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ABSTRACT
Metastasis is a multi-step process. Tumor cells occur epithelial-mesenchymal
transition (EMT) to start metastasis, then, they need to undergo a reverse
progression of EMT, mesenchymal-epithelial transition (MET), to colonize and form
macrometastases at distant organs to complete the whole process of metastasis.
Although microRNAs (miRNAs) functions in EMT process are well established, their
influence on colonization and macrometastases formation remains unclear. Here,
we established an EMT model in MCF-10A cells with SNAI1 overexpression, and
characterized some EMT-related microRNAs. We identified that miR-182, which was
directly suppressed by SNAI1, could enable an epithelial-like state in breast cancer
cells in vitro, and enhance colonization and macrometastases in vivo. Subsequent
studies showed that miR-182 exerted its function through targeting its suppressor
SNAI1. Moreover, higher expression level of miR-182 was detected in metastatic
lymph nodes, compared with paired primary tumor tissues. In addition, the expression
level of miR-182 was negatively correlated with that of SNAI1 in these clinical
specimens. Taking together, our findings describe the role of miR-182 in colonization
and macrometastases in breast cancer for the first time, and provide a promise for
diagnosis or therapy of breast cancer metastasis.

the in-depth study of tumor metastasis, more and more
clinical observations found that macroscopic metastases
formed at distant sites within the body typically resemble
the primary tumor phenotype, that is, cancer cells reestablish
their epithelial identity at the site of metastasis [7]. For
example, the epithelial marker E-cadherin, the loss of which
represent the occurrence of EMT in some way, its expression
was observed to be equal to or stronger in metastatic cancer
cells, compared with the corresponding primary tumors
[8]. Hence, cancer cells may resemble a mesenchymal-toepithelial transition (MET), complementary to the initial
EMT, to return to an epithelial state [3, 9].

INTRODUCTION
The process of metastasis consists of a long series
of sequential, interrelated steps: dissemination from
primary tumors, intravasation, survival and circularization,
extravasation, colonization and formation of macroscopic
metastases at distant sites [1, 2]. In this process, epithelialmesenchymal transition (EMT) is always considered as the
initial step. Tumor cells undergo EMT to disseminate from
primary tumors [3]. A lot of genes and transcription factors,
such as SNAI1 [4], Twist [5], ZEB1/2 [6], have been reported
to act as key regulators in the EMT process. However, with
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Many microRNAs (miRNAs) have been reported
to act as metastasis promoters [10, 11] or suppressors
[12, 13]. Some of them have been demonstrated to
enhance or repress metastasis by regulating the EMT
process, such as miR-200 [14], miR-34 [15] and miR9 [16]. However, some other reports have observed
contrary results correlated with previous findings on the
molecular mechanisms underlying EMT. For example,
miR-200, a well-known EMT suppressor [14, 17, 18]
has been reported to enhance colonization to form distant
metastasis in breast cancer [19, 20]. Besides, miR-155
could prevent 4T1 cells from undergoing EMT and reduce
dissemination of the tumor cells to the lung, whereas
promoting macroscopic tumor formation in the lung
via tail vein injection [21]. These findings indicate that
EMT-related miRNAs may result in entirely different
metastasis process via regulating EMT at multiple steps
of metastasis. The roles of EMT-related miRNAs in
early stage of metastasis are widely known. Even so,
less is known about their influence on colonization and
macrometastases formation at distant organs, whereas the
reversion of EMT, is considered to be essential to establish
macrometastases [22].
Therefore, to identify more EMT-related miRNAs
and investigate their functions on colonization and
macrometastases formation, we established microRNA
and mRNA microarray profiles in SNAI1-induced
EMT in MCF-10A cells in vitro. We characterized that
microRNA-182 (miR-182), which was directly suppressed
by SNAI1, could enable an epithelial-like state in breast
cancer cells. Meanwhile, miR-182 served as a promoter
in colonization and macrometastases formation at
distant organs in vivo via targeting SNAI1. Moreover,
compared with matched primary breast cancer tissues,
miR-182 increased in metastatic lymph nodes, while
SNAI1 decreased in these lymph nodes. Taken together,
we demonstrate that miR-182 acts as a promoter of
colonization and macrometastases formation in breast
cancer, providing a promise for diagnosis or therapy of
breast cancer metastasis.

methods (Supplementary Figure S2), based on the
data of miRNA and mRNA microarray profiles. Some
miRNAs and genes included in these profiles had been
demonstrated to decrease or increase in EMT by previous
reports, such as miR-200c, EpCAM and FN1 [27-29],
or by confirmation of our group, such as miR-498
(Supplementary Figure S3A). Strikingly, miR-182 was
predicted to directly inhibit some well-known genes, for
example, FN1 (Supplementary data S3B) and integrins
[29-30] (Figure 1C). Previous reports have demonstrated
that miR-182 promotes metastasis in many different types
of cancer, like colorectal, breast and liver cancer [31-33].
We are interested to know the correlation between the
suppression of miR-182 in EMT and the promotion of
metastasis.

