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Increasing evidence has revealed that miR-199a-5p is actively involved in tumor
invasion and metastasis as well as in the decline of breast cancer tissues. In this
research, overexpression of miR-199a-5p weakened motility and invasion of
breast cancer cells MCF-7 and MDA-MB-231. Upregulation of Ets-1 increased
breast cancer cell invasion, but the mechanism by which miR-199a-5p modulates
activation of Ets-1 in breast cancer was not clarified. We investigated the rela-
tionship between miR-199a-5p and Ets-1 on the basis of 158 primary breast can-
cer case specimens, and the results showed that Ets-1 expression was inversely
correlated with endogenous miR-199a-5p. Overexpression of miR-199a-5p
reduced the mRNA and protein levels of Ets-1 in MCF-7 and MDA-MB-231 cells,
whereas anti-miR-199a-5p elevated Ets-1. siRNA-mediated Ets-1 knockdown phe-
nocopied the inhibition invasion of miR-199a-5p in vitro. Moreover, luciferase
reporter assay revealed that miR-199a-5p directly targeted 3’-UTR of Ets-1 mRNA.
This research revealed that miR-199a-5p could descend the levels of B1 integrin
by targeting 3’-UTR of Ets-1 to alleviate the invasion of breast cancer via FAK/Src/
Akt/mTOR signaling pathway. Our results provide insight into the regulation of
p1 integrin through miR-199a-5p-mediated Ets-1 silence and will help in designing
new therapeutic strategies to inhibit signal pathways induced by miR-199a-5p in

breast cancer invasion.

comprises 10.4% of all cancer incidence among women.

Aggressive breast cancers have high potential to become meta-
static, a transition that makes clinical intervention more diffi-
cult, and may involve chemo-resistance and damage to the
normal immune system.@ Therefore, better elucidation of
invasion and metastasis mechanisms is extremely important to
improve the therapeutic efficiency of treatments for breast can-
cer. V-ets erythroblastosis virus E26 oncogene homolog 1
(Ets-1) participates in the migration, invasion and angiogenesis
of various cancers, including prostate cancer, colon cancer,
liver cancer and neuroblastoma.®® However, the mechanisms
underlying Ets-1 expression in breast cancer are still unclear.
MicroRNA (miRNA) are a novel class of short and small non-
coding RNA that take part in post-transcriptional regulation of
gene expression through partial complementary binding with
the 3’-UTR of target mRNA.®"® miR-199a-5p has been identi-
fied in all tumor types, including testicular cancer, hepatocellular
cancer and ovarian cancer, and has been associated with cancer
migration, invasion and cell growth on the basis of emerging
evidence.”® A recent report showed that miR-199b-5p declined
in breast cancer tissue.”'? Moreover, miR-199a/b are fre-
quently methylated in breast cancer cell lines, and their expres-
sion levels inversely correlate with invasive capacity.(l b
miRNA facilitate the cross-talk between transcriptional mod-
ules and signal transduction pathways. Ectopic expression of

B reast cancer, the most commonly diagnosed type of cancer,
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miR-199a attenuates adhesion, migration and invasiveness
in vitro partially through IKK/NF-xB pathway suppression and
reduced IL-8 expression."> However, the precise function and
downstream target of miR-199a-5p are still ambiguous in
breast cancer. Through experiments, we proved that Ets-1 is a
straightforward target of miR-199a-5p, and miR-199a-5p-
mediated Ets-1 silencing leads to a significant decline of 1
integrin, inhibiting the invasion of breast cancer cells.

Materials and Methods

Patient tissue samples. Breast cancer and adjacent control tis-
sue specimens were obtained from 158 patients at the Weifang
Medical University Affiliated Hospital after surgical resection.
The tumor tissues and adjacent normal tissues were frozen in
liquid nitrogen after resection. No patient in this study
received chemotherapy or radiation therapy before the surgery.
Patients’ pathological diagnosis was confirmed by at least two
pathologists. Approval to conduct this study was obtained from
the Institutional Review Board of Weifang Medical University.

