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IncRNA MALAT1/miR-26a/26b/ST8SIA4 axis mediates
cell invasion and migration in breast cancer cell lines
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Abstract. Metastasis-associated lung adenocarcinoma
transcript 1 (MALATI) is a long non-coding RNA that
is overexpressed in various human cancers, including
breast cancer. Evidence has associated the function of the
a-2,8-sialyltransferase (ST8SIA) family with breast cancer.
The present study aimed to investigate the potential roles
of MALATI in breast cancer development and progression
using analyses of both breast cancer tissues and cell lines. The
mRNA Ievels of MALAT1, microRNA (miR)-26a/26b and
ST8SIA4 were detected by reverse transcription-quantitative
PCR (RT-qPCR) and the protein level of ST8SIA4 was
assessed by western blot analysis. Cell proliferation, invasion
and migration were detected by CCK-8, wound healing and
Transwell assays, respectively. Interactions between MALAT1
and miR-26a/26b were assessed using fluorescence in situ
hybridization, RNA immunoprecipitation and luciferase
reporter assays. Herein, different levels of MALATI1 were
primarily observed in human breast cancer samples and
cells. Upregulated MALAT1 was a crucial predictor of poor
breast cancer prognosis. Altered MALAT1 modulated cell
progression in breast cancer. Moreover, miR-26a/26b was
confirmed as a direct regulator of MALATI, and ST8SIA4
was predicted as a target of miR-26a/26b. Functional analysis
in human breast cancer cell lines demonstrated that MALAT1
modulated breast cancer cell tumorigenicity by acting as a
competing endogenous IncRNA (ceRNA) to regulate ST8SIA4
levels by sponging miR-26a/26b. The identification of the
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MALAT1/miR-26a/26b/ST8SIA4 axis which contributes
to breast cancer progression may constitute a potential new
therapeutic target.

Introduction

Breast cancer is one of the most prevalent malignant diseases
and the primary cause of cancer-related deaths in women
worldwide, accounting for 23% of the total cancer cases
and 14% of the cancer-related deaths (1). Intensive research
efforts have revealed that this cancer is a heterogeneous and
complex disease characterized by distinct morphological,
clinical, and molecular features. Although great advances in
diagnosis and treatment have been made, including the most
comprehensive portfolio of targeted treatments for any cancer,
the recurrence and metastasis rates of breast cancer remain
unacceptably high. Therefore, it remains important to develop
new targeted therapeutics for patients who are not aided by
current treatments (2).

The cell surface is surrounded by glycans, and most proteins
carry glycan modifications, which play an essential role in
regulating a range of biological processes including immune
regulation and cell-cell interactions. Notably, malignant trans-
formation is often associated with aberrant glycosylation (3).
Among the different forms of glycosylation, sialylation has
been linked with multiple malignant characteristics, such as
growth, migration, and invasion. The primary mediators of
sialylation are the sialyltransferases (STs), a family of anabolic
enzymes that have been closely linked to cancer progres-
sion (4,5). Specifically, increasing evidence has associated the
function of the a-2,8-sialyltransferase (ST8SIA I-VI) family
with several human tumors. For example, ST8SIA4 was
revealed to participate in breast cancer progression by modi-
fying the sialylation profile of breast cancer cells (6).

Long non-coding (Inc) RNAs, are a type of non-coding
RNAs defined by lengths of more than 200 nucleotides. An
increasing number of studies have demonstrated that IncRNAs
play essential roles in both general biological processes as well
as tumorigenesis where they can act either as oncogenes or
tumor suppressors (7,8). For instance, the expression of the
IncRNA GASS was revealed to be decreased in hepatocellular
carcinoma and predicted a poor clinical outcome for these
patients (9). The number of IncRNAs aberrantly expressed
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in human tumors continues to grow with extensive research
efforts demonstrating that these function as signal mediators,
molecular decoys and scaffolds or enhancers of transcription.
In addition, a large group of IncRNAs can serve as molecular
sponges that regulate functional gene expression (10).

The metastasis-associated lung adenocarcinoma tran-
script 1 (MALATI) is one of the most well-characterized
IncRNAs, that is commonly upregulated in numerous cancer
types (11). For instance, Zhang et al revealed that MALAT1
was upregulated in renal cell carcinoma tissues, and knock-
down of MALAT! in renal cell carcinomas decreased their
proliferation, migration and invasion (12). Sun et al verified
that MALAT] regulated human umbilical vein endothelial
cell (HUVEQC) proliferation through sponging of miR-320a
to regulate forkhead box protein (FOX)M1 expression (13).
Upregulation of MALATI in breast cancer was revealed to
induce epithelial-mesenchymal transition (EMT) and decrease
trastuzumab sensitivity in human epidermal growth factor
receptor (HER)2* breast cancer (14). However, the role of
MALATI in breast cancer development remains controversial,
and an improved understanding of the functional relevance of
MALATT1 to this disease is urgently needed.