miR-182 is directly suppressed by SNAI1
We first tested miR-182 expression in different
breast cancer cell lines with SNAI1 overexpression,
and found that miR-182 decreased in all these cell
lines (Figure 2A and Supplementary Figure S4A).
Contrarily, miR-182 increased in these cell lines with the
diminishment of SNAI1 (Figure 2B and Supplementary
Figure S4B), indicating that miR-182 was suppressed
by SNAI1. As SNAI1 is a well-known transcriptional
repressor [34], we wondered if SNAI1 would inhibit miR182 in a direct manner. We analyzed miR-182 promoter
region using the CONSITE program, and predicted six
typical SNAI1-responsive elements (SREs, Figure 2C).
The ChIP assay showed that SNAI1 could bind to SRE2,
(Figure 2D, data of the rest SREs ChIP assay results are
not shown), while mutated SRE2 led to the reduction
(Figure 2E and 2F), indicating that SNAI1 represses miR182 in a direct manner via binding to its promoter.

miR-182 enables an epithelial-like state in breast
cancer cells
To examine the function of miR-182 as an EMTrelated miRNA, we overexpressed miR-182 in MCF-10A
cells, and observed an increase of E-cadherin and a decrease
of Vimentin. Meanwhile, a contrary expression of these
two proteins was detected with the diminishment of miR182 (Figure 3A). Similar alterations were observed in 4T1
cells with the same treatment (Supplementary Figure S5).
Even so, no morphological alteration was observed in
either MCF-10A or 4T1 cells (Data not shown), suggesting
that miR-182 could enable an epithelial-like state in these
cells, rather than a complete EMT process. Moreover,
overexpressing miR-182 in mesenchymal cancer cells
decreased the expression of Vimentin (Figure 3B), while
suppressing miR-182 in epithelial cancer cells reduced
E-cadherin expression (Figure 3C). Furthermore, decrease
of E-cadherin and increase of Vimentin in SNAI1overexpressed MCF-10A could be reversed by miR-182

RESULTS
Identification of miR-182 in metastasis process
To screen out more EMT-related miRNAs, we first
induced an EMT model in MCF-10A cells with SNAI1
overexpression (Supplementary Figure S1). Then we
comparatively analyzed miRNA microarray profiles in
this EMT model. As shown in Figure 1A, microarray
analysis revealed several mainly dsyregulated miRNAs
in MCF-10A cells with SNAI1 overexpression. To
further explore their roles in metastasis, we subsequently
analyzed the variation of genes in the same model (Figure
1B) using cDNA microarray assays. A miRNA-mRNA
regulatory network was predicted using bioinformatics
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Figure 1: Identification of miR-182 in metastasis process. A-B. Hierachical clustering of mainly dysregulated miRNAs (A) and

gene microarray data (B) in MCF-10A cells with SNAI1 overexpression, in comparison with control. An expression ratio (log2) scale
is shown. The red-green color-coded score indicates the significance level. The expression data were generated from three biological
repetitions. C. miR-182/mRNA interaction network of MCF-10A with SNAI1 overexpression, generated by Cytoscape. miR-182 is depicted
as a triangle, mRNAs as circles, and transcription factors (TFs) as squares. The effect of interaction (increase or decrease) is represented by
colors, red for increase and blue for decrease.
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Figure 2: miR-182 is directly suppressed by SNAI1. A. SNAI1 protein level was detected in MCF-10A cells transfected with

SNAI1 or a control vector, using Western Blot (up). Then, the endogenous expression of miR-182 in these two groups was examined using
qRT-PCR (down). The values were normalized to U6. B. MCF-10A cells were transfected with SNAI1 siRNA (siSNAI1) or a control
siRNA (siNC), then qRT-PCR was performed to detect the efficiency of SNAI1 knockdown (left) and the endogenous expression of miR182 (right). The values were normalized to GAPDH and U6, respectively. C. Schematic of 6 typical SNAI1-responsive elements (SREs)
of miR-182 promoter region using the CONSITE program. D. MCF-10A cells were transfected with SNAI1 or a control vector, then the
ChIP assays were performed with antibody against SNAI1 or control IgG. The percentages of input of coprecipitating DNAs were detected
by qPCR. Here shows the ChIP assay results for SRE2 of miR-182 promoter physically associated with SNAI1. E. A description of SRE2
of miR-182 promoter (WT) and its mutation (Mut) reporter constructs. F. Luciferase reporter assay of HEK293T cells co-transfected with
SNAI1 and luciferase plasmids, that contained the SRE2 of miR-182 promoter in the form of either wild-type (WT) or mutation (Mut).
Error bars in A, B, D and F represent mean ± SEM. *P<0.05. **P<0.01.
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(Figure 3D). Likewise, no morphological alternation in all
these cells was observed (Data not shown). These findings
indicate that miR-182 enables an epithelial-like state in
breast cancer cells when serving as an EMT-related miRNA.

metastasis [7], we wonder if the contribution of miR182 on the epithelial-like state in breast cancer cells
would have some effect on metastasis at distant site.
Hence, we first inoculated 4T1 cells orthotopically into
the mammary fat pads of Balb/c-nu mice, and examined
miR-182 expression in both primary and spontaneous
metastatic tumors. Compared with primary tumors,
miR-182 elevated at metastatic site (Figure 4A).
Simultaneously, the expression of E-cadherin was
higher at metastatic site (Supplementary Figure S6),

miR-182 promotes colonization and macroscopic
metastasis formation
As mentioned previously, cancer cells need to
reestablish their epithelial identity at distant site of