Immunohistochemistry. Paraffin-embedded tissues were ana-
lyzed using immunohistochemical staining, with antibodies
specific for Ets-1 (Abcam, Cambridge, MA, USA). The reac-
tivity degree was assessed by at least two pathologists without
knowledge of the clinicopathological features of tumors. The
intensity of staining, determined by combining the proportion
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of positively stained tumor cells, was measured using inte-
grated optical density (IOD) as previously described."'® A
staining index (SI) score >mIOD indicated tumors with high
expression, and an SI score <mIOD indicated low expression.
Cell culture and cell transfection. Human breast cancer cell
lines MCF-7 and MDA-MB-231 were obtained from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Cell lines were authenticated based on
recovery, growth, viability, morphology and short tandem
repeat by the provider. Cell lines were used within 6 months
after resuscitation of frozen aliquots and grown in DMEM

Table 1. The primer sequences of qRT-PCR
Gene Primer Sequence
mir-199a-5p  Stem-loop primer  5-CTCAACTGGTGTCGTGGAGTCGG
CAATTCAGTTGAGacaggtag-3’
Forward primer 5'-ACACTCCAGCTGGGcccagt-3’
Reverse primer 5'-tggtgtcgtggagtcg-3’
Ets-1 Forward primer 5’-tggagtcaacccagcctatce-3’

Reverse primer
18S Forward primer
Reverse primer

5'-tctgcaaggtgtctgtctgg-3’
5'- ggccctgtaattggaatgagtccac-3'
5’-gctcccaagatccaactacgagctt-3
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(Life Technologies, Gaithersburg, MD, USA) supplemented
with 10% FBS (Hyclone, Logan, UT, USA). Cells were main-
tained at 37°C in a humidified atmosphere of 5% CO,. Anti-
miR-199a-5p or negative control inhibitors and miR-199a-5p
mimic or the scramble vector (Sangon, Shanghai, China) were
transfected into confluent cells with Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s instructions.
The 21-nucleotide siRNA targeting the encoding region of
Ets-1 was chemically synthesized (Sangon) and transfected with
Genesilencer Transfection Reagent (Genlantis, San Diego, CA,
USA). The scramble siRNA (anti-NC) was applied as a control.

Migration assay. Cancer cells were cultured in 6-well plates
until a monolayer formed before being scraped with a
straight line across the dish with the fine end of 200-uL pip-
ette tips. Plates were washed twice with PBS to remove
detached cells and incubated with the complete growth med-
ium. Cell migration was photographed using 10 high-power
fields at O and 24 h post-induction of injury. The migrated
cells in the wounded region were photographed under the
microscope.

Invasion assay. Transwell analysis was performed using a cul-
ture medium-treated 6.5-mm Transwell chamber with 8.0-pm
polycarbonate membranes. Briefly, the 8-um pore size filters
were coated with 100 pL of 1 mg/mL matrigel (BD Bios-
ciences, San Jose, CA, USA). Homogeneous single cell
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the top of the Transwell with a cotton swab. The cells attached
to the bottom side of the membrane were fixed by methanol,
stained with 5% crystal violet and examined by light micro-
scopy. Quantification of invaded cells was performed accord-
ing to published criteria.

Western blot analysis. Cell lysates were prepared and sub-
jected to 12% polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (Bio-Rad, Hercules, CA,
USA) for Ets-1 (Abcam), FAK, Src, AKT, mTOR (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and B-actin (Maxim,
Fuzhou, China) detection. An enhanced chemiluminescence
substrate kit (Beyotime Biotechnology, Haimen, China) was
used for the chemiluminescent detection of signals with autora-
diography film.

