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PRECLINICAL STUDY

MicroRNA-30a inhibits cell migration and invasion
by downregulating vimentin expression and is a potential

prognostic marker in breast cancer
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Abstract Tumor recurrence and metastasis result in an
unfavorable prognosis for cancer patients. Recent studies
have suggested that specific microRNAs (miRNAs) may
play important roles in the development of cancer cells.
However, prognostic markers and the outcome prediction of
the miRNA signature in breast cancer patients have not been
comprehensively assessed. The aim of this study was to
identify miRNA biomarkers relating to clinicopathological
features and outcome of breast cancer. A miRNA microarray
analysis was performed on breast tumors of different lymph
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node metastasis status and with different progression signa-
tures, indicated by overexpression of cyclin D1 and f-catenin
genes, to identify miRNAs showing a significant difference
in expression. The functional interaction between the can-
didate miRNA, miR-30a, and the target gene, Vim, which
codes for vimentin, a protein involved in epithelial-mesen-
chymal transition, was examined using the luciferase repor-
ter assay, western blotting, and migration and invasion
assays. The association between the decreased miR-30a
levels and breast cancer progression was examined in a
survival analysis. miR-30a negatively regulated vimentin
expression by binding to the 3’-untranslated region of Vim.
Overexpression of miR-30a suppressed the migration and
invasiveness phenotypes of breast cancer cell lines. More-
over, reduced tumor expression of miR-30a in breast cancer
patients was associated with an unfavorable outcome,
including late tumor stage, lymph node metastasis, and worse
progression (mortality and recurrence) (p < 0.05). In con-
clusion, these findings suggest a role for miR-30a in inhib-
iting breast tumor invasiveness and metastasis. The finding
that miR-30a downmodulates vimentin expression might
provide a therapeutic target for the treatment of breast cancer.

Keywords Breast cancer - MicroRNA-microarray -
MiR-30a - Vimentin - Prognosis

Abbreviations
IDC Invasive ductal carcinoma

EMT Epithelial-mesenchymal transition

miRNA microRNA

3'UTR 3’-untranslated region

LNM Lymph node metastasis

LCM Laser capture microdissection

gRT-PCR Quantitative real-time reverse transcription

polymerase chain reaction
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DFS Disease-free survival

oS Overall survival

HR Hazard ratio

OR Odds ratio

95 % CI 95 % confidence interval
Introduction

In contrast to the total abolition of gene function by permanent
mutation, the reversibility of epigenetic modification allows
gene expression to be switched on and off and thus is sug-
gested to provide selective advantage for clonal evolution
during tumor progression [1, 2]. Tumor recurrence and
metastasis result in an unfavorable prognosis for patients with
cancer. Tumor cell metastasis is characterized by an unstable
phenotypic heterogeneity, in which the phenotype fluctuates
too frequently for the changes to be mediated exclusively by
irreversible genetic alterations. During tumor metastasis,
cancer cells undergo epithelial-mesenchymal transition
(EMT) in which epithelial tumor cells in the primary cancer
site are converted into aggressive and metastatic tumor cells.
One of the main characteristics of EMT is the combination of
loss of cell—cell contact, reduced E-cadherin expression, and
enhanced expression of mesenchymal markers, such as
vimentin [3-5]. The mesenchymal-like cells generated are
transported to metastatic sites, where they may undergo
mesenchymal—epithelial transition by regaining E-cadherin
expression, allowing cell—cell adhesion and connecting adja-
cent cells to form new foci [6]. For this reason, epigenetic
regulation appears to be more important than genetic level
regulation in maintaining flexibility, and, in the case of
E-cadherin, hypermethylation of the promoter region is seen in
various human carcinomas [7-10]. In cancer metastasis, there
is evidence for a significant contribution of epigenetic regu-
lation of EMT by microRNAs (miRNAs) [11, 12], a novel
class of short non-coding RNA molecules consisting of 19-25
nucleotides with the potential to inhibit gene expression by
binding to complementary sequences in the 3’-untranslated
region (UTR) of target mRNA transcripts. miRNAs are an
emerging class of negative regulators, and deregulation of
miRNAs in tumors affects the expression of oncogenes and/or
tumor suppressor genes and leads to malignant transformation
in human cancer [13-16]. However, knowledge of prognostic
markers and the effectiveness of outcome prediction of the
miRNA signature in breast cancer patients is limited.