Figure 3: miR-182 enhances an epithelial-like state in breast cancer cells. A. Western blot analysis of E-cadherin and Vimentin
in MCF-10A cells transfected with either miR-182 mimics or inhibitor. B-C. The expression of E-cadherin and Vimentin in MDA-MB-231
cells transfected with miR-182 mimics (B) or in MCF-7 cells transfected with miR-182 inhibitor (C) was detected by Western blot.
D. Western blot of E-cadherin, Vimentin and SNAI1 protein levels in MCF-10A cells transfected with a control or SNAI1 together with a
NC mimics or miR-182 mimics. β-actin is shown as a loading control. The histogram on the right side represents the folder change of each
gene expression detected by Western blot, compared with paralleled β-actin.
www.impactjournals.com/oncotarget
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indicating that an epithelial identity is essential at
metastatic site. Next, we overexpressed miR-182 in
4T1 cells, and introduced them directly into venous
circulation for the measurement of pulmonary
metastasis. As we expected, 4T1 cells overexpressing
miR-182 resulted in enhanced metastasis potential
to lung, compared with the control group (Figure 4B
and 4C). Furthermore, miR-182-overexpressed 4T1
cells formed much more lung-derived tumor colonies
when introduced orthotopically into mammary fat
pads (Figure 4D and 4E, see Materials and Methods),
suggesting that ectopic miR-182 expression can
enhance the efficiency of lung colonization. Taken

together, these results collectively show that miR-182
enhances colonization and macrometastases formation
of breast cancer cells.

SNAI1 is a direct and functional target of
miR-182
To identify novel functional targets of miR-182,
we testified the predicted targets based on the microarray
profiles (Figure 1C, Supplementary Figure S3C).
Interestingly, a contrary alteration of SNAI1 expression
was detected in both MCF-10A and 4T1 cells transfected
with either miR-182 mimics or inhibitor (Figure 5A

Figure 4: miR-182 promotes colonization and macrometastases formation at distant organs. A. Parental 4T1 cells
were orthotopically injected into mammary fat pads of female Balb/c-nu mice. Four weeks later, both primary tumors (primary) and
macroscopic metastases in lungs (met) were excised. Expression of miR-182 in these specimens was detected, using qRT-PCR. The values
were normalized to U6. B. 4T1 cells with a vector control or miR-182 overexpression were injected into female Balb/c-nu mice via tail
vein, respectively. Three weeks later, the lungs were excised and fixed in bouins fixative. Representative gross lungs (upper) and H&E
stained lung sections from these mice were shown. C. Quantitative analysis of metastasis by measuring the weight of the lungs burden
metastasis. Mann-Whitney U-test was used to analyze the significance. D. 4T1 cells with a vector control or miR-182 overexpression
were orthotopically injected into mammary fat pads, respectively. Colony formation assays were performed as described in Materials and
Methods. Representative plate images of each group were shown. E. Numbers of colonies formed in colony formation assays. Error bars in
C and E represent mean ± SEM. *P<0.05.
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and Supplementary Figure S7). Analysis of SNAI1
3’UTR revealed a probable binding site complementary
to miR-182 ‘seed sequence’, which was confirmed by

luciferase reporter assay simultaneously (Figure 5B and
5C). Furthermore, the ‘Rescue’ experiment revealed a
re-expression of SNAI1 in miR-182 overexpressed MCF-

Figure 5: SNAI1 is a direct and functional target of miR-182. A. Western blot analysis of the protein levels of SNAI1 in MCF-10A
cells transfected with miR-182 mimics or inhibitor. β-actin is shown as a loading control. B. A description of predicted miR-182 binding
site within the SNAI1 3’UTR, as well as sequence alignment of the miR-182 binding site (WT) and its mutation (MUT) with the miR-182
targeting sequence. C. Luciferase reporter assay of HEK293T cells co-transfected with miR-182 mimics and either WT or Mut luciferase
plasmid. D. ‘Rescue’ experiment was performed in MCF-10A cells transfected with NC or miR-182 mimics together with a control (Vec) or
SNAI1 plasmid. The protein level of SNAI1 was analyzed using Western blot. β-actin is shown as a loading control. E. SNAI1 expression
was blocked using two different targeting sequences in 4T1 cells, then injected into female Balb/c-nu mice via tail vein, respectively. Three
weeks later, the lungs were excised and fixed in bouins fixative. Representative gross lungs (upper) and H&E stained lung sections from
each group were shown. F. Measurement of weight of excised lungs, representing the macrometastases to lung. Mann-Whitney U-test was
used to analyze the significance. Error bars in C and F represent mean ± SEM. *P<0.05, **P<0.01.
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10A cells with the transfection of SNAI1, accompanied
by the alternations of both E-cadherin and Vimentin
expression (Figure 5D).
To further assess the functional role of SNAI1 as the
target of miR-182, we established two SNAI1-knockdown
subsets of 4T1. These subsets were then introduced
into female Balb/c-nu mice via tail vein, respectively.
Four weeks later, metastatic potential was assessed.
As expected, diminishment of SNAI1 in these subsets
enhanced metastasis burden in lung (Figure 5E and 5F).
Together, the observations from both in vitro and in vivo
analyses demonstrate that SNAI1 is a direct and functional
target of miR-182.