RNA reversed transcription and quantitative real-time PCR
assays. The total RNA, including small RNA, was extracted
from the clinical specimens or from the breast cancer cells
with a miRVana MicroRNA Isolation Kit (Invitrogen, Carls-
bad, CA, USA) and subjected to reverse transcription. Stem-
loop qRT-PCR was performed using the Premix Ex Taq mix

Normal

Ets-1 low
.‘° . v ey -"u

Ets-1 high

www.wileyonlinelibrary.com/journal/cas

(TaKaRa, Dalian, China) according to the manufacturer’s
instructions, and the samples were run on an iQ5 Multicolor
Real-time PCR Detection System (Bio-Rad). Thermal reaction
cycles of 95°C for 30 s and 40 repetitions of 95°C for 5 s and
60°C for 30 s were carried out. GAPDH and 18S RNA were
used as internal controls to determine the relative expressions
of mRNA and miRNA, respectively (the primers are shown in
Table 1). The relative expression of RNA was calculated using
the comparative Ct method. Low and high categories of
miR-199a-5p expression are designated according to a median
cut-off value.

Luciferase reporter assay. Human Ets-1 3’-UTR containing
the putative binding site of miR-199a-5p, as well as its identi-
cal sequence with a deletion of the miR-199a-5p seed
sequence (mutant), was amplified by PCR, inserted into the
luciferase reporter vector pGL3 (Promega, Madison, WI,
USA), and validated by sequencing. Cancer cells were plated
at 1 x 10° cells/well on 24-well plates and transfected with
pGL3-Ets-1 3’-UTR or its mutant construct. Consequently,
24-h post-transfection, the firefly and Renilla luciferase
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according to miR-199a-5p and Ets-1
levels, respectively.

expression
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activities were measured according to the dual-luciferase assay
manual (Promega). The Renilla luciferase signal was normal-
ized to firefly luciferase signal for each individual analysis. All
experiments were repeated at least three times independently.

Chromatin immunoprecipitation. ChIP assays were performed
according to the instructions of the ChIP Assay Kit from
(Upstate Biotechnology, Lake Placid, NY, USA). MDA-
MB-231 cells were transfected with a vector that expressed
Ets-1 for 48 h, and the equivalent of 2 x 10° cells was used
per ChIP reaction by using mouse anti-Ets-1. Normal mouse
IgG or normal rabbit IgG was used as a control antibody.
Immunoprecipitated and input DNA were analyzed using PCR.
The primers used for Ets-1 were as follows: forward primer:
5"-TTGTCTGTAGATATATTTAAAT-3'; reverse primer: 5'-
TATTTATGAGACAATTACACAA-3'.

Statistical analysis. All data are expressed as mean =+ stan-
dard error. The software SPSS 19.0 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. Student’s #-test and
one-way ANOVA were used to determine the significance of
two groups and multiple groups. Spearman’s correlation coeffi-
cient was used to assess the correlation between miR-199a-5p
expression and Ets-1 expression. Differences with P < 0.05
were considered significant in all statistical analyses.

Results

miR-199a-5p inhibited cell migration and invasion in breast
cancer cells. Northern blot analysis demonstrated the overex-
pression of miR199a-5p (data not shown). Upregulation of
miR-199a-5p blocked the ability of cells to migrate 24 h after
plating (Fig. 1a,b), causing a reduction in the ability of MDA-
MB-231 cells to invade compared with the scramble vector
group by Transwells (Fig. 1c.d). Transfecting anti-miR-199a-
5p inhibitor into MCF-7 cells downregulated the miR-199a-5p
expression (data not shown) and increased cell migration and
invasion capabilities (Fig. le,f).

Ets-1 was highly expressed and negatively related with
endogenous miR-199a-5p levels in breast cancer tissues. Ets-1
protein, expressed in both tumor cell nuclei and cytoplasm,
was highly expressed in 66 of 158 (42.0%) human breast can-
cer samples (Fig. 2a). Breast cancer tissues have higher Ets-1
transcript level than para-carcinoma tissues (Fig. 2b), whereas
miR-199a-5p was downregulated in breast cancer tissues com-
pared with para-carcinoma tissue (Fig. 2c). Lower miR-199a-
S5p expression was also observed in breast cancer tissues with
higher Ets-1 immunostaining (Fig. 2d). An inverse correlation
between Ets-1 transcript levels and miR-199a-5p expression in
breast cancer tissues was also discovered (Fig. 2e). These
results revealed that Ets-1 expression in primary breast cancer
tissues was inversely correlated with endogenous miR-199a-5p
levels.