We recently investigated a gene expression signature that
is an important predictor of an unfavorable outcome in
patients with invasive ductal carcinoma (IDC) and found
that overexpression of the genes making up this expression
signature, namely cyclin DI and f-catenin, is highly asso-
ciated with tumor cells of an advanced stage, lymph node
metastasis (LNM), and a decreased survival rate (manuscript
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submitted). To examine the mechanism responsible for the
changes associated with this signature, the present study
investigated whether and how deregulation of specific
miRNAs associated with epigenetic aberrance was involved
in driving the invasiveness and metastasis of tumor cells.
The miRNA expression profile was then compared between
breast tumors showing overexpression of cyclin DI and
f-catenin and LNM and those with a normal signatures of
both genes and no LNM. Among the miRNAs showing a
significant difference in expression in tumor cells, particular
attention was focused on miR-30a, as in silico prediction of
target genes possibly regulated by this miRNA molecule
resulted in the identification of the gene, Vim, coding for
vimentin, a mesenchymal marker implicated in EMT during
breast tumorigenesis [17-19]. We explored whether miR-
30a regulated vimentin expression and showed that
increased expression of miR-30a resulted in downregulation
of vimentin expression and a subsequent decrease in the
vimentin-mediated migration and invasiveness of breast
cancer cells. Moreover, reduced levels of miR-30a expres-
sion in the primary breast tumor tissue were found to predict
an unfavorable outcome, including advanced stage, LNM,
and a decreased survival rate in IDC patients. These findings
identify the role of miR-30a in breast cancer and shed light
on a novel fundamental mechanism with clinical signifi-
cance and translational implications.

Materials and methods
Study population

The present study is part of an ongoing cooperative study
aimed at discovering markers for the evaluation of breast
cancer progression in Taiwan, where breast cancer is
characterized by low incidence [20], early tumor onset
[21], reproductive hormone dependency [22, 23], and novel
genomic alteration [23-26]. The study was approved by the
Ethics Committees of the Institutional Review Boards of
the Tri-Service General Hospital, Taipei, and the Chung
Shan Medical University Hospital, Taichung, Taiwan. The
enrolled female patients pathologically confirmed primary
IDC of the breast were a subset of women randomly
selected from the ongoing hospital-based breast cancer
cohort collected in the Surgery Department of the Tri-
Service General Hospital, collected between July 1997 and
April 2006. Informed consent was obtained from each
participant prior to specimen acquisition. The resected
breast cancer tissues were immediately frozen in liquid
nitrogen until analysis. Tumor grade in each patient was
categorized as I, II, or III according to the Nottingham
modification of the Scarff-Bloom—Richardson system, and
the pathology of these tumors was classified according to
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Table 1 Clinicopathological characteristics of the 221 female
patients with IDC of the breast

Characteristics N (%)

Age (mean £ SD)
Survival (months, mean 4+ SD)

50.6 £ 11.6 (range 23-87 yrs)
68.5 + 28.9 (range 1-140 months)

Tumor size (mm)

>20 95 (44.3)
=20 123 (55.7)
ND 3
Grade
I 34 (15.4)
1T 98 (44.3)
I 89 (40.3)
Stage
I 76 (34.4)
1T 113 (51.1)
I 28 (12.7)
v 4 (1.8)
Lymph node metastasis
NO 118 (53.4)
N1 76 (34.4)
N2 27 (12.2)
Estrogen receptor
Negative 117 (54.2)
Positive 99 (45.8)
ND 5
Progesterone receptor
Negative 118 (54.6)
Positive 98 (45.4)
ND 5

ND non-detected

the sixth edition of the AJCC Cancer Staging Manual.
None of the patients received neoadjuvant treatment before
primary surgery, thus avoiding any effects on gene
expression. The histological diagnosis of all specimens was
reviewed by a certified pathologic physician, and the
clinicopathological findings are summarized in Table 1.

Laser capture microdissection

To ensure that the tissue samples assayed consisted of
>95 % pure breast tumor epithelial cells, laser capture
microdissection (LCM) was performed on routinely
immunostained slides using a PixCell laser capture
microscope (Arcturus Engineering, Mountain View, CA,
USA) as described previously [27, 28]. The dehydrated
tissue section was overlaid with a thermoplastic film
mounted on an optically transparent cap, and the visually
selected areas (tumor cells) were bound to the membrane

by short, low-energy laser pulses, resulting in focal melting
of the polymer. On average, 2,500-3,000 LCM shots were
performed on a single tumor to obtain sufficient tumor cells
for comparative qRT-PCR analysis. The laser-captured
tumor cells were immersed in 50-100 pl of digestion buffer
(10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 400 pg/ml of
proteinase K, and 1 % Tween 20) and digested at 55 °C
overnight. After digestion, the enzyme was heat-inactivated
(95 °C for 10 min) and the extract used directly for RNA
isolation.

RNA isolation

Total RNA was isolated from paired LCM-dissected
tumor and non-tumor cells from each patient using an
RNAqueous®—Micro Kit (Ambion Inc., Austin, TX, USA)
and the yield of RNA determined by spectrophotometry at
260 nm. miRNAs from tumor and non-tumor cells were
extracted from tissue sections using a mirVana miRNA
isolation kit according to the manufacturer’s instructions
(Ambion Inc., Austin, TX, USA) and the RNA concentration
in each sample quantified on a NanoDrop 1000 spectropho-
tometer (NanoDrop Technologies, Waltham, MA, USA).

miRNA microarray

A human miRNA microarray contained probes for 381
human miRNAs from TaqMan® Low Density Array
Human MicroRNA Panel v1.0 (Applied Biosystems) and
levels of mature miRNAs were analyzed on an Applied
Biosystems 7900HT Fast Real-Time PCR System (Foster
City, CA, USA). Expression level of each miRNA was
measured using the same amount of template RNA in each
well with small nuclear RNA U48 (RNU48) as an endog-
enous negative control and RNU6B as a positive control.
Relative quantification of miRNA expression was per-
formed using the 2-ddCt method. The threshold cycle, Ct
was automatically calculated by the SDS2.2 software
package (Applied Biosystems, Foster City, CA, USA). Ct
values for all targets were determined using the automatic
threshold in RQ Manager v1.1 analysis software.

