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Cancer stem cells (CSCs) have recently been reported to possess properties related to cancer metastasis.
However, the mechanism by which microRNAs (miRNAs) regulate these properties remains unclear. This
study aims to investigate a correlation between miRNAs and the side population (SP) of human breast
cancer cell line MCF-7 with CSC properties. miR-888 was found in our previous study to be up-regulated
in SP cells and predicted to target E-Cadherin directly, indicating a potential role in maintaining SP prop-
erties and regulating the epithelial-mesenchymal transition (EMT) and cancer metastasis. After the over-
expression of miR-888 in MCF-7 cells and knock-down of its expression in SP cells, we found that miR-
888 played a role in maintaining CSC-related properties. Next, miR-888 was found to regulate the EMT
process by targeting related gene expression. Lastly, MCF-7 cells over-expressing miR-888 exhibited a
significant reduction in their ability to adhere to the extracellular matrix and an increased potential
for migration and invasion, whereas knock-down of miR-888 expression in SP cells reversed these trends.
In conclusion, miR-888 maintains SP properties and regulates EMT and metastasis in MCF-7 cells, poten-
tially by targeting E-Cadherin expression.

� 2014 Published by Elsevier Inc.
1. Introduction

Breast cancer is one of the most common types of cancer in
women, and it typically causes mortality through metastasis from
the primary tumor to other organs [1]. Therefore, metastasis plays
a crucial role in breast cancer aggressiveness and malignancy.
Recently, cancer stem cells (CSCs) were hypothesized to exist and
found to be a cause of cancer metastasis [2,3]. The first and most
important step of metastasis is local invasion, during which adher-
ent epithelial cells are converted into migratory cells that invade
into the extracellular matrix (ECM), a process known as epithe-
lial–mesenchymal transition (EMT) [4]. Moreover, CSCs also dis-
play an EMT phenotype, such as the loss of E-Cadherin
expression, which promotes tumor growth and metastasis [5].

In recent years, microRNAs (miRNAs) have been implicated in
CSCs and cancer metastasis [2,6–8]. As EMT is strongly associated
with CSCs and metastasis, the regulation of EMT by miRNAs should
shed light on cancer progression and be informative for therapeu-
tics [9]. The side population of MCF-7 cells was found to possess
CSC characteristics in a previous study [10], though little is known
about its relationship with cancer metastasis and regulation by
miRNA. In this study, a novel miRNA, miR-888, was found to be
up-regulated in MCF-7 SP cells; miR-888 is predicted to directly
target E-Cadherin expression [11]. Due to the crucial role of E-Cad-
herin in EMT and metastasis, it is essential to uncover the mecha-
nism by which miR-888 regulates these processes.
2. Materials and methods

2.1. Cell culture and SP sorting

The human breast cell line, MCF-7 was purchased from the Cell
Bank of the Chinese Academy of Sciences and cultured in DMEM
medium (with 10% FBS, 100 U/ml penicillin, and 1000 U/ml strep-
tomycin). Side population sorting was conducted as previously
described [12]. In brief, 106 MCF-7 cells/ml were counted and re-
suspended in DMEM supplemented with 10% FBS. All samples
were divided into two groups: in the experimental group, Hoechst
33342 (Sigma) was added to a final concentration of 5 lg/ml; in
addition, 50 lmol/ml verapamil (Sigma) was added to the negative
control group. The cells were then placed in a 37 �C water bath for
90 min, and the staining process was terminated in an ice-bath for
10 min. The cells were re-suspended in 200 ll HBSS prior to flow
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cytometry. The SP cells were cultured in serum-free complete
medium (DMEM/F-12 medium supplemented with 20 ng/ml EGF,
20 ng/ml bFGF, and 5 mg/ml insulin) and maintained as spheres
in ultra-low-adherent plates.
2.2. Vector construction and cell transfection

miR-888 (sequence: 50UACUCAAAAAGCUGUCAGUCA30) was
cloned into the miRNA expression vector pcDNA6.2-GW/EmGFP-
miR (Invitrogen) according to the manufacturer’s instructions.
The vector without a target site for any gene (from 1519 to
1578 bp) was used as a negative control (mock). A locked nucleic
acid (LNA) was designed as an antisense oligonucleotide of miR-
888 (LNA-miR-888) and synthesized by Sangon Biotech. The
sequence of LNA-miR-888 is as follows: 50TGA + CTG + ACA +
GCT + TTT + TGA + GTA + 30 (the superscripted ‘+’ represents LNA-
modified nucleotides); a LNA lacking a specific target was used
as a negative control (LNA-mock). Both miRNA expression vectors
and the antisense oligonucleotides were transfected into MCF-7
cells using Entranster™-D (Engreen, China) according to the man-
ufacturer’s instructions.
2.3. Animal model and tumorigenicity