MicroRNAs (miRNAs) are a class of small nucleo-
tide molecules with a length of 20-22 nucleotides (15).
Mechanistically, miRNAs suppress mRNA transcription by
directly binding to the 3'-untranslated regions (3'-UTRs) (16).
Previously, miRNAs have been reported to play a multifac-
eted role in tumorigenesis. For example, Chen et al reported
that miR-495 was downregulated in breast cancer cells (17).
In gastric cancer cells, miR-92b-3p was overexpressed and
accelerated cell malignant progression via upregulation of
MMP-2/9 expression (18). Intriguingly, numerous IncRNAs
function as competing endogenous RNAs (ceRNAs), acting as
molecular sponges for miRNAs and altering their availability
and regulation of their coding gene targets (REF) (19,20).

Our previous study revealed that miR-26a/26b regulated
breast cancer progression by targeting ST8SIA4 (6). As a
logical extension of this work, our present study sought to
provide an improved definition of this mechanism. Herein,
the potential associations between miR-26a/26b, ST8SIA4
and the IncRNA MALATI1 were investigated. The present
study provided new insights into the underlying mechanisms
regulated by MALAT1 in breast cancer and indicated that the
MALAT1/miR-26a/26b/ST8SIA4 axis holds great promise as
a new therapeutic target for breast cancer.

Materials and methods

Human tumor tissues. A total of 36 pairs of breast cancer
and adjacent tissues were removed from the patients (age,
28-76 years; median, 45 years) with breast cancer who received
surgeries at the First Affiliated Hospital of Dalian Medical
University (Dalian, China) between June 2015 to August 2017.
The subjects were pathologically confirmed as breast cancer,
and they had hardly underwent any antitumor therapies before
their tissues were obtained. All samples were stored in liquid
nitrogen before analysis. The study was approved by the Ethics
Committee of The First Affiliated Hospital of Dalian Medical
University (approval no. YJ-KY-FB-2017-32) with all enrolled
patients providing written informed consent.

Cell lines and cell culture. The breast cancer cell lines
MDA-MB-231, MCF-7 and human epithelial breast cell line
MCF-10A were obtained from the American Type Culture
Collection (ATCC). All cells were cultured in RPMI-1640
medium (Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO,
incubator at 37°C. All media were supplemented with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.) and replaced every 2 days.

RNA isolation and reverse transcription-quantitative (RT-q)
PCR. Total RNA from tissues and cells was extracted by
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and
reverse transcribed into cDNA using SuperScript Reverse
Transcriptase III (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. Quantitative PCR
reactions were carried out on an ABI 7500 PCR System using
SYBR-Green Supermix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) with the following settings: Initial denaturation
at 95°C for 30 sec, followed by 40 cycles of denaturation at
95°C for 5 sec, annealing at 60°C for 30 sec, and melting curve
analysis. Fluorescent signals were detected after each cycle.
Relative mRNA expression levels were calculated with normal-
ization to GAPDH or U6 using the 2424 method (21). The
sequences of the primers were as follows: MALAT]1 forward,
5-CTCTCCCCTCCCTTGGTCTT-3' and reverse, 5'-TCC
CAATCCCCACATTTAAAAT-3"; STS8SIA4 forward, 5'-AGA
GGTGGACGATCTGCACAATAA-3' and reverse, 5-TGA
CAAGTGACCGACTCAAAGACA-3'; GAPDH forward,
5-CATGTTCGTCATGGGTGTGAA-3' and reverse, 5-GGC
ATGGACTGTGGTCATGAG-3'; miR-26a forward, 5-GGG
GGTTCAAGTAATCCAGGATA-3' and reverse, 5-GTCGTA
TCCAGTGCAGGGTCCGAGGTATTCGCACTGGA TACG
ACAGCCTA-3"; miR-26b forward, 5-GGGGGTTCAAGT
AATTCAGGAT-3' and reverse, 5-GTCGTATCCAGTGCA
GGGTCCGAGGTATTCGCACTGGATACGACACCTAT-3
U6 forward, 5'-CGCTTCGGCAGCACATATACTA-3' and
reverse, 5'-GGAACGCTTCACGAATTTGC-3'". All experi-
ments were performed in triplicate.