Cell culture

The breast cancer cell lines HsS78T and MDA-MB-231
were cultured in DMEM (Life Technologies) containing
0.1 mM sodium pyruvate, 10 % fetal bovine serum (FBS),
2 mmol/l of r-glutamine, 100 IU/ml of penicillin, and
100 mg/ml of streptomycin (all from Biosource, Rockville,
MD, USA) in a humidified 5 % CO, atmosphere at
37 °C. Transfection with different miRNAs and plasmid
constructs was performed using DOTAP (Biontex, Labo-
ratories, GmbH) and Turbofect (Fermentas, Germany) in
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Table 2 Oligonucleotides used

. Gene of interest
for the miRNA constructs and

Primer sequences used for the miRNA constructs

the generation of the Vim

, hsa-miR-502
3’UTR-mutants

hsa-miR-485

hsa-miR-519¢

hsa-miR-328

hsa-miR-30a

Luc-Vim 3 UTR/Mutl

Luc-Vim 3 UTR/Mut2

Luc-Vim’ 3UTR/Mutl2

Forward: 5'-CCCAAGCTTCACAACATGGGACTT
Reverse: 5'-CGGGATCCGCTCCATCTCATTGAA

Forward: 5'-CCCAAGCTTGGGTGTATGTCACTCG
Reverse: 5'-CGGGATCCCCAAGATTCAACTCCA

Forward: 5'-CCCAAGCTTAGGAACTGGAGATGGT
Reverse: 5'-CGGGATCCTGTGGTGAAACTCCAT

Forward: 5'-CCAAGCTTTCCATGAGCCTTCTTA

Reverse: 5'-CGGAATTCTATTGCCCTACTACGC

Forward: 5'-CCAAGCTTATAAGTGAGCGCATTC
Reverse: 5'-CGGAATTCGTGTTGGAGAACAGCA
Forward: 5'-CATAATCTAGTCCCCAGAAAAATCTTGTGC
Reverse: 5'-GCACAAGATTTTTCTGGGGACTAGATTATG

Forward: 5'-CCTACAAGATTTAGAAAAAAGTCCCCAACATAATCTAGTT

TACAG

Reverse: 5-CTGTAAACTAGATTATGTTGGAGAGCTTTTTTCTAAATCTT

GTAGG
Forward: 5'-TAGAAAAAAGTCCCCAACATAATCTAGTCCCCAG
Reverse: 5-CTGGGGACTAGATTATGTTGGGGACTTTTTTCTA

vitro transfection reagents according to the manufacturer’s
recommendations. Transfectants were cultured and selec-
ted for 2 weeks in the medium containing 3 pg/ml of
puromycin.

Western blotting analysis

Cell extracts were prepared in ice-cold RIPA lysis buffer.
After whole cell protein extracts were quantified by BCA
protein assay, equivalent amounts of cell lysates were
resolved by 8-12 % SDS polyacrylamide gel electropho-
resis and transferred onto a polyvinylidene difluoride
membrane, which was then blocked in 5 % non-fat milk in
PBST and probed overnight at 4 °C with a monoclonal
antibody against human vimentin (1:500, Santa Cruz Bio-
technology). Anti-f-actin (Sigma-Aldrich Corp., St. Louis,
MO, USA) was used to normalize for protein loading. The
blot was incubated with an appropriate horseradish per-
oxidase conjugated second antibody and immunoreactive
proteins visualized by the enhanced chemiluminescence
assay (western blotting luminal reagent; Santa Cruz Bio-
technology) and the band intensities quantified by densi-
tometry (Digital Protein DNA Imagineware, Huntington
Station, NY, USA).

Dual luciferase reporter assay

The 3'UTR sequence of the human vimentin gene (Vim)
was cloned into plasmid pGL4.13 (Promega, Madison,
WI), yielding the recombinant vector pGL4.13_1, con-
taining the firefly luciferase open reading frame under
the control of the SV40 promoter. Two miR-30a
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complementary sites with the sequence GTTTAC in the
Vim 3'UTR were mutated singly or together to remove
complementarity to miR-30a using a QuikChange II XL
site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) with pGL4.13_1/Vim-WT as the template, and the
mutants were named Vim 3'UTR/mutl, Vim 3'UTR/mut2,
and Vim 3'UTR/mutl2. The mutated nucleotides capital-
ized, and the sequences of the mismatch primers used to
generate different Vim 3'UTR mutants are shown in
Table 2. MDA-MB-231 cells were cotransfected with the
reporter construct, the control or mutated Vim 3'UTR
constructs, and pCDNA3/miR-30a, then the cells were
lysed 24 h later, and the firefly luciferase/Renilla luciferase
activity ratio of each sample measured in a dual-luciferase
assay (Promega, Madison, WI, USA). The experiments
were performed in triplicate. Data are presented as
mean =+ standard deviation (SD) for each transfection
condition. Significance of comparisons was assessed by
using the two-sided unpaired ¢ test for means. A p value
<0.05 is taken to indicate statistical significance.