Four-week-old NOD/SCID mice were purchased from the SLAC
Laboratory Animal Center (Shanghai, China). Adherent MCF-7 cells
(2 � 105) transfected with miR-888 and the mock vector and
2 � 104 MCF-7 SP sphere cells transfected with LNA-miR-888 and
LNA-mock were injected subcutaneously into each mouse (n = 6).
Tumorigenicity was evaluated at 4 weeks after the injection. All
procedures followed the institutional guidelines for animal
welfare.
2.4. RNA purification and mRNA quantification

Total RNA was extracted using the Trizol total RNA isolation
reagent (Invitrogen) according to the manufacturer’s instructions.
cDNA was synthesized from total RNA using TransScript II One-
Step gDNA Removal and cDNA Synthesis SuperMix Kit (Beijing
TransGen Biotech, China) following the manufacturer’s instruc-
tions. Real-time PCR was performed using SYBR-Green Master
PCR Mix (Roche) with a BIO-RAD CFX96™ real-time PCR system
and mRNA-specific primers (Table 1). All data were normalized
to GAPDH expression.
Table 1
Sequences of primers used in the real-time PCR amplifications.

Gene name Primer sequences (from 50 to 30)

ABCB1 F TGCTGCTTACATTCAGGTTTCA
R AGCCTATCTCCTGTCGCATTA

ABCC1 F CTCTATCTCTCCCGACATGACC
R AGCAGACGATCCACAGCAAAA

CDH1 F TGGGCAGTGTAGGATGTGATT
R CGTAGCAGTGACGAATGTGG

OCLN F ACAAGCGGTTTTATCCAGAGTC
R GTCATCCACAGGCGAAGTTAAT

CDH2 F TCAGGCGTCTGTAGAGGCTT
R RTGCACATCCTTCGATAAGACTG

VIM F GACGCCATCAACACCGAGTT
R CTTTGTCGTTGGTTAGCTGGT

ZEB1 F GATGATGAATGCGAGTCAGATGC
R ACAGCAGTGTCTTGTTGTTGT

GAPDH F CTTCGCTCTCTGCTCCTCCT
R ATCCGTTGACTCCGACCTTC
2.5. Cell adhesion assay

The 96-well plates used in the assay were coated with 10 lg/ml
fibronectin at 37 �C for 1 h and washed twice with washing buffer
(0.1% BSA in DMEM). BSA (0.5%, blocking buffer) solution was
added to the wells and incubated at 37 �C in a 5% CO2 incubator
for 45–60 min. A 50-ll aliquot of cells at a density of 4 � 105 -
cells/ml was added to each well and incubated at 37 �C for
30 min. The plate was shaken on a horizontal platform at
2000 rpm for 10–15 s, and then washed 3 times with washing buf-
fer. The cells were then fixed with 4% paraformaldehyde by incuba-
tion at RT for 10–15 min. Crystal Violet dye (1%, Sigma) was added
for 10 min to stain the cells, and the cells were then washed with
distilled water. SDS solution (2%) was added to the cells and incu-
bated at RT for 30 min before measuring the OD values at 540 lm.

2.6. In vitro cell migration and invasion assay

In vitro cell migration assays were performed using Transwell
chambers (8 lm pore size; Costar). The undersides of the filter
inserts were coated with 20 lg/ml of fibronectin overnight at 4 �C
and then air dried before adding them to the cells. The cultured cells
were trypsinized, re-suspended, and then washed twice with FBS-
free medium. A 0.5-ml aliquot of cells (4 � 105 cells/ml) in FBS-free
medium was applied to the top of the insert, and 1 ml of medium
(containing 10% FBS and 10 lg/ml collagen I) was added to the lower
chamber. The filter insert was then placed into the lower chamber.
The entire apparatus was incubated at 37 �C for 24 h. The cells on
the top side of the filter were removed by scrubbing twice with a cot-
ton-tipped swab moistened with culture medium-lacking FBS. The
cells were stained with 0.1% Crystal Violet for 10 min. The mem-
branes were separated and photographed under a microscope, and
the number of migrated cells was counted in 10 fields. Additionally,
the separated membranes were de-stained with 33% acetic acid. The
de-staining fluid was then transferred into a 96-well-plate, and the
OD value was determined at 540 lm. The in vitro cell invasion assay
was similar to the migration assay, but the Transwell used in the
migration assay was first covered with Matrigel before seeding the
cells on it to serve as a basement membrane. The invasive activity
of the cells was measured by counting the cells in the Matrigel after
incubation at 37 �C overnight.