Cell transfection. The MALAT1 cDNA was subcloned into
the pmirGLO vector (Promega Corporation). miR-26a/26b
mimic, inhibitor, miR-NC, and small interfering (si)RNA
targeting MALAT1 and scramble siRNA were synthesized by
Shanghai GenePharma Co., Ltd. MALATI siRNA sequence
was: 5'-GATCCATAATCGGTTTCAA-3', and the sequence
of the scramble siRNA was: 5'-UUCUCCGAACGUGUC
ACGUTT-3". Lipofectamine 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) was used for the transfection according to the
manufacturer's instructions. Mock-transfected cells were used
as the negative control. Cells were harvested 48 h after trans-
fection for further studies. First, 5 yg siRNA was dissolved
in 125 ul Opti-MEM culture medium with free FBS. Then,
3.75 pul Lipofectamine 3000 was dissolved in 125 ul Opti-MEM
culture medium for 5 min at room temperature. Finally, the
aforementioned two solutions were mixed while resting for
15 min at room temperature; then 250 ul mixed solution was
added to each well in the 6-well plates, and the transfection
medium was changed to cultured medium containing 10%
FBS after 4-6 h at 37°C. RT-qPCR was used to determine the
transfection efficiency.
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Cell Counting Kit-8 (CCK-8) assay. Cell viability
(1x10° cells/well) was assessed every 24 h after the indicated
treatments. Briefly, 10 ul CCK-8 reagent was added and then
the plates were cultured for another 1-2 h at 37°C in the dark.
The density of each well was measured at 450 nm using an
automated microplate reader (BioTek China). There were 3-5
multiple wells in each group. The experiment was performed
in triplicate.

Colony formation assay. A total of ~300 cells were seeded
into each well of 6-well plates and were further cultured for
2 weeks. When the macroscopic colonies (>50 cells) were
evidently observed, the cells were fixed with 4% paraformal-
dehyde for 10 min at room temperature and then stained with
Giemsa (1X) for another 20 min at room temperature. Finally,
images of the visibly stained colonies were captured and colo-
nies were counted with the naked eye. The experiment was
performed in triplicate.

Wound healing assay. Cells (2x10°) were seeded into 12-well
plates and cultured. Subsequently, after a 70-80% confluent
culture was obtained, the cell monolayer was scraped with a
200-ul pipette tip. Then, the cells were washed and recultured
with a serum-free medium. Cell wounds were observed and
images were captured under an inverted microscope at 0 and
24 h and the degree of wound healing was expressed as the
width change between the two-time points. At least eight fields
for each condition were selected randomly in each well with
a magnification of x100. The experiment was performed in
triplicate.

Cell migration and invasion assays. The detection of cell
migration and invasion abilities was carried out by using a
24-well Transwell chamber (Corning, Inc.) with Matrigel (BD).
The upper chamber of Transwell culture plates was coated with
0.4 mg/ml Matrigel (BD Biosciences) and incubated for 24 h
at 4°C. In brief, 3x10* cells in 200 ul serum-free medium were
added into the upper chambers of each Transwell insert (8-ym
pore size), and 600 ul complete culture medium containing
10% FBS was added to the lower chamber. After 24 h of
incubation at 37°C, cells were fixed with methanol (99.5%)
for 30 min and stained for 30 min at room temperature with
0.1% crystal violet after fixation with methanol. Images of the
cells on the apical chamber membrane were captured and cells
selected from five random microscopic fields were counted at
a magnification of x400 with an inverted microscope.

Immunofluorescence analysis. Ki67 immunofluorescence
analysis was also performed to observe cell proliferation.
Cells were cultured in 24-well plates containing a sterile glass
coverslip. After treatment, the cells were fixed with cold 4%
paraformaldehyde for 15 min at room temperature and perme-
abilized in 0.2% Triton X-100 for 20 min at room temperature.
Thereafter, the cells were blocked with 10% goat serum
(Invitrogen; Thermo Fisher Scientific, Inc.) in phosphate-buff-
ered saline (PBS; Gibco; Thermo Fisher Scientific, Inc.) for
30 min at room temperature, before the addition of anti-Ki67
antibody (product code ab15580; 1:500; Abcam) overnight
at 4°C. After washing twice with PBS, the cells were incu-
bated with an FITC-anti-rabbit IgG (cat. no. sc-2012; 1:1,000;

Santa Cruz Biotechnology, Inc.) for 2 h at room temperature
and then counterstained with DAPI (0.1 ug/ml; Invitrogen;
Thermo Fisher Scientific, Inc.) for 5 min in the dark at room
temperature. Cell staining was visualized using fluorescence
microscopy with images captured at a magnification of x200.