Establishment of breast tumor cells stably expressing
miR-30a

Using a lentivirus expression system (Thermo Fisher Sci-
entific; Waltham, MA, USA) and the Trans-Lentiviral
GIPZ Packaging System (Open Biosystems, Huntsville,
AL, USA), breast cancer cells were transduced with plas-
mid pLemiR expressing primary-miR-30a (pri-miR-30a)
transcripts under the control of the CMV promoter (Open
Biosystems, Huntsville, AL, USA). TurboRed Fluorescent
Protein and a puromycin-resistance selectable marker were
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used to allow screening for non-transduced cells, and cell
lines stably expressing miR-30a were established.

Invasion and migration assays

For the invasion assay, matrigel (Collaborative Biomedical
Products, Bedford, MA, USA) was applied to 8-pum pore
size polycarbonate membrane filters, and then cells
(1.0 x 10°) cultured in DMEM were seeded into the upper
section of the Boyden chamber (Neuro Probe, Cabin John,
MD, USA). The lower chamber contained the same med-
ium plus 10 % FBS, and the chamber was incubated
overnight at 37 °C, after which non-invading cells were
removed from the interior of the insert using a cotton-tip
applicator, and the invasive cells attached to the lower
surface of the membrane were fixed with methanol and
stained with Giemsa. Invading cells were quantified by
counting five random high-powered fields using a Olympus
Ckx41 light microscope. For the migration assay, the cells
were seeded into the Boyden chamber on membrane filters
that were not coated with matrigel and incubated for 16 h
at 37 °C, then non-migrating cells were removed from the
upper membrane surface, and the invading cells on the
lower membrane surface quantified as described above.

Comparatively quantitative real-time PCR analysis

The LCM was performed on 221 breast cancer tissue
slides, and the single-tube TagMan miRNA assay (Applied
Biosystems, Foster City, CA, USA) was used to detect and
quantify the mature miRNA on an Applied Biosystems
instruments. The level of expression of the miRNA bio-
marker was determined using the TagMan real-time PCR
assay and normalized to that for RNUG6B. Triplicate
gPCR experiments were performed on each breast carci-
noma to determine the levels of the target mRNA in the
isolated tumor and non-tumor cells. The comparative
CT method (-ddCt) was used to estimate the relative
expression (fold change) of the miR-30a transcript in the
tumor and non-tumor cells in each case (2-ddCt, where
ddCt = dCt pir-30a — dCt rnusB)-

Statistical analysis

The Chi-squared test was used to examine whether there was
an association between decreased miR-30a transcript levels
in cancer tissue and the pathological features of tumor (stage
and LNM status). The miR-30a transcript was quantified
using the comparative CT method as described previously
[29, 30]. To examine whether miR-30a could be used as a
prognostic biomarker in breast cancer patients, Kaplan—
Meier survival analysis (p value of the log-rank test) and
Cox regression analysis [hazard ratio (HR) and 95 %

confidence interval (95 % CI)] were used to explore the
association between the 5-year recurrence-free/disease-free
survival rate and miR-30a transcript levels in tumors of
breast cancer patients. Recurrence-free survival was mea-
sured as the time from surgery to recurrence or the end of the
study, while disease-free survival was defined as the time
from surgery to recurrence or death or the end of the study.

Results

A miRNA expression signature in the primary tumor
predicts its metastatic potential

To search for miRNAs that might play a role in breast
cancer progression, we used miRNA chips to compare the
miRNA expression profiles of three groups of patients with
differential expression of the cyclin DI and p-catenin
genes and different LNM status. We compared the profiles
of five patients with Stage I/II cancer (LNM—) and normal
expression of cyclin DI and f-catenin (group 1), four
tumors with Stage I/Il (LNM—) and increased expression
of cyclin DI and f-catenin (group II), and five tumors with
Stage III/IV (LNM+) and increased expression of cyclin
D1 and f-catenin (group III). None of the fourteen patients
had received neoadjuvant treatment before surgery, thus
avoiding any confounding effect on gene expression.
Cyclin DI and f-catenin make up an expression signature
that is highly associated with poor pathological features
and a worse clinical outcome (manuscript submitted). It
should be noted that the determination of the miRNA
expression pattern was based on cancerous cells micro-
dissected from tumor tissues to ensure that the sample
tested consisted of >95 % pure breast tumor epithelial cells
(Fig. 1a), supporting the validity of our measurement.
Using a cutoff of a greater than twofold difference in
levels, we identified 52 miRNAs that were significantly
deregulated in the primary tumor of patients with meta-
static breast cancer than in those with no metastases, 25 of
which were upregulated (red section of Fig. 1b) in group
IIT or II compared with group I and 27 downregulated
(green section of Fig. 1b). The five highly downregulated
miRNAs were miR-502, miR-485, miR-328, miR-30a, and
miR-519e that may affect vimentin expression due to their
being predicted to bind 3'UTR of the Vim gene in an in
silico analysis, and the results for the first four are shown in
Fig. 1c. Those identified 52 miRNAs that were differen-
tially expressed between the metastatic tumors and the non-
metastatic samples are summarized in Fig. 1d.