the epithelial-like state in breast cancer cells, as well as
promoting significant colonization and macrometastasis
formation in lungs when injecting directly into
circulation.
miR-182 is a well-known oncomiR. A high
level of miR-182 is correlated with metastasis and
aggressiveness in a number of human cancers, such as
melanomas, bladder cancer and liver cancer [33, 3738]. In breast cancer, miR-182 is elevated and regulates
metastasis positively [32, 39], suggesting that miR-182
might be an attractive therapeutic target in breast cancer.
In our microarray profiles, miR-182 was characterized
as an EMT inhibitor. Hence, we tried to find out the
correlation between the decrease of miR-182 and the
promotion of metastasis. We demonstrated that miR-182
was directly suppressed by SNAI1, a key transcription
factor of EMT. However, we failed to observe any
morphologic alteration in breast cancer cells with simply
overexpressing or suppressing miR-182 expression,
indicating that miR-182 could enable an epitheliallike state rather than reversing EMT process in breast
cancer cells. Several researches have demonstrated
that some EMT suppressors, such as miR-155 [21] and
miR-200 [40], acted as promoters of colonization and
macrometastases formation at distant organs, as well
as reestablishing the epithelial identity in metastatic
tumor cells. Given these, we wondered if miR-182
would play a similar role in breast cancer metastasis. As
expected, we found that miR-182 promoted colonization
and macrometastases formation at distant organs, via
targeting SNAI1. It seems that reciprocal suppression
between miR-182 and SNAI1 at different stages of
metastasis forms a dynamic regulation loop, resulting in
promoting metastasis.
Clinical observations revealed an increase of
miR-182 and a decrease of SNAI1 in metastatic lymph
nodes, accompanied by an enhanced epithelial identity.
Both of the clinical and experimental findings suggest
a reciprocal regulation between miR-182 and SNAI1
results in a promotion of metastasis. SNAI1 suppresses
miR-182 at the stage of EMT to start metastasis, whereas
miR-182 inhibits SNAI1 to reestablish epithelial identity
for colonization and macrometastases formation. We
observed the dynamic of miR-182/SNAI1 reciprocal
suppression in metastasis process. However, the driven
factors of this dynamic suppression need further
exploration.
In summary, we demonstrated that miR-182
was directly repressed by SNAI1. It acted as an EMT
suppressor, enabling an epithelial-like state in breast
cancer cells. Moreover, miR-182 promoted colonization
and macrometastases formation in lungs via inhibiting
SNAI1. All our findings suggest a dynamic reciprocal
suppression between miR-182 and SNAI1, resulting in
promoting the complete process of metastasis.

Clinical correlation of miR-182, SNAI1 and the
epithelial state with metastatic colonization
To further understand the clinical relevance
of our findings to human breast cancer, we firstly
examined both miR-182 and SNAI1 expression in 40
fresh frozen breast cancer tissue specimens, and found
a significant inverse correlation between miR-182 and
SNAI1 expression among these specimens (Figure 6A
and Supplementary Figure S8), indicating a negative
regulation between miR-182 and SNAI1 in tissues.
Additionally, we collected 168 pairs of human breast
cancer tissue specimens confirmed with positively
metastatic lymph nodes, and examined both miR-182
and SNAI1 expression histologically (Figure 6B).
Compared with primary tumors, a higher expression
level of miR-182 was detected in paired metastatic lymph
nodes (Figure 6B and 6C), whereas lower expression
of SNAI1 was revealed in these metastatic lymph
nodes (Figure 6B and Figure 6E). Besides, E-cadherin
expression evaluated in metastatic tumor cells, implying
an enhanced epithelial state in these cells (Figure 6B and
6D). These observations collectively point to correlation
of miR-182, SNAI1 and the epithelial state in clinical
metastasis, and the possibility that enabling an epithelial
state by miR-182 may be crucial for macrometastases,
with SNAI1 diminished conversely.

DISCUSSION
EMT is always considered as the initial step
of metastasis, nevertheless, metastatic cells need to
reestablish the epithelial state for colonization and
macrometastases formation at metastasis sites [3].
Previous studies have identified a large amount of
miRNAs and genes involved in EMT [6, 35, 36].
However, the roles of these miRNAs and genes in
colonization and macrometastases formation remain
largely unknown. In this study, we identified miR182 as an EMT-related miRNA based on miRNA
microarray profiles. We found that miR-182 enhanced
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Figure 6: Correlation of miR-182 and SNAI1 expression with metastatic colonization. A. Expression of miR-182 (gray,