We next analyzed the correlation among the expression of
miR-199a-5p and Ets-1 and the clinicopathologic characteris-
tics of breast cancer patients. Correlation regression analysis
showed that low expression of miR-199a-5p was significantly
correlated with tumor size, lymph nodes metastasis and HER-2
status. High expression levels of Ets-1 were correlated with
tumor size, lymph node metastasis, and status of ER, PR and
HER-2 (Table 2). Furthermore, Kaplan—Meier analysis was
performed to assess the correlation between miR-199a-5p and
disease free survival (DSF) of breast cancer patients. The
results showed that low miR-199a-5p expression and high
Ets-1 expression in breast cancer tissues was significantly
associated with poor DSF (Fig. 2f,g).
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Overexpression of miR-199a-5p downregulated Ets-1 expres-
sion through post-transcriptional repression. Upregulated
expression of miR-199a-5p in MDA-MB-231 cells generated a
decrease in the endogenous Ets-1 protein level compared with
that of the mock cells, with consistent results observed in
MCEF-7 cells (Fig. 3a,b). qRT-PCR demonstrated that transfec-
tion of miR-199a-5p mimic resulted in decreased Ets-1 levels
by approximately 62% in MDA-MB-231 cells and by approxi-
mately 58% in MCF-7 cells (Fig. 3c). We further performed
miR-199a-5p knockdown experiments by transfecting anti-
miR-199a-5p or scramble miRNA (anti-NC) into cancer cells.
Inhibition of miR-199a-5p significantly elevated the protein
and mRNA level of Ets-1 compared with those transfected
with anti-NC (Fig. 3d-f).

Identification of miR-199a-5p binding sites in the Ets-1 3'-UTR.
We searched putative-predicted miR-199a-5p targets by using
publicly available and commonly used programs (TargetScan,
miRBase and PicTar). A sequence was located at bases 2708—
2715 of the Ets-1 3’-UTR (NM_001143820), which was highly
complementary with the seed sequence of miR-199a-5p
(Fig. 3g). Ectopic expression of miR-199a-5p inhibited the
expression of the reporter vector containing the wild-type
sequence of Ets-1 3’-UTR, but not the reporter vector contain-
ing the mutation of the seed-miR-199a-5p binding site in
MCEF-7 cells (Fig. 3h). Moreover, knockdown of miR-199a-5p
increased the luciferase activity in MCF-7 cells (Fig. 3i).
These data showed that Ets-1 was a direct and specific target
of miR-199a-5p.

Knockdown of Ets-1 directly impeded pB1 integrin expres-
sion. Treatment with miR-199a-5p mimic in MDA-MB-231
and MCF-7 cells could give rise to a sharp decline in protein
and mRNA levels of B1 integrin subunit (Fig. 4a). In contrast,

Table 2. Clinical relevance of miR-199a-5p andEts-1in breast cancer

miR-199a-5p Ets-1
Feather .
Low High P-value Low High

value
Age 0.617 0.200
<45 33 37 39 31
>45 44 42 40 48
Tumor size (cm) 0.010* 0.001*
<2 42 26 24 44
>2 37 53 55 35
Histological grade 0.053 0.022*
| 28 17 16 29
11, 1 51 62 63 50
Clinical stage 0.061 0.044*
(A1l 57 47 46 58
1, 1IvV 22 34 33 21
Lymph nodes metastasis 0.017* 0.001*
Positive 45 30 28 47
Negative 34 49 51 30
ER 0.143 0.03*
Positive 63 55 68 50
Negative 16 24 15 25
PR 0.365 0.005*
Positive 53 51 64 40
Negative 26 18 25 39
HER-2 0.003* 0.022*
Positive 14 31 29 16
Negative 65 48 50 63