2.7. Statistical analysis

The data are presented as the means ± SEM, and Student’s t-test
(two-tailed) was used to compare two groups (P < 0.05 was consid-
ered significant) for independent samples, assuming equal vari-
ances for all experimental data sets.
3. Results

3.1. miR-888 expression was increased in MCF-7 SP cells and played a
role in maintaining SP properties

In a previous study, we found that miR-888 was approximately
20-fold increased in MCF-7 SP cells compared with non-SP cells
[11], indicating a potential role for miR-888 in maintaining SP
properties. As SP cells are characterized with CSC properties, it is
postulated that miR-888 may also maintain stem cell properties.
To uncover the regulating role of miR-888 regarding CSC proper-
ties, we conducted several assays in MCF-7 cells using different
treatments.

In a sphere-forming assay, MCF-7 cells were transfected with a
plasmid over-expressing miR-888 and a mock vector and cultured
in serum-free medium. MCF-7 SP sphere cells (cultured for one
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week) were transfected with LNA-miR-888 and LNA-mock and
maintained in serum-free medium. After one week of culture,
sphere-forming ability was increased in the miR-888-transfected
MCF-7 cells compared with the mock-treated cells and was
Fig. 1. miR-888 maintains SP properties in MCF-7 cells. (A) Over-expression of miR-88
transfected cells. (B) Knock-down of miR-888 by LNA in MCF-7 SP cells indicates the dow
expression of miR-888 increases the SP proportion in MCF-7 cells, and knock-down of miR
of miR-888 increases the tumorigenicity of MCF-7 cells, and knock-down of miR-888 expr
weight. ⁄Represents p < 0.05; ⁄⁄represents p < 0.01.
decreased in the LNA-miR-888-treated SP sphere cells compared
with those treated with LNA-mock (Fig. 1A and B). Moreover, the
LNA-miR-888-treated SP sphere cells showed a differentiation phe-
notype, even when cultured in serum-free medium (Fig. 1B).
8 in MCF-7 cells indicates the up-regulation of sphere-forming ability in miR-888-
n-regulation of sphere-forming ability in LNA-miR-888-transfected cells. (C) Over-
-888 expression in SP sphere cells decreases the SP proportion. (D) Over-expression
ession in SP sphere cells decreases tumorigenicity. (E) Tumorigenicity and (F) tumor
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In an SP sorting assay, SP cells were counted after different
treatments of MCF-7 cells. The results showed that the over-
expression of miR-888 increased the SP proportion of MCF-7
adherent cells (from 3.87% to 15.62%), whereas the knock-out of
its expression in SP sphere cells decreased the SP proportion (from
70.73% to 32.25%) (Fig. 1C).

In a tumorigenicity assay, the over-expression of miR-888
increased tumorigenicity in MCF-7 adherent cells (from 1/6 to
4/6); miR-888 knock-out decreased tumorigenicity in SP sphere
cells (from 5/5 to 2/6) (Fig. 1D and E). However, the miR-888-
transfected MCF-7 cells and LNA-miR-888-treated SP sphere cells
did not exhibit a significant effect with regard to tumor weight
compared with their controls (Fig. 1F).

3.2. miR-888 played a potential role in regulating EMT properties in
both MCF-7 adherent cells and SP sphere cells

In our previous publication, we found that miR-888 directly tar-
geted E-Cadherin expression [11], which suggested a potential role
of miR-888 in regulating EMT. We therefore detected the expres-
sion of EMT-related genes (three up-regulated genes and two
down-regulated) between MCF-7 SP and non-SP cells by real-time
RT-PCR. The results showed that SP cells had a high level expres-
sion of genes that are up-regulated during EMT (CDH2, VIM, and
ZEB1) and a low expression of EMT down-regulated genes (OCLN
and CDH1, Fig. 2A and B).
Fig. 2. miR-888 regulates EMT properties in MCF-7 cells. (A) and (B) Analysis of the relati
SP cells. (C) Over-expression of miR-888 increases mesenchymal marker genes and decre
in MCF-7 SP sphere cells decreases the expression of mesenchymal marker genes and in
⁄Represents p < 0.05; ⁄⁄represents p < 0.01; ⁄⁄⁄represents p < 0.001.
To validate the function of miR-888 in EMT, we over-expressed
miR-888 in MCF-7 and knocked down its expression in SP sphere
cells. The results showed that increased miR-888 in MCF-7 cells
up-regulated EMT-high expression genes and down-regulated
EMT-low expression genes (Fig. 2C); miR-888 knock-down in SP
sphere cells had the opposite effect (Fig. 2D).