Fluorescence in situ hybridization (FISH). Specific probes
targeting MALATI1 or miR-26a/26b probes were synthesized
by Shanghai GenePharma Co., Ltd. The RNA FISH assay was
performed using a FISH kit (Shanghai GenePharma Co., Ltd.)
according to the manufacturer's protocols. Cells were fixed
with 4% paraformaldehyde at room temperature and incubated
with 0.5% Triton X-100 in PBS on ice for 10 min. Then, cells
were pre-hybridized for 30 min at 37°C before being hybrid-
ized with 1 yM Cy3-labeled MALAT1 and 1 M FITC-labeled
miR-26a/26b probes (Shanghai GenePharma Co., Ltd.) at 37°C
overnight. The cells were then counterstained with DAPI
(1 ug/ml) for 10 min at room temperature before visualization
using a fluorescence microscope at a magnification of x400.

Dual-luciferase reporter assay. The pGL3-based luciferase
reporter plasmids (Invitrogen; Thermo Fisher Scientific, Inc.)
containing the 3'-UTR region of wild-type (WT) MALATI1 or
mutant (MUT) MALAT1 mutated with altered miR-26a/26b
binding sites were designed and constructed. Firefly luciferase
and Renilla luciferase were used for normalization. A total
of 5x10* cells were then co-transfected with pGL3-MALAT1
WT or MUT plasmid in combination with miR-26a/26b
mimics using Lipofectamine 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.). After 24 h, the Dual-Luciferase Reporter
Assay System (Promega Corporation) was used to evaluate
reporter activity.

Western blotting. Cell lysates were prepared using RIPA lysis
buffer (25 mM TriseHCI pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) by following the manufac-
turer's protocol. The protein concentration was measured with
a BCA Protein Assay Kit (Pierce; Thermo Fisher Scientific,
Inc.). Protein samples (20-40 ug) were resolved on 10%
SDS-PAGE for separation and transferred onto polyvinylidene
difluoride membranes, followed by incubation with blocking
buffer [5% non-fat dry milk in PBS containing 0.1% Tween-20
(PBST)] for 1 h at room temperature. Thereafter, the blots
were incubated with an anti-ST8SIA4 monoclonal antibody
(cat. no. AP9771C; 1:1,000; Abcepta) at 4°C overnight. Next,
a secondary anti-rabbit HRP-conjugated IgG (cat. no. sc-2357;
1:1,000; Santa Cruz Biotechnology, Inc.) was added and
incubated for 1 h at room temperature. After washing, the
immuno-reactive bands and images were developed using
an ECL kit (Amersham; Cytiva). All bands were determined
and analyzed by LabWorks (TM ver4.6, UVP, Biolmaging
Systems). Blotting against GAPDH (cat. no. sc-47724; 1:1,000;
Santa Cruz Biotechnology, Inc.) was used as the loading
control and internal reference.

RNA immunoprecipitation (RIP) assay. The binding relation-
ship between MALAT1 and miR-26a/26b was explored using
the RIP assay kit (cat. no. 17-700; EMD Millipore) following
the recommended guidelines from the manufacturer. Then,
2x107 cells were lysed in the presence of RNase inhibitor and
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mixed with magnetic beads pre-incubated with anti-argonaute
(Ago)2 antibody (cat. no. 04-642-I; 1:1,000; EMD Millipore) at
4°C overnight to capture endogenous miR-26a/26b. The levels
of coprecipitated MALAT1 were determined using RT-qPCR.
IgG antibody (cat. no. AP124; 1:1,000; EMD Millipore)
precipitates were used as the negative control.

Bioinformatics analysis. StarBase software v2.0 (http://star-
base.sysu.edu.cn) was used to predict the binding sites shared
by miRNAs and IncRNAs.

Statistical analysis. All analyses were performed using
SPSS 17.0 statistical packages (SPSS, Inc.). The data were
presented as the mean + SD. Unpaired t-tests were used to
compare two groups. Comparisons between multiple groups
were performed by one-way ANOVA analysis and a post hoc
pairwise analysis was performed using Tukey's post hoc test.
Correlation between gene expression was performed using
Spearman's correlation analysis. The Kaplan-Meier method
was used to construct the survival curves and the difference
was assessed by a log-rank test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression of MALATI is associated with breast cancer
metastasis and overall survival. In the present study,
MALAT1 expression levels in a total of 36 pairs of cancer and
adjacent non-tumor tissues from breast cancer patients were
detected by RT-qPCR. After normalizing against GAPDH, it
was revealed that the expression of MALAT1 was significantly
increased in cancer tissues compared with paired non-tumor
tissues (Fig. 1A). Notably, cancer tissues from breast cancer
patients with metastasis demonstrated higher MALAT] levels
than those without metastasis (Fig. 1B). MALAT] levels were
also evaluated in breast cancer cells by RT-qPCR (Fig. 1C).
Breast cancer cells expressed higher MALATI levels than
the normal MCF-10A cells, especially in MDA-MB-231 cells
which displayed higher levels than MCF-7 cells. Moreover,
survival analysis indicated that relatively high MALAT1
expression predicted a poor prognosis in breast cancer patients
(Fig. 1D). These results indicated that MALAT1 upregulation
may play a critical role in breast cancer tumorigenesis.