*These P-values are significant.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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miR-199a-5p inhibitor upregulated overexpression of Bl inte-
grin subunit (Fig. 4b). As delineated in Figure 4(c), B1 integrin
dramatically enhanced invasion ability in the miR-199a-5p
mimic group. Given that no miR-199a-5p binding site was
noted in the 3’-UTR of B1 integrin, we ruled out the possibility
that miR-199a-5p may indirectly target B1 integrin. Here, we
confirmed that knockdown of Ets-1 could lessen the level of
B1 integrin and decrease the migration and invasion capabili-
ties of miR-199a-5p overexpression breast cancer cells in vitro.
Figure 4(d) indicates that, at least in MCF-7, B1 integrin over-
expression augmented invasion in the absence of Ets-1.

A ChIP-seq experiment was performed with breast cancer
cells to confirm that endogenous Ets-1 interacted with chro-
matin fragments containing the B1 integrin promoter. PCR
results showed a specific band when DNA sequences were pre-
cipitated with Ets-1 antibodies, whereas control IgG did not
show any band in the analysis (Fig. 4e). A similar result was
detected using MCF-7 breast cancer cells, which display a high
level of endogenous Ets-1 (data not shown).

miR-199a-5p overexpression inhibited FAK/Src/AKT/mTOR sig-
naling pathway. FAK/Src signaling regulates tumor metastasis
through various mechanisms, including PI3K/Akt cascade in
cancer cells.' Activated Akt affects multiple downstream tar-
gets, one of which is mTOR pathway. We investigated
whether FAK/Src/AKT/mTOR axis in breast cancer MDA-
MB-231 and MCF-7 cells was inhibited with miR-199a-5p

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

overexpressing or scramble vector, respectively. As shown in
Figure 4(f), treatment of cells with miR-199a-5p overexpress-
ing prevented FAK/Src/AKT/mTOR phosphorylation, and the
inhibitory effect was not displayed in the scramble vector
group. When the miR-199a-5p mimic group was treated with
AKT or Src inhibitor (AKT inhibitor GSK690693, Src inhibi-
tor AZDO0530), the mTOR phosphorylation was relieved
(Fig. 4g).

Discussion

miR-199a-5p is significantly downregulated in many human
tumor types and is related to tumor malignancy,"> but its role
in breast cancer is not well understood. In this study, we inves-
tigated the miRNA expression in breast cancer and adjacent
normal tissue samples by using qRT-PCR, and we found that
the expression of miR-199a-5p declined, and that downregula-
tion of miR-199a-5p was correlated with tumor size, lymph
nodes metastasis and HER-2 expression status. Low miR-199a-
Sp expression in breast cancer tissues indicated poor survival
of the patients. To test the potential roles of the decreased
expression of miR-199a-5p in breast cancer, we performed
functional assays using breast cancer cell line with stable over-
expression of miR-199a-5p. Our data showed that miR-199a-
S5p exerted a significant inhibitory effect on the motility of
breast cancer cells, whereas miR-199a-5p inhibitor recovered
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miR-199a-5p. (d) The inhibition of invasion by overexpressing miR-199a-5p by using knockdown of Ets-1 was abrogated with treatment with p1
integrin overexpression. (e) ChIP analysis of the interaction of endogenous Ets-1 with the B1 integrin promoter. Chromatin fragments from
MDA-MB-231cells were immunoprecipitated with anti-Ets-1 (lane 1) and control normal rabbit IgG (lane 2) were displayed by qPCR and agarose
gel electrophoresis. (f) Western blot analyses of pFAK/pSrc/pAKT/pmTOR expression in MDA-MB-231 and MCF-7 cells transfected with miR-199a-
5p overexpressing or scramble vector. (g) pmTOR could be inactivated by inhibition of Akt or Src (*P < 0.05, #P < 0.01).

breast cancer cell formation. In addition, endogenous mature
miR-199a attenuated multi-drug resistance in ovarian cancer
stem-like cells by regulating the expression of its target gene
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tumor immunotherapy.