right Y axis) and SNAI1 (black, left Y axis) in 40 fresh frozen primary breast tumor specimens, examined by qRT-PCT. The values were
normalized to U6 and GAPDH, respectively. B-E. Histological analysis of miR-182, E-cadherin and SNAI1 expression in primary breast
cancer tissues (Primary) and paired metastatic lymph nodes (Met). The tissue microarray containing primary breast cancer tissues and
paired metastatic lymph nodes was stained using a miR-182 probe (ISH) and specific antibody against E-cadherin or SNAI1 (IHC) as
described in Materials and Methods, respectively. Here show representative photographs of ISH results of miR-182 and IHC results of
E-cadherin and SNAI1 in breast cancer specimens (B), and the analysis of miR-182 (C), E-cadherin (D) and SNAI1 (E) expression in these
specimens. Original magnification, ×400. *P<0.05, **P<0.01. ***P<0.001.
www.impactjournals.com/oncotarget
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Table 1. Clinicopathological characteristics of the patients
Clinicopathologic various

Number of cases

Patients at Chinese Academy of Medical Sciences Cancer Hospital
Age
<45 yr

10 (25.0%)

≥45 yr

30(75.0%)

ER
Positive

25(62.5%)

Negative

15(37.5%)

PR
Positive

24(60.0%)

Negative

16(40.0%)

Her2
Positive

23(57.5%)

Negative

17(42.5%)

Lymph node metastasis
Yes

22(55.0%)

No

18(45.0%)

Patients at Harbin Medical University Cancer Hospital
Age
<45 yr

52(31.0%)

≥45 yr

116(69.0%)

ER
Positive

71(42.3%)

Negative

97(57.7%)

PR
Positive

92(54.8%)

Negative

76(45.2%)

Her2
Positive

117(69.6%)

Negative

51(30.4%)

ER, estrogen receptor; PR, progesterone receptor.

MATERIALS AND METHODS

Plasmid construction

Cell culture

The 3’UTR of SNAI1 was cloned from MCF-10A
complementary DNA, and the predicted promoter of miR182 was cloned from MCF-10A genomic DNA. Then,
these sequences were inserted into pIS0 and pGL3-basic
luciferase plasmids, respectively. All the mutant sites were
generated using a KOD-plus-Mutagenesis kit (Toyobo Co.,
LTD., Osaka, Japan). Pri-miR-182 amplified from MCF10A genomic DNA and SNAI1 amplified from MCF-10A

MCF-10A, MCF-7, MDA-MB-231 and HEK293T
cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained
according to manufacturer’s recommendations. 4T1 was
maintained in RPMI 1640 supplemented with 10% fetal
bovine serum and antibiotics.
www.impactjournals.com/oncotarget
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complementary DNA were inserted into pLVX-EGFP-C1,
individually. For stable knockdown of SNAI1 (shSNAI1-1,
shSNAI1-2), short hairpin RNA (shRNA) oligos containing
the same targeting sequences as siRNA were synthesized,
annealed and cloned into pSIH1-H1-Puro.

26]. Each experiment was done in quadruplicate and
repeated at least three times.

Microarray assay
Three independent pairs of MCF-10A transduced
with SNAI1 or control lentivirus were harvested with
Trizol (Invitrogen). RNA samples were then subjected to
microarray analysis using Affymetrix GeneChip miRNA
2.0 Array and Human Genome U133 Plus 2.0 Array
(CapitalBio, Beijing, China). Raw data were processed
by experts from CapitalBio before sending back to us.
Raw data of the array experiment were submitted to Gene
Expression Omnibus under GSE81931.

Oligonucleotide and plasmid transfection
miR-182 mimics, inhibitor and relevant negative
controls (NC for miR-182 mimics, NC inhibitor for
miR-182 inhibitor) were synthesized by Invitrogen
(Invitrogen, Camarillo, CA. USA). siRNA for SNAI1 and
relevant negative control siNC were ordered from Qiagen
(Qiagen, Germantown, MD, USA). Oligonucleotide and
plasmid transfection were performed by using HiperFect
(Qiagen) or Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s recommendations. The sequences of
oligonucleotides are shown in Supplementary Table S1.

Chromatin immunoprecipitation
Chromatin Immunoprecipitation (ChIP) analysis
was performed using a Pierce® Agarose ChIP Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The antibody used
was anti-SNAI1 from Santa Cruz. Primer sequences are
shown in Supplementary Table S2

RNA isolation and quantitative PCR
Total RNA was extracted with TRIzol reagent
(Invitrogen) and conventional quantitative RT-PCR was
done using SYBR Premix Ex Taq (Takara, Dalian, China).
Quantification of miR-182 was performed with a stemloop real time PCR method as shown previously [13, 23].
snRNA U6 and glyceraldehyde-3-phophate dehydrogenase
(GAPDH) were used as internal controls for microRNA
and mRNA quantification, respectively. Primers for PCR
are shown in Supplementary Table S2.

In situ hybridization and immunohistochemistry
miR-182 LNATM probe was purchased from Exiqon
(Vedbaek, Denmark), and in situ hybridization was performed
as described previously [10, 12]. The paraffin-embedded
breast cancer tissue array was stained with primary antibody
against SNAI1 (Abnova, 1:50), and further colorized with a
Universal Immuno-peroxidase Polymer Anti-Mouse/Rabbit
Immunohistochemical Staining Reagent (ZSGB-BIO,
Beijing, China), resulting in a brown signal. Images were
visualized and annotated with Aperio ImageScope software
(Aperio Technologies, Inc., CA, USA), and the number of
positive cells at ×200 magnification was quantified.