MALATI functions to promote breast cancer cell
aggressiveness. To further investigate the biological function
of MALATI in breast cancer cells, MALAT1 was overex-
pressed in the MCF-7 cell line (Fig. S1A). As anticipated,
MALATI1-overexpressing MCF-7 cells exhibited significantly
increased cell proliferation compared with parental MCF-7 cells
as determined by using CCK-8 assays (Fig. 2A). Consistently,
the proportion of cells expressing Ki67 was also increased
in MALATI1-overexpressing cells (Fig. 2B). Furthermore,
assessment of the motility of MALAT1-overexpressing cells
revealed shorter wound distances in wound healing assays
relative to the negative control (mock) cells. The enhanced
aggressiveness of MCF-7 cells with MALAT1 overexpression
was also evident in the Transwell assays (Fig. 2D). Conversely,
knockdown of MALAT1 in MDA-MB-231 cells indicated
reductions in cell proliferation when assessed by CCK-8 and

Ki67 immunofluorescence assays (Fig. 2E and F). Moreover,
siMALAT1-transfected MDA-MB-231 cells demonstrated
reduced motility in the wound healing assay relative to control
cells (Fig. 2G), and more importantly, MALAT1 knockdown
inhibited the migration and invasion of MDA-MB-231 cells
(Fig. 2H). Thus, these results collectively indicated that
MALATI1 promoted proliferation, motility and invasion in
breast cancer cells.

MALATI directly regulates miR-26a/26b. Accumulating
evidence has revealed that IncRNAs can target and regulate
miRNAs by ‘sponge-like’ effects, which subsequently inhibit
miRNA-mediated functions (22,23). To provide improved
comprehension of the molecular mechanism involving
MALATI in breast cancer, RT-qPCR was performed to
examine the expression of MALATI1 and miR-26a/26b in
breast cancer tissues. The results revealed that there was a
negative relationship between MALAT1 and miR-26a/26b
(Fig. 3A). Moreover, significant decreases of miR-26a/26b
expression were observed in MALAT1-overexpressing MCF-7
cells (Fig. 3B). Consistently, knockdown of MALAT]1 increased
the expression level of miR-26a/26b in MDA-MB-231 cells
(Fig. 3C). Furthermore, ectopic expression of MALATI1
in MCF-7 cells significantly upregulated the expression of
ST8SIA4, which is a major target of miR-26a/26b (Fig. 3D).
Conversely, MALAT1 downregulation reduced the abundance
of ST8SIA4 in MDA-MB-231 cells. Collectively, MALAT1
directly regulated the expression of the miR-26a/26b targeting
STSSIA4.

MALATI serves as a miR-26a/26b sponge in breast cancer
cells. The underlying interaction mechanism by which
MALATI1 and miR-26a/26b are involved in breast cancer
was further investigated. Bioinformatics analysis (http:/star-
base.sysu.edu.cn) predicted that MALAT] directly binds to
miR-26a/26b with the complementary binding sites revealed
in Fig. 4A and B. Dual-luciferase reporter assay revealed that
co-transfection of miR-26a/26b mimics and WT MALAT1
led to decreased reporter activity. Instructively, there was no
significant change in luciferase activity when MUT MALATI1
and miR-26a/26b mimics were cotransfected indicating
a specific interaction through the identified binding sites.
Consistently, the co-location of MALAT1 and miR-26a/26b
in the cytoplasm of breast cancer cells was verified by the
FISH assay, which indicated their functional crosstalk
(Fig. 4C and D). Moreover, both MALAT1 (Fig. 4E) and
miR-26a/26b (Fig. 4F) were enriched in RIP assays conducted
against the Ago2 protein, indicating that Ago2 directly
bound to MALAT1 and miR-26a/26b in breast cancer cells.
Collectively, these data indicated that MALATI acted as a
molecular sponge for miR-26a/26b.

