR-675 [33], and miR-720 [34]. Most of these miRNAs repressed

cancer cell EMT and metastasis in most examined cancer types, and some of them (miR-33a

and miR-186) modulated cancer cell sensitivity to cisplatin by down-regulating TWIST1 [27,

30]. For example, it was demonstrated that miR-33a is upregulated in chemoresistant osteosar-

coma and promotes cell resistance to cisplatin [27]. On the other hand, miR-186 was shown to

induce G1 cell-cycle arrest and enhance cell apoptosis, which consequently rendered the cells

more sensitive to cisplatin in ovarian cancers [30]. Among these miRNAs, the data obtained

from TCGA reveal that like miR-151, miR33a and miR-137 are significantly higher expression

levels in breast cancers as compared with the paired normal tissues (Fig 7). The expression lev-

els of miR-520d, miR-539, miR-543, and miR-675 in breast cancers were significantly lower

than paired normal tissues (Fig 7). Interestingly, we found that miR-33a and miR-151 are sig-

nificantly negative correlated with TWIST1 gene expression in breast cancers (Table 2). In the

present study, we found that ectopic expression of miR-151 represses cell migration and inva-

sion of breast cancer cells by down-regulating TWIST1 (Figs 4D, 4E and 5B). In addition,

knockdown of miR-151-3p by anti-miR-151-3p can up-regulate TWIST1 expression and

enhance cell migration (Fig 6D). However, only E-cadherin, but not other EMT-related genes,

was significantly up-regulated by increased expression of miR-151-3p, suggesting that E-cad-

herin might be the major contributor in the TWIST1-promoting cell metastasis that is regu-

lated by miR-151-3p. Moreover, increased expression of miR-151-3p did not affect cell growth

and tumorsphere formation of breast cancer cells (Fig 4A, 4B and 4C). These findings suggest

that microRNAs might target TWIST1 to regulate different cancer properties in different can-

cer types, and miR-151-3p might negatively regulate cell metastasis during breast cancer

progression.

MDA-MB-231 cells (4 × 105) were transfected with empty vector (pEV) or the overexpression construct

pFLAG-TWIST1 that contained the TWIST1 protein coding region (that lacks the TWIST1 3’UTR) (pTWIST1)

for 48 hours. The cells (1 × 104) were seeded for transwell migration. After incubation for 12 hours, the

migrated cells were counted from 10 random fields under a microscope. All experiments were performed in

triplicate. Each bar represents the mean ± SEM. *, P < 0.05.

doi:10.1371/journal.pone.0168171.g005
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Fig 6. Knockdown of miR-151-3p increases TWIST1 expression and cell migration. (A) After infection with

adenoviruses expressing miR-151 (Ad-miR-151) or GFP (Ad-GFP) for 48 hours, the relative gene expression levels of β-

catenin, E-cadherin, slug, N-cadherin, snail and vimentin of the MDA-MB-231 cells were measured by quantitative real-

time PCR. The data were normalized to GAPDH mRNA levels. (B) HCC1937 cells were transfected with 50 and 100 nM

antogomir-151-3p (anti-miR-151-3p) or 50 nM scrambled control for 48 hours. The relative transcript levels of miR-151
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The miR-151 gene resides within intron 22 of the FAK gene [16]. The data obtained from

TCGA revealed that the miR-151 expression levels in breast cancers are positively correlated

with mRNA levels of the miR-151 host gene FAK (Fig 2B). These results suggest that the

increased miR-151 expression might be co-regulated with the FAK gene expression in breast

cancers. It has been shown that p53 can bind to the FAK promoter and subsequently repress

FAK expression. Recently, it was demonstrated that activation of the Notch1 pathway

enhances FAK and miR-151 expression [23]. The Notch1 pathway may interact with p53 to

regulate FAK and miR-151 expression levels. The mechanism underlying up-regulated expres-

sion of miR-151 in breast cancers requires further investigation.

FAK is a key signaling molecule that is activated by numerous stimuli, is often overex-

pressed in human tumors, and promotes cancer cell invasion and metastasis [35, 36]. FAK and

miR-151 have been found to promote cell migration and spreading of HCC [16, 17] and gastric

cancers [23]. Although miR-151 expression levels are positively correlated with the FAK

mRNA levels in breast cancers (Fig 2B), our results revealed that ectopic expression of miR-

151 represses cancer cell migration and invasion (Figs 4D, 4E and 5B), whereas knockdown of

miR-151-3p enhances breast cancer cell migration (Fig 6D). These results indicate that unlike

in HCC and gastric cancer, miR-151-3p may play a negative regulator in breast cancer

metastasis.