CD44.""® These data showed that the miR-199a was involved
in the behavior of tumor cells and may be a potential target of
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A large body of experimental evidence supports an essential
role for ETS-1 during tumor invasion.'” Higher levels of Ets-
1 protein and mRNA were observed in breast cancer tissues
than in adjacent control tissue."'® The inhibition of migration
and invasion of cancer cells through direct targeting of ETS-1
is consistent with the role of dysregulation of extracellular
matrix proposed for miR-199."” The miR family has diverse
functions in different cell contexts; thus, we investigated
whether miR-199a-5p could influence the Ets-1 expression in
breast cancer. In this experiment, lower levels of Ets-1 mRNA
and protein were detected in breast cancer cells with the treat-
ment of miR-199a-5p mimic compared with mock cells. In
contrast, transfection of anti-miR-199a-5p inhibitors into breast
cancer cells elevated the protein levels of Ets-1. Ectopic
expression of miR-199a-5p inhibited the expression of the
reporter vector containing the wild-type sequence of Ets-1
3’-UTR, but not the reporter vector containing the mutation of
the seed-miR-199a-5p binding site, indicating that Ets-1 is a
direct and specific target of miR-199a-5p, which could
diminish levels of Ets-1 mRNA and protein in breast cancer.

Ets-1 regulates many genes, such as MMP9, MMP13 and
integrin.**?" We identified several ETS-binding sites in the
promoter regions of the human B1 integrin genes. Integrins
belong to a cell surface adhesion molecular family and are com-
posed of non-covalently associated o and B subunits. Integrin
heterodimeric connected with extracellular matrix ligands leads
to the activation of adhesion-dependent intracellular signaling
pathways.*? In a previous study, we found that ovB6 integrin
binds with FN in an RGD-dependent manner and is associated
with invasion and poor prognosis in breast cancer.”” High
levels of PB1 integrin correlate with lower survival rates in
patients with invasive breast cancer.** B1 integrin-deficient
MDA-MB-231 cells acquired more epithelial-like morphologies
and features in human triple negative breast cancer.*

We also performed knockdown of Ets-1 by using the siRNA.
Our findings demonstrated that knockdown of Ets-1 resulted in
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decreased expression of Ets-1 and B1 integrin in breast cancer
cells. Capabilities of migration and invasion were attenuated
after knockdown of Ets-1 in MCF-7 and MDA-MB-231 cells.
Binding of Ets-1 protein to the Bl integrin promoter was fur-
ther verified by ChIP in breast cancer MCF-7 cells. The qRT-
PCR results showed a specific band when DNA sequences
were precipitated with Ets-1 antibodies. The data revealed that
B1 integrin expression was regulated via Ets-1 binding to the
promoter of Bl integrin.

Integrin-mediated adhesion can trigger the activation of
numerous signaling intermediates, such as FAK, Src and inte-
grin-linked kinase.*® Integrin binding to extracellular matrix
ECM ligands leads to FAK clustering and auto-phosphoryla-
tion, which, in turn, leads to the formation of a FAK/Src com-
plex and the activation of AKt/mTOR.*” Treatment of cells
with miR-199a-5p mimic was used to determine whether FAK/
Src/AKT/mTOR axis was affected. Western blot analysis
revealed that pFAK/pSrc/pAKT/pmTOR were reduced by
overexpression of miR-199a-5p. Furthermore, miR-199a-5p-
mediated inactivation of pmTOR could be secured by inhibi-
tion of Src or Akt. In short, these data showed that FAK/Src/
AKT/mTOR signaling pathway was inhibited by miR-199a-5p
overexpression.

In conclusion, we are the first to report that miR-199a-5p
plays a suppressive role in Bl integrin-induced breast cancer
invasion by directly targeting Ets-1. The downstream signaling
pathway of FAK/Src/AKT/mTOR was impeded by miR-199a-
5p overexpression. This finding advances our understanding of
the mechanisms of breast cancer invasion, which may lead to
the development of miR-199a-5p-based strategies for treating
the disease and set forth effective therapeutic approaches in
the progression of breast cancer.
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