To gain an insight into the functional consequences of
differential miRNA expression, we used the miRNA target
searching program TargetScan 5.1 (www.microrna.org) and
a computational algorithm to explore whether the expression
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Fig. 1 miR-30a expression is decreased in breast tumors with
overexpression of cyclin DI and ff-catenin or lymph node metastasis
(LNM). a Illustration of the laser capture-microdissection technique.
The left, center, and right panels show the tissue before laser capture-
microdissection LCM (i.e., HE staining), the LCM-captured cells, and
the tumor after LCM, respectively. b and ¢ Total RNA was extracted
from LCM tumor cells from low-stage (Stage I/II) breast tumors
(n = 5) showing normal expression of cyclin DI and f-catenin and no
LNM (group I); low-stage tumors (n = 4) showing increased expres-
sion of cyclin DI and f-catenin, but no LNM (group II); and high-
stage (Stage III/IV) tumors (n = 5) showing increased expression of

of any EMT-associated genes was regulated by these five
miRNAs, and the results suggested that expression of the
Vim gene, encoding an intermediate filament normally
expressed in cells of mesenchymal origin, might be associ-
ated with decreased expression of these miRNAs. Vimentin,
an important EMT-associated marker, is involved in linking
the cytoskeleton to the membrane, and deregulation of
vimentin has been suggested to be associated with increased
invasiveness or migration of cells [18, 31].

miR-30a directly targets the vimentin 3'UTR
and downregulates vimentin expression

To test the in silico prediction that vimentin expression

might be modulated by specific miRNAs, we measured
vimentin levels by immunoblotting after transfection of the

@ Springer

Diff iall d miRIAs in the primary tumeor in patients with metastatic or non-metastatic

invasive ductal carcinema of the breast

miRINA Fold change miRNA Fold change
(metastatic/non-m etastatic) (metastaticmon-metastatic)
Upregulated Downregulated
hsa-miR-449 149.40 hsa-miR-329 0.01
hsa-miR-196b 66.10 hsa-miR-501 0.02
hsa-miR-187 53.09 hsa-miR-133b 0.03
hsalet-Te 3372 hsa-miR-213 0.03
hsa-miR-379 15.59 hsa-miR-217 0.03
hsa-miR-7 14.01 hsa-miR-422a 0.04
hsa-miR-199b 12.26 hsa-miR-451 0.06
hsa-miR-487b 8.57 hsa-miR-642 0.06
hsa-miR-503 7.80 hsa-miR-204 0.07
hsa-miE-449b 7.50 hsa-miR 485 0.07
hsa-miR-98 6.18 hsa-miR-502 0.12
hsa-miR-193b 6.12 hsa-miR-622 0.15
hsa-miR-194 5.85 hsa-miR-519e 0.16
hsa-miR-22 5.29 hsa-miR 489 0.17
hsa-miR-34a 5.28 hsa-miR-139 0.18
hsa-miR-221 4.65 hsa-miK-10a 0.22
hsa-miR-145 4.03 hsa-miR-324 0.27
hsa-miR-34¢ 3.94 hsa-miR-135b 0.31
hsa-miR-17 3.90 hsa-miR-218 0.32
hsa-miR 452 3.39 hsa-miR-345 0.32
hsa-miR-210 322 hsa-miR.-380 0.34
hsa-miR-181c 267 hsa-miR.-550 0.35
hsa-miR-554 257 hsa-miR-197 0.36
hsa-miR-149 244 hsa-miR-328 0.36
hsa-miR-335 229 hsa-miR.-572 0.36
hsa-miR-95 0.37
hsa-miR.-30a 0.40

cyclin DI and f-catenin and LNM (Group III). RNAs from tumors in
the same group were pooled and subjected to TagMan-LDA miRNA
microarray analysis. b shows a comparison of the results for group II
and I (left panel) and for group III and I (right panel); 52 miRNAs
showing a greater than twofold change in expression were associated
with tumor stage and LNM, of which 25 were upregulated (red) and 27
downregulated (green) during tumor progression. ¢ The five highly
downregulated miRNAs were miR-328, miR-485, miR-502, miR-30a,
and miR-519¢; the quantitative data for the first four are shown. d 52
miRNAs that were differentially expressed between the metastatic
tumors and the non-metastatic samples. (Color figure online)