3.3. miR-888 played a potential role in regulating MCF-7 cell adhesion

As E-Cadherin (coded by CDH1) is vital for cell adhesion and
metastasis and is directly targeted by miR-888, we predicted that
miR-888 would play a role in regulating these properties. To
characterize the role of miR-888 in regulating cell adhesion, we
over-expressed miR-888 in MCF-7 adherent cells and down-
regulated its expression in SP sphere cells. As shown in Fig. 3A
and B, the over-expression of miR-888 in MCF-7 adherent cells
decreased adhesion in comparison with the negative control.
Moreover, the knock-down of miR-888 expression in SP sphere
cells increased adhesion.

3.4. miR-888 played a potential role in regulating MCF-7 cell migration
and invasion

During the EMT process, cancer cells become less adhesive and
are prone to migrate and invade other parts of the body. Therefore,
cancer cells become more migratory and invasive when cell adhe-
ve expression of EMT-related genes by real-time RT-PCR between MCF-7 non-SP and
ases epithelial marker genes in MCF-7 cells. (D) knock-down of miR-888 expression
creases the expression of epithelial marker genes by real-time RT-PCR. Bar, 50 lm.



Fig. 3. miR-888 regulates metastasis properties in MCF-7 cells. (A) and (B) Over-expression of miR-888 in MCF-7 cells decreases cell adhesion, and knock-down of miR-888
expression in MCF-7 SP sphere cells increases cell adhesion by an adhesion assay. (A) and (C) Over-expression of miR-888 in MCF-7 cells increases cell migration and invasion,
and knock-down miR-888 expression in MCF-7 SP sphere cells decreases cell migration and invasion by a migration and invasion assay. (D) Schematic depicting the potential
functions of miR-888 in the SP properties and cancer metastasis of MCF-7 cells. Bar, 50 lm. ⁄Represents p < 0.05; ⁄⁄represents p < 0.01.
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sion becomes weaker. To characterize the role of miR-888 in regu-
lating cell migration and invasion, we over-expressed miR-888 in
MCF-7 adherent cells and down-regulated its expression in SP
sphere cells. As shown in Fig. 3A and C, the miR-888 over-express-
ing cells exhibited an enhanced ability to cross the Transwell
membrane (migration) and to pass through Matrigel (invasion),
whereas the reduction in miR-888 expression in SP sphere cells
induced the opposite effects. These results indicate that miR-888
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is an important factor regulating cell adhesion, migration, and
invasion in the breast cancer cell line MCF-7.

Fig. 3D outlines the molecular pathway by which miR-888 reg-
ulates SP properties and EMT, which leads to changes in cancer cell
metastasis properties (including cell adhesion, migration, and
invasion).
4. Discussion

The side population (SP) is characterized as having stem cell
properties in both normal and malignant tissues [10,13] due to
the over-expression of ABC transporter proteins. Therefore, knowl-
edge of the expression regulation of these genes and related genes
sheds light on SP properties. In recent years, miRNAs have been
shown to play increasingly important roles in regulating SP charac-
teristics [14–16]. For example, both miR-520 h and miR-328
directly target ABCG2 expression, though in different cancers
[14,15]. In addition, the over-expression of miR-520 h reduces
the SP cell number and inhibits cell migration and invasion [15].
In our work, miR-888 was found to be up-regulated in MCF-7 SP
cells, which were characterized with CSC properties in a previous
study [11], indicating a potential role of miR-888 in maintaining
SP properties. To validate the function of miR-888 in SP, we over-
expressed miR-888 in MCF-7 cells and down-regulated its expres-
sion in SP sphere cells. miR-888 over-expression in MCF-7 cells
increased the sphere-forming ability, SP proportion, and tumorige-
nicity, whereas miR-888 knock-down in MCF-7 SP sphere cells
decreased these properties (Fig. 1). Thus, miR-888 plays a potential
role in maintaining MCF-7 SP properties. However, we searched all
the predicted target genes of miR-888 and found none associated
with ABC transporters. Rescreening all the predicted targets, we
selected five tumor suppressor genes and validated expression
with that of miR-888. One of the selected tumor suppressor genes,
LATS2, was down-regulated when miR-888 was over-expressed
(data not shown). LATS2 is associated with P53, which is down-
regulated in CSCs and plays an important role in regulating CSC
proliferation and differentiation [17]. Therefore, miR-888 may reg-
ulate SP properties in MCF-7 by regulating LATS2 expression,
though this needs further study in future work.