MALATI/miR-26a/26b/ST8SIA4 axis contributes to breast
cancer progression. A previous study demonstrated that
miR-26a/26b suppressed breast cancer progression by down-
regulating the levels of ST8SIA4 (6). To confirm the effects
of MALATI on miR-26a/26b and ST8SIA4 during breast
cancer progression, further functional experiments were
carried out. In fact, the modulatory effects of downregulating
miR-26a/26b and MALAT1 on ST8SIA4 were increased in
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Figure 1. MALAT!1 is overexpressed in breast cancer tissues and cell lines. (A) Differential MALAT1 expression was detected between 36 paired breast cancer
tissues and corresponding non-tumor tissues. (B) Overexpressed MALAT1 was identified in breast cancer patients with metastasis. (C) MALAT1 expression was
also identified in breast cancer cell lines by reverse transcription-quantitative PCR. (D) Kaplan-Meier overall survival curves were generated based on MALAT1
expression. The data are presented as the means + SDs of triplicate experiments. “P<0.05. MALAT]1, metastasis-associated lung adenocarcinoma transcript 1.

MDA-MB-231 cells (Figs. 5SA, S1B and C). In comparison
with the controls, the miR-26a/26b inhibitors resulted in
increased ST8SIA4 expression, while silencing MALAT1
decreased ST8SIA4 levels. In addition, silencing of MALAT1
in miR-26a/26b-inhibited cells partially reversed the increases
in ST8SIA4. Similar trends were evident in the western
blot assays where knockdown of MALAT1 suppressed the
increased levels of ST8SIA4 protein induced by miR-26a/26b
inhibitors (Fig. 5B), consistent with a model wherein MALAT1
regulates ST8SIA4 via miR-26a/26b.

Functional assays also revealed the likely significance of
MALATI1 and miR-26a/26b during breast cancer progression.
Colony formation assays along with Ki67 staining assessing the
proportion of proliferating cells demonstrated that breast cancer
cells transfected with miR-26a/26b mimics exhibited a higher
proliferative activity than control cells, while cells transfected
with siMALATI1 displayed comparatively lower proliferative
activity. Interestingly, cotransfection of miR-26a/26b mimics
and siMALAT]I reversed the altered proliferation which was
induced by miR-26a/26b mimics alone (Fig. 5C and D). Scratch
and Transwell assays also revealed that miR-26a/26b inhibition
increased the ability of migration and invasion in MDA-MB-231
cells. Moreover, relative to transfection of miR-26a/26b inhibi-
tors only, these cells exhibited further decreases in migration
and invasion abilities after cotransfection of sSiMALAT1 with
the miR-26a/26b inhibitors (Fig. SE-H).

In concert with the aforementioned experiments using
MDA-MB-231 cells, the effects of miR-26a/26b and MALAT1
were investigated in MCF-7 cells (Figs. 6A and B, S1B and C).
Transfection of MALATI1 or miR-26a/26b into MCF-7 cells
revealed that overexpression of miR-26a/26b suppressed
cell viability, migration, and invasion, whereas ectopically
expressed MALATI reversed these properties (Fig. 6C-H).
Collectively,our findings indicated that MALAT1 promoted the
progression of breast cancer through a miR-26a/26b/ST8SIA4
axis.

Discussion

Breast cancer carcinogenesis is a complex biological process
involving the contribution of different genomic mutations inter-
acting with various biological signaling networks. Mounting
evidence has indicated that the genesis of breast cancer involves
epigenetic modifications (e.g., DNA methylation), modulation
of tumor-susceptible genes (e.g., BRCAl and BRCA2), and
the dysregulation of IncRNAs, with tumorigenesis occur-
ring when the balance of oncogenes and anti-oncogenes are
altered (24,25). Consequently, in-depth investigations of
the underlying mechanisms promoting breast cancer could
provide valuable insights into novel diagnostic markers as well
as the identification of therapeutic targets. In the present study,
the functional effects of the IncRNA MALAT]1 were identified
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Figure 2. Overexpression of MALATI promotes the progression of MCF-7 cells, while silencing of MALAT] inhibits the progression of MDA-MB-231 cells.
(A) The growth curves based on CCK-8 assay data of MCF-7-overexpressed MALAT] cells were compared with those of control cells. (B) Immunofluorescence
staining of MCF-7 cells. Red fluorescence, MALAT1; DAPI was used to stain nuclear DNA. (C) The migration abilities of MCF-7-overexpressed MALAT1 and
control cells were compared based on wound healing assays. (D) The migration and invasion abilities of transfected MCF-7 cells were determined by Transwell
assays. (E) Growth curves of MDA-MB-231 siMALAT]1 cells based on CCK-8 assay data were compared with those of control cells. (F) Immunofluorescence
staining of MDA-MB-231 siMALATT1 cells. Red fluorescence, siMALAT1; DAPI was used to stain nuclear DNA. (G) The migration abilities of MDA-MB-231
siMALAT]I cells and control cells were compared based on wound healing assays. (H) The migration and invasion abilities of transfected MDA-MB-231
sIMALATI cells were determined by Transwell assays. "P<0.05. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; CCK-8, Cell Counting
Kit-8; si, small interfering.
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Figure 3. MALAT]I interacts with miR-26a/26b to regulate ST8SIA4 expression in MCF-7 and MDA-MB-231 cells. (A) There was a negative relationship
between the expression of MALAT1 and miR-26a or miR-26b expression (P<0.0001). (B) The expression of miR-26a and miR-26b was examined by RT-qPCR
in the MCF-7 cells. (C) The expression of miR-26a and miR-26b was examined by RT-qPCR in the MDA-MB-231 cells. (D) ST8SIA4 protein levels were
significantly increased with upregulation of MALATI in MCF-7 cells and decreased with knockdown of MALAT1 in MDA-MB-231 cells as revealed
by western blot analysis. "P<0.05. MALATI, metastasis-associated lung adenocarcinoma transcript 1; miR, microRNA; ST8SIA4, a-2,8-sialyltransferase;
RT-qPCR, reverse transcription-quantitative PCR; si, small interfering; SCR, scrambled.