human breast cancer cell lines Hs578T and MDA-MB-231
with the precursors of the above five miRNAs predicted to
affect vimentin expression or with vector alone (Fig. 2a).
As shown in Fig. 2b, no significant difference in Vim
mRNA levels was found in breast cancer cells transfected
with these five miRNAs, whereas, in the same cells,
vimentin protein expression was inhibited by more than
60 % by miR-30a; however, the other four miRNAs had
only a minor, or a non-significant, effect (Fig. 2c, d).
Furthermore, to map putative interaction sites between
vimentin 3'UTR and miR-30a, three algorithms, miRanda,
PicTar, and TargetScan, were used to predict the mRNA
targets for miR-30a, and two potential sites were identified
within the 3'UTR of Vim in different species (Fig. 3a). To
determine whether miR-30a directly targets Vim mRNA and
the relative importance of these two sites in repressing
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Fig. 2 miR-30a represses vimentin expression. a A computational
algorithm was used to predict five miRNAs that might affect vimentin
expression. b—-d miRNAs that were predicted to impact vimentin
expression were transfected into breast cancer cell lines Hs578T and
MDA-MB-231; then, 24 h later, vimentin mRNA levels were
measured by RT-PCR in (b) and vimentin protein levels by western

vimentin expression, we inserted the full-length 3'UTR of
Vim into the pGL4.13-luciferase reporter (Vim 3'UTR-luc)
and examined the effect of miR-30a on the luciferase activ-
ity. In addition, we generated three 3'UTR mutants, Vim
3'UTR/Mutl-luc, and Vim 3'UTR/Mut2-luc with a mis-
matched version of the miR-30a complementary sequence
within site 1 or 2, and Vim 3'UTR/Mut12-luc containing both
mismatched sequences (Fig. 3b). We found that miR-30a
significantly reduced the activity of the luciferase gene fused
to the Vim 3'UTR by more than 45 %, supporting the notion
that miR-30a can modulate vimentin expression by binding
to its 3'UTR (Fig. 3¢). In addition, a significant reduction
(54 %) in luciferase activity was observed in the presence of
pre-miR-30a using the reporter construct containing the Vim
3'UTR/Mutl clone, but not the Vim 3’'UTR/Mut2 or Vim
3'UTR/Mut12 clones. These results indicate that the region
from 178 to 184 is the important site within the 3'UTR of the
Vim gene that is required for miR-30a binding.

Overexpression of miR-30a suppresses the motility
and invasiveness of breast cancer cells

Overexpression of vimentin has been associated with
enhanced metastatic potential in breast cancer [32, 33]. To
confirm the role of miR-30a in inhibiting breast cancer
progression, we studied the effect of miR-30a on the

blotting in (¢) and compared to those in cells transfected with control
vector. d Quantitative results for three independent experiments
showing suppression of vimentin expression on western blots by
overexpression of miR-30a in Hs578T cells (left panel) or MDA-MB-
231 cells (right panel). *p < 0.05

migration and invasion of breast cancer cell lines. In two
stable clones of Hs578T and MD-MBA-231 lentivirally
transduced with miR-30a, we first confirmed that vimentin
expression was inhibited by miR-30a (Fig. 4a), and then
found that the migration (Fig. 4b) and invasiveness
(Fig. 4c) of these cells were significantly inhibited com-
pared with control oligonucleotide transfected cells. More-
over, decreased vimentin protein levels in the miR-30a-
transduced breast cancer cells were restored by transfection
of the Anti-miR’ miRNA inhibitor of miR-30a (anti-miR-
30a) (Ambion, Inc), which also significantly enhanced cell
migration (Fig. 4b, d) and invasion (Fig. 4c, d) compared
with transfected cell lines with negative control. In parallel,
we investigated a dramatic decrease in the migration, and
invasion of breast cancer cells was detected following
vimentin silencing (Fig. 4b—d), in which it was verified that
the inhibitory effect of miR-30a on tumor motility was
mediated by downregulation of vimentin.

Downregulation of miR-30a is associated with an
unfavorable outcome in breast cancer

Since miR-30a suppresses tumor cell invasion and metastasis
by downregulation of vimentin expression, we then mea-
sured miR-30a levels in IDCs. By using the comparative CT
method (-ddCt), relative expression levels of the miR-30a
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Hsa, Homo sapiens {human);

Ptr, Pan troglodytes (champenzee);
Mmu, Mus musculus (mouse);

Ocu, Oryctolagus cuniculus (Rabbit);
Cpo, Cavia porcellus (guinea pig);

Eca, Equus caballus (horse);

Bta, Bos taurus {cow);

Mdo Monodelphis domestica (opossim);
Gga, Gallus gallus {chicken).