As mentioned above, we previously found that miR-888 directly
targets cell adhesion molecule E-Cadherin and plays an important
role in regulating the AJ pathway [11]. Both E-Cadherin and the AJ
pathway are involved in EMT, a process in which the expression of
E-Cadherin is lost and cells acquire a mesenchymal phenotype [5].
As a correlation between CSCs and EMT, differentiated cancer cells
undergo transformation during EMT and acquire a CSC-like pheno-
type. Therefore, EMT is a CSC property, and CSCs also express EMT
markers [18]. In our study, three mesenchymal markers and two epi-
thelial markers (including CDH1) were selected, and their expres-
sion was tested between MCF-7 SP and non-SP cells. As expected,
the SP cells highly expressed mesenchymal markers and expressed
epithelial markers at low levels compared with non-SP cells
(Fig. 2A and B). This result suggests that MCF-7 SP cells acquired
an EMT phenotype after cell sorting by Hoechst. Due to the crucial
role of EMT in CSCs, knowledge of its regulation will shed light on
stem cell-like properties. In recent years, EMT-related genes such
as ZEB, SNAIL, and TWIST have been reported to be regulated by miR-
NAs in cancer progression [19]. For example, miR-203 expression is
repressed in the stem cell-enriched fraction. The over-expression of
miR-203 in mesenchymal cells compromises the tumor initiation
and metastasis induced by EMT [19,20]. In our study, miR-888 was
up-regulated in MCF-7 SP cells and played an important role in
maintaining SP properties. However, it has remained unclear
whether this newly studied miRNA functions in EMT. To address
this, we forced the expression of miR-888 in MCF-7 cells and
down-regulated its expression in SP sphere cells to unveil its func-
tion in EMT. In miR-888-over-expressing MCF-7 cells, the expres-
sion of mesenchymal markers and epithelial markers was up-
regulated and down-regulated, respectively (Fig. 2C). In LNA-miR-
888-transfected SP cells, the expression of mesenchymal markers
and epithelial markers was decreased and increased, respectively
(Fig. 2D). Altogether, miR-888 plays an important role in regulating
the EMT phenotype in MCF-7 cells, possibly by targeting E-Cadherin.
However, further study is necessary to support this idea.

During cancer metastasis, cells from primary tumors acquire
the EMT phenotype, lose cell adhesion, migrate to blood vessels,
and invade different organs [4,9,21]. Therefore, EMT is an essential
step of cancer metastasis and determining its regulation at the
genetic and epigenetic levels will help to uncover the mechanisms
of cancer progression and malignancy. As a dual crucial role of
E-Cadherin in EMT and metastasis, knowledge of the regulation
of E-Cadherin expression will also shed light on cancer metastasis
properties. In miRNA research with regard to E-Cadherin, both
miR-9 and miR-495 are been revealed to directly target expression
of this protein and to regulate metastasis-related properties in
breast cancer [6,22]. miR-9 is up-regulated in breast cancer and
activated by MYC and MYCN. Over-expression of miR-9 increases
cell migration and invasiveness by targeting E-Cadherin expression
and activating b-catenin signaling [6]. miR-495 is up-regulated in
two breast CSC sub-populations, CD44+/CD24�/low and PROCR+/
ESA+, and is modulated by the transcription factor E12/E47. Ectopic
expression of miR-495 maintains CSC properties, such as in vitro
colony formation and tumorigenesis, in mice and promotes cell
invasion and proliferation [22]. In our study, miR-888 was found
to be up-regulated in MCF-7 SP cells and also to target E-Cadherin
expression, which suggests that miR-888 plays an important role
in cancer metastasis. Therefore, we ectopically expressed miR-
888 and LNA-miR-888 in MCF-7 and SP cells. As expected, was
found to function in reducing cell adhesion and promoting cell
migration and invasion (Fig. 3A–C). These results indicate that
miR-888 plays potential roles in cancer metastasis.

In conclusion, up-regulated miR-888 in MCF-7 SP cells has dual
roles: maintaining SP properties and regulating cancer metastasis
(Fig. 3D). miR-888 was first found to be up-regulated in aggressive
endometrial tumors and was suggested to have an important func-
tion in cancer development and progression [23]. miR-888 was
recently reported to be up-regulated in the human metastatic
prostate cancer cell line PC3-ML [24]. Over-expression of miR-
888 increases cell migration and proliferation by targeting the
tumor suppressor genes RBL1 and SMAD4, the latter of which is
in the AJ pathway and is also a predicted target in our study. There-
fore, miR-888 is up-regulated in several tumors and plays a poten-
tial role in cancer metastasis, which is consistent with the findings
of our study. Most importantly, the inhibition of miR-888 expres-
sion will shed light on the regulation of cancer metastasis and pro-
vide evidence for cancer therapy in the future.
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