and characterized in breast cancer progression, revealing a
novel mechanism by which MALATI regulated ST8SIA4
through miR-26a/26b.

Advances in sequencing technology along with careful
mechanistic analyses have revealed that numerous IncRNAs
participate in tissue homeostasis together with disease patho-
genesis by exerting regulatory effects on gene expression
at the transcriptional, post-transcriptional and epigenetic
levels (26). Numerous IncRNAs are aberrantly expressed
in tumors, and in specific cases these have been revealed to
exert powerful effects on cancer initiation, progression and
metastasis. For example, a study by Liu et al reported that the
IncRNA HOTAIR regulated colorectal cancer malignancy by
inducing c-Met sialylation and activating the JAK2/STAT?3
pathway (27). Studies performed by Guan et al in breast
cancer also indicated that IncRNA SNHG20 promoted cell
proliferation, invasion, and migration by regulating HER2
via miR-495 (28). Moreover, Gao et al reported that IncRNA
ATB/miR-200c/CDK2 signaling was responsible for intensi-
fied proliferation and restrained apoptosis of colorectal cancer
cells (29). Previous studies have revealed that MALATI1
exhibited a close association with breast cancer, but its precise
functions in breast cancer progression remain unclear (30,31).
Our study confirmed that MALATI1 was especially over-
expressed in breast cancer tissues with high MALATI1
expression being associated with metastasis and poor overall
survival. Interestingly, a recent research also revealed that
the MALAT1 expression in serum was increased in breast
cancer patients, while its levels became downregulated after
patients received breast-conserving surgery combined with
neo-adjuvant chemotherapy (32). It was also confirmed that
MALATI1 was overexpressed in breast cancer cell lines and
moreover, provided comprehensive evidence that MALAT1

increased the migration and invasion of breast cancer cells
in vitro. Therefore, consistent with the studies of Arun and
Spector (33), our results indicated MALAT]1 acted as an essen-
tial regulator of breast cancer progression.

Mounting evidence has indicated that IncRNAs act as
competing endogenous RNAs (ceRNAs) that regulate gene
expression by sponging compatible miRNAs. For example,
Li et al reported that MALATI1 contributed to glioma
autophagy and proliferation by sponging miR-101 (34).
Functional correlations between MALAT1 and miR-30a-5p
were also recorded in hepatocellular carcinoma, indicating
that MALAT]1 acted as an oncogenic IncRNA in HCC that
promoted cell migration and invasion (35). In the present
study, focus was placed on the relationship between MALATI
and miR-26a/26b in breast cancer. miR-26a and miR-26b are
members of the miR-26 family; they are transcribed from
three genomic loci, miR-26a-1, miR-26a-2 and miR-26b,
which reside in the introns of genes coding for the CTDSPL,
CTDSP2 and CTDSPI proteins, respectively (36). Previous
studies have noted that miR-26a/26b are tumor-suppressor
genes that considerably suppress the invasion process (37,38).
In this study, it was revealed that the expression of MALAT1
was negatively correlated with miR-26a/26b in breast
cancer tissues and that MALAT] could inhibit miR-26a/26b
expression. Furthermore, bioinformatics analysis highlighted
a possible interaction between these two molecules with FISH
assays demonstrating that MALAT1 and miR-26a/26b colocal-
ized in breast cancer cells. Further substantiating this theory,
luciferase reporter and RIP assays identified that MALAT1
acted as a molecular sponge for miR-26a/26b.