Fig. 3 miR-30a as a vimentin-targeting miRNA. a Sequence of the
3'UTR of vimentin mRNA showing the two predicted seed regions
for the binding of miR-30a in different vertebrate species. b The
sequences at sites 1 and 2 of the three mutants with a mismatch of the
miR-30a complementary sequence at site 1 (Vim 3'UTR/Mutl) or site
2 (Vim 3'UTR/Mut2) or both (Vim 3'UTR/Mutl2). ¢ Constructs

compared between tumor and non-tumor cells of 221 patients
are shown in Fig. 5a. The results showed that the percentage
of patients with reduced miR-30a levels, measured by a
greater than twofold decrease in microdissected tumor cells
compared to adjacent non-tumor breast cells, was signifi-
cantly higher in patients with tumors of advanced stage or
with LNM (Fig. 5b). We then examined whether decreased
miR-30alevels were associated with an unfavorable outcome
in IDC patients. In our cohort of breast cancer patients fol-
lowed up for 5 years, there was a trend toward a decreased
recurrence-free survival (Fig. 5c) and decreased disease-free
survival (Fig. 5d) in patients with lower miR-30a levels in
tumor cells compared with the corresponding non-tumor
region. When stage and estrogen receptor status were taken
into consideration in the Cox regression model, breast cancer
patients with decreased miR-30a levels in the primary can-
cerous site had an increased HR for recurrence (HR = 3.96;
Log-rank p value = 0.005) or recurrence plus death
(OR = 1.94; Log-rank p value = 0.01) during the follow-up
period. Our study confirms the clinical relevance of our
experimental data on miR-30a in breast cancer.

Discussion
In the present study, to unravel the mechanisms by which

miRNAs affect breast cancer progression, a combination of
miRNA microarray analysis of tumor cells microdissected
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containing the reporter gene luciferase 3'-linked to the wild-type or a
mutant 3’UTR of Vim (luc-Vim 3'UTR/WT) and miR-30a were
cotransfected into MDA-MB-231 cells and the firefly luciferase
activity of the reporter measured and normalized to that of the internal
Renilla luciferase, The values are the mean £ SD for three indepen-
dent experiments. **p < 0.01

from the primary tumor site, three matching algorithms,
and gene expression data was used to reveal associations
between miRNAs and biological functions. Our findings in
breast cell models showed that inhibition of the EMT-
promoting migration of breast cancer was causally linked
to downregulation of vimentin by miR-30a. Further, tumor
cells of decreased miR-30a expression with increased
metastatic activity was confirmed in breast cancer patients,
in whom reduced expression of miR-30a was significantly
associated with LNM, advanced stage, and decreased
recurrence-free survival and disease-free survival.
Vimentin is required to maintain the architecture of the
cytoplasm [34] and aberrant vimentin expression during
EMT is suggested to be an essential element for epithelial
plasticity and tumor cell metastasis [19, 33, 35]. EMT
trans-differentiation processes involve the conversion of
adherent epithelial cells into individual migratory cells,
leading to changes in cell phenotype into more loose
mesenchymal-like cells, and promoting local invasion and
metastatic dissemination of tumor cells [33, 36]. miR-30a
is involved in hepatobiliary, prefrontal cortex, and renal
pronephros development during organogenesis in verte-
brates [37-39]. Recently, elevated miR-30a expression has
been suggested to inhibit motility of lung cancer cells by
decreasing the expression of Snail, a transcriptional regu-
lator that represses E-cadherin expression during MET
[40]. In the present study, we showed that the suppressive
effect of miR-30a on vimentin expression led to decreased
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Fig. 4 Inhibitory effect of miR-
30a on the migration and
invasiveness of breast cancer
cell lines. a Expression of miR-
30a suppresses vimentin
expression in the breast cancer
cell lines Hs578T (upper panel)
and MDA-MB-231 (lower
panel), and this effect is
overcome in cells treated with
an inhibitor of miR-30a (anti-
miR-30a). b and ¢ Reduced
vimentin levels caused by miR-
30a are significantly associated
with lower migration and
invasiveness in Hs578T cells,
and these effects are inhibited
by introduction of anti-miR-30a.
In addition, a dramatic decrease
in the migration/invasion of
breast cancer cells was detected
following knockdown of Vim
gene. Representative
micrographs of migration/
invasion filter membranes after
crystal violet staining.

d Quantitative analysis of
migration/invasion. The values
are the mean =+ SD for three
separate experiments.

*¥p < 0.01, #*p < 0.001

<
A \.‘.-'C? ol
§ &
S S
& &F &5 FF FF
¢ & lod & § § § §
Hs378T
B-actin | A— | — — ﬁ!'
Vimentin “ﬁ -_— _— ‘ F-
! MD-MB-231
 ——

p-actin

Control

shRNA-Vim

A

Control miR-30a/anti-miR (con)

miR-30a/anti-miR-30a

Invasion

@ Springer



1090

Breast Cancer Res Treat (2012) 134:1081-1093

o

120 -

Migration

g

| i
ettt

B2ttt

IR A

80 - fid

-
"

P IICIKX A S

>

Percentage of migrated
cells relative to control (%)

7o
AN

AN S—.

i
Hinmmmnmnm

MDA-MB-231

120 = Invasion

2

]

o

%

2%

>

N
)

>

-,
st

-

LRI

AN

Percentage of migrated
cells relative to control (%)

-
S

ANNN_———_———

HsST8T MDA-MB-231
E3 Control (pLemiR) E& miR-30a/anti-miR-30a
E3 miR-30a shRNA-Luc
E3 miR-30a/anti-miR(con) [ shRNA-Vim

Fig. 4 continued

migration and invasiveness of breast cancer cells. More-
over, using the luciferase reporter assay, a significant
increase in luciferase activity was seen in cells transfected
with the mutated 3'UTR motif of Vim (Fig. 3c), confirming
the binding of miR-30a to the vimentin gene.