Western blotting
Western blot analysis was performed as described
previously [24, 25], and detected with the LAS4000 mini
system (GE Healthcare, Piscataway, NJ, USA). Antibodies
used to detect specific proteins were as following: β-actin
(Sigma-Aldrich, St Louis, MO, USA, 1:4000), E-cadherin
(Santa Cruz, Dallas, Texas, USA, 1:4000), Vimentin (Santa
Cruz, 1:1000; Abnova, Taipei, Taiwan, 1:1000), SNAI1
(Abgent, San Diego, CA, USA, 1:1000; Abnova, 1:1000).

Clinical specimens
For fresh frozen breast cancer tissues, a total of
40 infiltrating ductal carcinoma samples were collected
from November 2011 to November 2013 at Chinese
Academy of Medical Sciences Cancer Hospital at the
time of surgery and immediately stored in liquid nitrogen
until use. For immunochemical analysis, 168 consecutive
patients with histologically-confirmed breast cancer
and paired-metastatic lymph node samples were all
collected in 2006 at Harbin Medical University Cancer
Hospital. These clinical samples were made into paraffinembedded tissue array by Outdo Biotech (Outdo Biotech
Co. Ltd., Shanghai, China). None of the patients had
received chemotherapy or radiotherapy before surgery.
Clinicopathological characteristics were shown in Table 1.
The study was approved by both of the ethical committees
of Chinese Academy of Medical Sciences Cancer Hospital
and Harbin Medical University. Informed consent was
obtained from all the patients.

Lentivirus production and transduction
Lentiviral vector and packaging plasmids were cotransfected into Lenti-293 cells using Lipofectamine 2000,
respectively. The recombinant lentiviruses were harvested
48h after transfection. Breast cancer cells were infected
with recombinant lentivirus-transducing units plus 5μg/ml
Polybrene (Sigma-Aldrich). Stable clones were obtained
using relevant agents for selection.

Luciferase reporter assay
Luciferase reporter assay was done by using the
Dual-Luciferase Reporter Assay System (Promega,
Madison, Wisconsin, USA) as described previously [12,
www.impactjournals.com/oncotarget
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Animal studies

3. Tse JC, Kalluri R. Mechanisms of metastasis: epithelialto-mesenchymal transition and contribution of tumor
microenvironment. Journal of Cellular Biochemistry. 2007;
101:816-829.

All research involving animals complied with
protocols approved by the Beijing Medical Experimental
Animal Care Commission. For macrometastases,
1×105 4T1 cells infected with Control, miR-182 or
shControl, shSNAI1-1, shSNAI1-2 were introduced
into the circulation of six-week-old female Balb/c-nu
mice via tail vein injection. Four weeks later, the lungs
were excised, fixed in bouins fixative. The numbers of
overt macrometastases were counted manually on fixed
lungs, and then, these lungs were weighted, embedded in
paraffin, sectioned and stained with hematoxylin and eosin
(H&E). To quantify micrometastases, mice were sacrificed
two weeks following orthotopic inoculation, lungs were
excised, minced, digested and plated in puromycin
selection in two 15cm tissue culture plates (serve as
duplicates). Following two weeks of selection, tumor
colonies were stained with crystal violet prior to counting.

4. Batlle E, Sancho E, Franci C, Dominguez D, Monfar M,
Baulida J, Garcia De Herreros A. The transcription factor
snail is a repressor of E-cadherin gene expression in
epithelial tumour cells. Nature Cell Biology. 2000; 2:84-89.
5. Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA,
Come C, Savagner P, Gitelman I, Richardson A, Weinberg
RA. Twist, a master regulator of morphogenesis, plays an
essential role in tumor metastasis. Cell. 2004; 117:927-939.
6. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors
in tumour progression: an alliance against the epithelial
phenotype? Nature Reviews Cancer. 2007; 7:415-428.
7. Brabletz T, Jung A, Reu S, Porzner M, Hlubek F, KunzSchughart LA, Knuechel R, Kirchner T. Variable beta-catenin
expression in colorectal cancers indicates tumor progression
driven by the tumor environment. Proceedings of the
National Academy of Sciences USA. 2001; 98:10356-10361.

Statistical analyses

8. Kowalski PJ, Rubin MA, Kleer CG. E-cadherin expression
in primary carcinomas of the breast and its distant
metastases. Breast Cancer Research. 2003; 5:R217-222.

Statistical analyses were performed using Prism 6
(GraphPad Software, La Jolla, USA) or SPSS 20.0 (IBM
SPSS software, NY, USA). All data are presented as
mean ± SEM, unless otherwise stated. For animal assays,
the Mann-Whitney U-test was used to determine the
significance. The Student’s t-test was used unless stated
particularly (Spearman’s correlation). All experiments
other than histological and animal assays were repeated at
least twice. We considered p< 0.05 as significant.