The malignant process of tumors is frequently accompanied
by changes in the structure and expression of oligosaccharide
proteins and glycolipids on the cell surface. It has been revealed
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Figure 4. MALATI acts as a molecular sponge for miR-26a/26b. (A) The predicted binding sites between MALAT1 and miR-26a. In addition, luciferase
activities were assessed to analyze the direct binding of MALAT1 and miR-26a. (B) The predicted binding sites between MALAT1 and miR-26b. Luciferase
activity was also assessed to analyze the direct binding of MALAT1 and miR-26b. (C) MALAT1 and miR-26a colocalization was detected by FISH assay in
MDA-MB-231 cells and MCF-7 cells. Red fluorescence, MALATI; green fluorescence, miR-26a; DAPI was used to stain nuclear DNA. (D) MALAT1 and
miR-26b colocalization were detected by FISH assay in MDA-MB-231 cells and MCF-7 cells. Red fluorescence, MALAT1; green fluorescence, miR-26b;
DAPI was used to stain nuclear DNA. (E) Coprecipitated RNA was detected by RIP assay. MALATI levels were presented as fold enrichment in the Ago2
pellet relative to the IgG immunoprecipitate. (F) Enrichment of miR-26a/26b was revealed by the RIP assay. “P<0.05. MALAT1, metastasis-associated lung
adenocarcinoma transcript 1; miR, microRNA; WT, wild-type; MUT, mutant; FISH, fluorescence in situ hybridization; RIP, RNA immunoprecipitation;

Ago, argonaute; IgG, immunoglobulin G.

that the expression of sialylated glycoconjugates are altered
during cell differentiation, disease progression and oncogenic
transformation (39). ST expression patterns are significantly
different between cancer and normal tissues (40). It was previ-
ously reported that STSSIA4 was upregulated in breast cancer
cells and tissues and acted to promote malignant progression
with evidence revealing that ST8SIA4 was a target gene of
miR-26a/26b (6). Extending the aforementioned work here,
a positive correlation was revealed between MALATI1 and
ST8SIA4 and functional evidence for their association was

provided. For example, it was demonstrated that MALAT1
silencing in miR-26a/26b-inhibited cells partially reversed
the increases in ST8SIA4 levels. Therefore, a ceRNA role of
MALATI appeared to be a reasonable hypothesis to explain
these results. In fact, the mechanism whereby MALATI1
acted as a molecular sponge for miR-26a/26b, suppressing
cell progression in breast cancer by targeting ST8SIA4, was
analyzed. Moreover, MALAT1 overexpression partially
rescued the suppression of cell proliferation, migration and
invasion induced by miR-26a/26b mimics. In summary, our
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Figure 5. MALAT1/miR-26a/26b/ST8SIA4 axis contributes to MDA-MB-231 cell viability, invasion, and migration in breast cancer. (A) The ST8SIA4 mRNA
level was analyzed with miR-26a/26b mimics or siMALAT]1 transfection. (B) ST8SIA4 protein levels were determined by western blotting. (C and D) Colony
formation and Ki67 assays revealed the altered proliferative ability of knockdown cells. (E and F) The migration abilities of the control and modified cells were
compared with wound healing assays. (G and H) The migration and invasion abilities were assessed by Transwell assays. "P<0.05. MALAT1, metastasis-associated
lung adenocarcinoma transcript 1; miR, microRNA; ST8SIA4, a-2,8-sialyltransferase; si, small interfering; SCR, scrambled; NC, negative control.

results demonstrated a crucial role for miR-26a/26b as a direct
target of MALAT] in regulating breast cancer progression with
clear evidence of crosstalk between MALAT1, miR-26a/26b
and ST8SIA4.

In conclusion, the present work revealed that MALAT1
was overexpressed in breast cancer where it functioned as

an oncogene. Notably, high MALATI expression in breast
cancer patient tissues was positively associated with tumor
metastasis and poor clinical outcomes. It was also estab-
lished that MALAT] acted as a ceRNA for miR-26a/26b in
breast cancer cells and the inhibition of miR-26a/26b thereby
weakened its inhibitory effects on ST8SIA4 expression. The
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present study identified a MALAT1/miR-26a/26b/ST8SIA4
axis which crucially contributed to the cell proliferation,
invasion and migration of breast cancer cells. This discovery
also provided new insights into the underlying mechanisms
regulated by MALAT1 in breast cancer and indicated that the
MALAT1/miR-26a/26b/ST8SIA4 axis holds great promise as

a new therapeutic target for breast cancer. However, IncRNA
MALATI1 and miR-26a/26b could, respectively, possess
targets of diverse miRNAs and mRNAs, and discovery of
multiple IncRNA/miRNA/genes may be conducive to thor-
ough suppression of breast cancer cells. This shortcoming of
the present study should be improved in the future.
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