Some direct targets of miR-151 have been identified. Downregulation of RhoGDIA by

miR-151 was demonstrated to enhance HCC cell migration through activation of Rac1, Cdc42

and Rho GTPases [16]. It was also found that miR-151-3p represses the full-length isoform of

human neurotrophin-3 receptor gene NTRK3 in neuroblastoma cells [37]. It was recently

demonstrated that miR-151-5p and a combination of other miRNAs (miR-145a-5p or miR-

337-3p) are able to significantly repress TWIST1translation and result in decreased migratory

potential of murine embryonic fibroblast cells [19]. In the role of miR-151-3p in muscle fiber

type determination, miR-151-3p was shown to directly target ATP2a2, a gene that encodes for

a slow skeletal and cardiac muscle specific Ca2+ ATPase known as SERCA2, thus downregulat-

ing slow muscle gene expression [38]. In the present study, we identified TWIST1 as the direct

target of miR-151-3p. Our results clearly showed that ectopic expression of miR-151-3p

represses TWIST1 expression (Figs 1C, 1D, 3A, 3B and 5A), whereas knockdown of miR-151-

3p increases TWIST1 expression (Fig 6C). These results demonstrated that TWIST1 expres-

sion is negatively regulated by miR-151-3p. Interestingly, the data obtained from TCGA

revealed a significant negative correlation between the TWIST1 mRNA levels and miR-151

expression levels in human breast cancers (Fig 3C). Moreover, miR-151 levels is significantly

positive correlated with E-cadherin gene expression levels, and is significantly negative corre-

lated with the gene expressions of fibronectin, osteonectin, and α5-integrin (Table 1). It has

been reported that the expression E-cadherin is repressed by TWIST1, while the expressions of

fibronectin, osteonectin, and α5-integrin are activated by TWIST1 [25]. These results suggest

that miR-151-3p might regulate TWIST1 expression and thereby TWIST1-related down-

stream gene expression.

The data obtained from TCGA revealed that the miR-151 expression levels in breast cancer

cells were higher than those in normal tissues (Fig 2A), and no differences were observed in

were measured by miRNA quantitative real-time PCR. (C) The HCC1937 cells were transfected with 50 nM antogomir-

151-3p (anti-miR-151-3p) or 50 nM scrambled control for 48 hours. TWIST1 and E-cadherin protein expression were

measured by Western blot analysis. The data were normalized to α-tubulin protein levels. (D) HCC1937 cells were

transfected with 50 nM antogomir-151-3p (anti-miR-151-3p) or 50 nM scrambled control for 48 hours. The cells (1 × 104)

were seeded for transwell migration. After incubation for 12 hours, the migrated cells were counted from 10 random fields

under microscope. All experiments were performed in triplicate. Each bar represents the mean ± SEM. *, P < 0.05.

doi:10.1371/journal.pone.0168171.g006
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Fig 7. The expression levels of microRNAs in human breast cancers and the corresponding adjacent normal tissues. The

expression levels of miR-1-1, miR-33a, miR-137, miR-186, miR-520d, miR-539, miR-543, miR-675, miR-720 in the breast cancer

samples and the corresponding adjacent normal tissue samples (N = 101) were downloaded from the “The Cancer Genome Atlas”

(TCGA) and the Broad GDAC Firehose data portal. *, P < 0.05 as compared with normal breast tissues. The results shown here are

reported in their entirety based upon data generated by the TCGA Research Network: http://cancergenome.nih.gov.

doi:10.1371/journal.pone.0168171.g007
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miR-151 levels among tumors of different stages (Fig 2C). Our present in vitro data suggest

that miR-151-3p may negatively regulate the migration and invasion of breast cancer cells. The

results are consistent with the findings that miR-151 expression was lower in the lymph-node

metastases than in their corresponding tumors of breast cancer patients [18]. Recently, upre-

gulation of miR-151 has been reported in esophageal cancer [39] and papillomavirus (HPV)-

associated oropharyngeal carcinoma [40]. The up-regulation of miR-151 is found to be associ-

ated with poor survival in human HPV-associated oropharyngeal carcinoma [40]. In cholan-

giocarcinoma, the concomitant dysregulation of both miR-151-3p and miR-126 were reported

as factors related to the greatest improvement in overall survival [41]. In addition, an increase

in miR-151-3p was identified as one of the most significant differences in miRNA expression

for recurrent tumors compared to non-recurrent tumors of the patients with early stage lung

adenocarcinomas [42]. Recently, miR-151-3p expression was found to be associated with the

ductal carcinoma in situ (DCIS) subtype of breast cancers [43]. These findings suggest that the

role of miR-151 in cancer progression seems to be tissue- or cancer type-specific. It is possible

that the increased miR-151-3p in breast cancers could be partly involved in the regulation of

TWIST1 gene expression at different stages of cancer progression. The TWIST1 expression in

breast cancers may be regulated by several mechanisms, including the transcription factors in

response to EMT stimulators and miRNAs. These findings need to be further verified using a

xenograft model and using the clinical data for immunohistochemical staining of TWIST1

which show anti-correction between TWIST1 and miR-151-3p in breast metastasis.

In conclusion, our results suggested that TWIST1 is the direct target of miR-151-3p and

that miR-151-3p may play a negative regulatory role in breast cancer metastasis. Further stud-

ies on the regulation of miR-151-3p expression in breast cancer may benefit the development

of more specifically targeted therapies for patients with breast cancer metastasis.

Acknowledgments

We thank Ms. Shu-Hui Li for excellent technical assistance and Prof. Muh-Hwa Yang at

National Yang-Ming University for providing the plasmids used in this study.

Table 2. Correlations of microRNAs and TWIST1 gene expression in human breast cancers.

miRNA Pearson r P value
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Atlas” (TCGA) and the Broad GDAC Firehose data portal.
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