9. Thiery JP. Epithelial-mesenchymal transitions in tumour
progression. Nature Reviews Cancer. 2002; 2:442-454.
10. Zhan Y, Liang X, Li L, Wang B, Ding F, Li Y, Wang X,
Zhan Q, Liu Z. MicroRNA-548j functions as a metastasis
promoter in human breast cancer by targeting Tensin1.
Molecular Oncology. 2016.
11. Yang F, Wang W, Zhou C, Xi W, Yuan L, Chen X, Li Y,
Yang A, Zhang J, Wang T. MiR-221/222 promote human
glioma cell invasion and angiogenesis by targeting TIMP2.
Tumour Biology. 2015; 36:3763-3773.

ACKNOWLEDGMENT
This work was supported by Joint NSFC-ISF
Research Program, jointly funded by the National Natural
Science Foundation of China and the Israel Science
Foundation (81461148025), National Natural Science
Foundation of China (81130043, 81472660), National
Basic Research Program of China (2013CB911004),
PUMC Youth Fund and the Fundamental Research Funds
for the Central Universities (3332015165) and Beijing
Training Project For The Leading Talents in S & T
(ljrc201509).

12. Ma G, Jing C, Li L, Huang F, Ding F, Wang B, Lin D, Luo A,
Liu Z. MicroRNA-92b represses invasion-metastasis cascade
of esophageal squamous cell carcinoma. Oncotarget. 2016;
7:20209-20222. doi: 10.18632/oncotarget.7747.
13. Yang S, Li Y, Gao J, Zhang T, Li S, Luo A, Chen H,
Ding F, Wang X, Liu Z. MicroRNA-34 suppresses breast
cancer invasion and metastasis by directly targeting Fra-1.
Oncogene. 2013; 32:4294-4303.
14. Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E,
Spaderna S, Brabletz T. A reciprocal repression between
ZEB1 and members of the miR-200 family promotes EMT
and invasion in cancer cells. EMBO Reports. 2008; 9:582-589.

CONFLICTS OF INTEREST

15. Hahn S, Jackstadt R, Siemens H, Hunten S, Hermeking H.
SNAIL and miR-34a feed-forward regulation of ZNF281/
ZBP99 promotes epithelial-mesenchymal transition. EMBO
Journal. 2013; 32:3079-3095.

The authors declare no conflict of interest.

REFERENCES

16. Ma L, Young J, Prabhala H, Pan E, Mestdagh P, Muth D,
Teruya-Feldstein J, Reinhardt F, Onder TT, Valastyan S,
Westermann F, Speleman F, Vandesompele J, Weinberg
RA. miR-9, a MYC/MYCN-activated microRNA, regulates
E-cadherin and cancer metastasis. Nature Cell Biology. 2010;
12:247-256.

1. Fidler IJ. The pathogenesis of cancer metastasis: the ‘seed
and soil’ hypothesis revisited. Nature Reviews Cancer.
2003; 3:453-458.
2. Valastyan S, Weinberg RA. Tumor metastasis: molecular
insights and evolving paradigms. Cell. 2011; 147:275-292.
www.impactjournals.com/oncotarget

4640

Oncotarget

17. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin
A, Farshid G, Vadas MA, Khew-Goodall Y, Goodall GJ.
The miR-200 family and miR-205 regulate epithelial to
mesenchymal transition by targeting ZEB1 and SIP1.
Nature Cell Biology. 2008; 10:593-601.

29. Dooley TP, Reddy SP, Wilborn TW, Davis RL. Biomarkers
of human cutaneous squamous cell carcinoma from tissues
and cell lines identified by DNA microarrays and qRT-PCR.
Biochemical and Biophysical Reseach Communications.
2003; 306:1026-1036.

18. Liu YN, Yin JJ, Abou-Kheir W, Hynes PG, Casey OM,
Fang L, Yi M, Stephens RM, Seng V, Sheppard-Tillman H,
Martin P, Kelly K. MiR-1 and miR-200 inhibit EMT via
Slug-dependent and tumorigenesis via Slug-independent
mechanisms. Oncogene. 2013; 32:296-306.

30. Zeisberg M, Neilson EG. Biomarkers for epithelialmesenchymal transitions. Journal of Clinical Investigation.
2009; 119:1429-1437.
31. Yang MH, Yu J, Jiang DM, Li WL, Wang S, Ding YQ.
microRNA-182 targets special AT-rich sequence-binding
protein 2 to promote colorectal cancer proliferation and
metastasis. Journal of Translational Medicine. 2014; 12:109.

19. Dykxhoorn DM, Wu Y, Xie H, Yu F, Lal A, Petrocca F,
Martinvalet D, Song E, Lim B, Lieberman J. miR-200
enhances mouse breast cancer cell colonization to form
distant metastases. PLoS One. 2009; 4:e7181.

32. Lei R, Tang J, Zhuang X, Deng R, Li G, Yu J, Liang Y,
Xiao J, Wang HY, Yang Q, Hu G. Suppression of MIM by
microRNA-182 activates RhoA and promotes breast cancer
metastasis. Oncogene. 2014; 33:1287-1296.