In miRNA expression assays, the miR-30 family has
been frequently found to be downregulated in diverse types
of tumors [41, 42]. Interestingly, studies on the genetic loss
of chromosome 6ql3 hinted at a role for miR-30a in
human breast cancer tumorigenesis [43, 44]. qRT-PCR
results herein showed that reduced miR-30a mRNA levels
in breast cancer cells microdissected from the primary
tumor tissue were significantly associated with poor clin-
ical features (advanced stage and LNM) and a worse
outcome, consistent with the results of previous cancer
cohort studies [45-47]. It is noteworthy that miRNAs bind
to specific sequences of target mRNAs to eventually sup-
press protein translation. It has been reported that protein
expression level of a gene is not uniquely modulated by

@ Springer

one miRNA; alternatively, the identified miRNAs and their
downstream target mRNAs may have different extents of
less-than perfect complementarity, which allow one miR-
NA binding various mRNA transcripts [48, 49]. Similar to
the results in vimentin silencing study in this study also,
we found that introduction of miR-30a resulted in reduced
vimentin expression and decreased migration and inva-
siveness in a breast tumor cell model. In addition, a good
practice to achieve association study is to compare dif-
ferences of miR-30a levels between paired laser capture
microdissected tumor- and non-tumor cells to ensure the
validity of this biomarker in reflecting of poor prognosis of
breast cancer. More importantly, an investigation of miR-
30a expression levels in a group of vimentin-ablated tis-
sues with microdissecting treatment is the best solution to
resolve the existence of specific correlation between levels
of vimentin and miR-30a regarding in our female breast
cancer cohort.

On the basis of databases for miRNA target prediction,
members of the miR-30 family have been shown to share
the same seed sequence. It has been suggested that
downregulation of miR-30 family members decreases
metastatic potential; using f-cell development of human
fetal pancreatic islets as a model, miR-30d and miR-30a
were shown to be involved in downregulating vimentin
during EMT of primary pancreatic epithelial cells [50]. In
addition, miR-30a and miR-30e share a common seed
sequence in the Snail 3'UTR, and reduced expression of
Snail is essential for maintaining epithelial-like cells, and,
as a result, inhibits the invasiveness and metastasis of non-
small cell lung cancers [40]. Recently, it was shown that
transforming growth factor-f (TGF-f}) acts as a positive
regulator of EMT by stimulating normal mammary epi-
thelial cells to adopt mesenchymal- and stem cell-like
features and promoting invasion and metastasis [51, 52].
Expression of miR-30 family members is reduced during
TGF-f-promoted tumor metastasis, in which increased
expressions of invasion/metastasis-associated mesenchy-
mal markers, including N-cadherin, Slug, Snail, and Twist,
are seen [51]. Moreover, elevated miR-30c and miR-30a
levels may help predict clinical benefit in patients with
advanced breast cancer who receive tamoxifen therapy
[53]. These results suggest that miR-30 family members
may interact synergistically with each other in inhibiting
tumor growth and regulating tumor progression. Given the
importance of the miR-30 family in predicting progression
and outcome of breast cancer, further investigations are
required to extend this approach from a single miRNA
to multiple miRNAs to understand the cross-talk among
miR-30 members in etiological pathways, such as EMT-
wide networks.

In conclusion, using microarray analysis of miRNAs
expressed in breast cancers with different LNM status, the
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Fig. 5 Decreased expression of miR-30a is associated with poor
clinical features and decreased survival rates. a Expression levels of
miR-30a in tumor as compared with non-tumor in the different stages
and LNM in patients with breast IDC. b Percentage of patients
showing decreased miR-30a expression levels in tumors, defined as a
twofold decrease in expression in the microdissected cancerous tissue
(T) compared to adjacent non-cancerous breast epithelium (N), in
tumors of different stages or different lymph node metastasis (LNM)

present study demonstrates, for the first time, a role of
miR-30a in inhibiting breast tumor invasiveness and
metastasis by directly targeting the vimentin gene. Signifi-
cantly reduced levels of miR-30a were found in tumors
compared with normal mammary ductal epithelium. More-
over, miR-30a expression was inversely correlated with
prognosis in patients with IDC, supporting the notion that
this miRNA may serve as a tumor biomarker for predicting
the outcome of breast cancer. Finally, the finding that miR-
30a inhibits vimentin expression may help in developing a
potential therapeutic target for treating breast cancer.
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