20. Korpal M, Ell BJ, Buffa FM, Ibrahim T, Blanco MA, CeliaTerrassa T, Mercatali L, Khan Z, Goodarzi H, Hua Y, Wei
Y, Hu G, Garcia BA, Ragoussis J, Amadori D, Harris AL,
Kang Y. Direct targeting of Sec23a by miR-200s influences
cancer cell secretome and promotes metastatic colonization.
Nature Medicine. 2011; 17:1101-1108.

33. Wang J, Li J, Shen J, Wang C, Yang L, Zhang X.
MicroRNA-182 downregulates metastasis suppressor 1 and
contributes to metastasis of hepatocellular carcinoma. BMC
Cancer. 2012; 12:227.

21. Xiang X, Zhuang X, Ju S, Zhang S, Jiang H, Mu J,
Zhang L, Miller D, Grizzle W, Zhang HG. miR-155
promotes macroscopic tumor formation yet inhibits tumor
dissemination from mammary fat pads to the lung by
preventing EMT. Oncogene. 2011; 30:3440-3453.

34. Nieto MA. The snail superfamily of zinc-finger transcription
factors. Nature Review Molecular Cell Biology. 2002;
3:155-166.
35. Gibbons DL, Lin W, Creighton CJ, Rizvi ZH, Gregory PA,
Goodall GJ, Thilaganathan N, Du L, Zhang Y, Pertsemlidis
A, Kurie JM. Contextual extracellular cues promote tumor
cell EMT and metastasis by regulating miR-200 family
expression. Genes Development. 2009; 23:2140-2151.

22. Tsai JH, Donaher JL, Murphy DA, Chau S, Yang J.
Spatiotemporal regulation of epithelial-mesenchymal
transition is essential for squamous cell carcinoma
metastasis. Cancer Cell. 2012; 22:725-736.

36. Smith BN, Bhowmick NA. Role of EMT in Metastasis and
Therapy Resistance. Journal of Clinical Medicine. 2016; 5.

23. Tian Y, Luo A, Cai Y, Su Q, Ding F, Chen H, Liu Z.
MicroRNA-10b promotes migration and invasion through
KLF4 in human esophageal cancer cell lines. Journal of
Biological Chemistry. 2010; 285:7986-7994.

37. Segura MF, Hanniford D, Menendez S, Reavie L, Zou
X, Alvarez-Diaz S, Zakrzewski J, Blochin E, Rose A,
Bogunovic D, Polsky D, Wei J, Lee P, Belitskaya-Levy
I, Bhardwaj N, Osman I, Hernando E. Aberrant miR-182
expression promotes melanoma metastasis by repressing
FOXO3 and microphthalmia-associated transcription factor.
Proceedings of the National Academy of Sciences USA.
2009; 106:1814-1819.

24. He H, Li S, Hong Y, Zou H, Chen H, Ding F, Wan Y, Liu
Z. Kruppel-like Factor 4 Promotes Esophageal Squamous
Cell Carcinoma Differentiation by Up-regulating Keratin
13 Expression. Journal of Biological Chemistry. 2015;
290:13567-13577.
25. He H, Ding F, Li S, Chen H, Liu Z. Expression of migfilin is
increased in esophageal cancer and represses the Akt-betacatenin activation. American Journal of Cancer Research.
2014; 4:270-278.

38. Pignot G, Cizeron-Clairac G, Vacher S, Susini A, Tozlu S,
Vieillefond A, Zerbib M, Lidereau R, Debre B, AmsellemOuazana D, Bieche I. microRNA expression profile in a
large series of bladder tumors: identification of a 3-miRNA
signature associated with aggressiveness of muscle-invasive
bladder cancer. International Journal of Cancer. 2013;
132:2479-2491.

26. Zhou Q, Hong Y, Zhan Q, Shen Y, Liu Z. Role for Kruppellike factor 4 in determining the outcome of p53 response to
DNA damage. Cancer Research. 2009; 69:8284-8292.
27. Tamagawa S, Beder LB, Hotomi M, Gunduz M, Yata K,
Grenman R, Yamanaka N. Role of miR-200c/miR-141 in the
regulation of epithelial-mesenchymal transition and migration
in head and neck squamous cell carcinoma. International
Journal of Molecular Medicine. 2014; 33:879-886.

39. Parker NC, Levtzow CB, Wright PW, Woodard LL,
Chapman JF. Uniform chromatographic conditions for
quantifying urinary catecholamines, metanephrines,
vanillylmandelic acid, 5-hydroxyindoleacetic acid, by liquid
chromatography, with electrochemical detection. Clinical
Chemistry. 1986; 32:1473-1476.

28. Hyun KA, Goo KB, Han H, Sohn J, Choi W, Kim SI, Jung HI,
Kim YS. Epithelial-to-mesenchymal transition leads to loss
of EpCAM and different physical properties in circulating
tumor cells from metastatic breast cancer. Oncotarget. 2016;
7:24677-24687. doi: 10.18632/oncotarget.8250.
www.impactjournals.com/oncotarget

40. Humphries B, Yang C. The microRNA-200 family:
small molecules with novel roles in cancer development,
progression and therapy. Oncotarget. 2015; 6:6472-6498.
doi: 10.18632/oncotarget.3052.
4641

Oncotarget

