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Non-coding RNAs play essential roles in breast cancer pro-
gression by regulating proliferation, differentiation, inva-
sion, and metastasis. However, our understanding of most
microRNAs (miRNAs) and long noncoding RNAs (lncRNAs)
in breast cancer is still limited. miR-586 has been identified
as an important factor in the progression of some types of
cancer, but its exact function and relative regulation mecha-
nisms in breast cancer development need to be further
investigated. In this study, we showed miR-586 functioned
as an oncogene by promoting breast cancer proliferation
and metastasis both in vitro and in vivo. Meanwhile, miR-
586 induced Wnt/b-catenin activation by directly targeting
Wnt/b-catenin signaling antagonists SFRP1 and DKK2/3.
Moreover, we demonstrated that LINC01189 functioned as
a tumor suppressor and inhibited breast cancer progression
through inhibiting an epithelial-mesenchymal transition
(EMT)-like phenotype by sponging miR-586. In addition,
b-catenin/TCF4 transactivated ZEB1, resulting in a tran-
scriptional repression of LINC01189 expression. In conclu-
sion, our data uncovered the LINC01189-miR-586-ZEB1
feedback loop and provided a novel mechanism participating
in the regulation of Wnt/b-catenin signaling in breast cancer
progression.
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INTRODUCTION
Breast cancer is the most frequent malignant tumor and 2nd leading
cause of cancer-associated mortality in females.1 Although diagnostic
and therapeutic improvements have prolonged the overall survival of
patients with breast cancer, recurrence and metastasis are still critical
challenges in breast cancer therapy.2,3 Thus, it is essential to compre-
hensively explore the molecular mechanisms and genetic signatures
underlying breast cancer tumorigenesis and progression, which can
contribute to developing early diagnostic methods and improve the
prognosis in patients with breast cancer.
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Metastasis is a hallmark of malignant tumors in which cancer cells
disseminate from primary tumor and form new colonies at distant
sites, experiencing an invasion-metastasis cascade through a multi-
step process, which includes growth of the primary tumor, local
invasion, dissemination and intravasation, extravasation into a new
microenvironment, and colonization in distant organs.4–8 Epithe-
lial-mesenchymal transition (EMT), an indispensable metastasis-
related process, endows cancer cells with migration and invasion abil-
ities that lead to cancer progression.9 It is known that Wnt/b-catenin
signaling is involved in multiple biological processes, including
embryonic development, tissue regeneration, organogenesis, hemato-
poiesis, proliferation, differentiation, and stem cell renewal.10,11

Dysregulation of the Wnt/b-catenin signaling pathway drives carci-
nogenesis and progression in all human cancers, including breast
cancer.12–14 Wnt/b-catenin signaling contributes to breast cancer
progression through inducing EMT and cancer cell stemness.15,16

As a Wnt-regulated cell adhesion molecule, E-cadherin is observed
to decrease during EMT. Three major EMT transcription factor fam-
ilies have been confirmed to repress E-cadherin expression, including
TWIST, SNAI, and ZEB.17 Among them, ZEB1 is almost inversely
associated with E-cadherin in all types of cancer.18,19 Although several
studies revealed a relationship between the regulation of ZEB1 and
the Wnt/b-catenin signaling pathway,20,21 the regulatory mechanism
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of ZEB1 in Wnt/b-catenin signaling still needs to be clarified during
breast cancer progression.

MicroRNAs (miRNAs), a class of non-coding RNAs having a length
of 18–23 nucleotides, were mainly directed to mRNAs for transla-
tional repression or degradation via binding to the 30 untranslated re-
gions (UTRs) of their target mRNA.22 Dysregulation of miRNAs is
closely correlated with tumorigenesis and progression in all human
cancers.23 miR-586 is located on chromosome 6p21.1 and was re-
ported to regulate the dentin sialophosphoprotein after transcription
during odontoblast differentiation.24 It has been identified as an
oncogene in osteosarcoma, by which knockdown of miR-586 can
inhibit tumor growth and metastasis.25,26 However, to the best of
our knowledge, the role of miR-586 in breast cancer progression is
still unknown.

Long non-coding RNAs (lncRNAs) are also a class of non-coding
RNAs with transcripts of >200 nucleotides in length. lncRNAs can
directly interact with proteins, DNA, and RNA to regulate protein
functions, induce chromatin remodeling and histone modification,
act as a scaffold, and modulate protein stability and DNA methyl-
ation.27 A broad spectrum of evidence demonstrates that aberrantly
expressed lncRNAs are associated with many types of human cancer
and can function as either oncogenes or tumor suppressors to exert
great influence on breast cancer development and progression.28,29

Long intergenic non-protein coding RNA 1189 (LINC01189) belongs
to intergenic lncRNAs originating from the region between protein-
coding gene FGF7P6 and CNTNAP3P5 located on chromosome
9q13. Although LINC01189 was reported to be a tumor suppressor
in hepatocellular carcinoma,30 the role of LINC01189 in other cancers
remains unclear. Meanwhile, the relationship between the regulation
of LINC01189 and the changes of the Wnt/b-catenin signaling
pathway also needs to be further explored.

In the current study,we aimed to investigate the biological function and
regulatory mechanism of miR-586 and LINC01189 in breast cancer
progression. We observed an increased miR-586 expression in breast
cancer, and its expression can predict prognosis in patients with breast
cancer. miR-586 contributed to breast cancer progression by targeting
Wnt antagonists DKK2/3 and SFRP1, inducing Wnt/b-catenin
signaling activation. In addition, LINC01189 suppressed breast cancer
progression by sponging miR-586, thereby leading to an inhibitory ef-
fect on Wnt/b-catenin signaling activation. Furthermore, ZEB1 tran-
scriptionally repressed LINC01189 expression and can be transacti-
vated by the b-catenin/TCF4 complex. Our data revealed the
existence of a feedback loop between ZEB1 andmiR-586 in the regula-
tion of Wnt/b-catenin signaling during breast cancer progression.

RESULTS
miR-586 functions as an oncogene in breast cancer progression

To explore the potential role of miR-586 in breast cancer progression,
we first examined miR-586 expression in seven human breast cancer
cell lines (MDA-MB-231, MDA-MB-468, BT549, SKBR3, BT474,
T47D, and MCF7) and a normal breast cell line (MCF10A) by quan-
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titative reverse-transcriptase polymerase chain reaction (qRT-PCR).
As shown in Figure 1A, the levels of miR-586 were significantly upre-
gulated in breast cancer cell lines compared to MCF10A. Similarly,
miR-586 expression levels were significantly higher in most of the
breast cancer specimens compared to paired adjacent normal breast
specimens (Figure 1B). Next, we analyzed the prognosis of patients
with breast cancer between different miR-586 expression levels by
KM-plotter and found that higher expression levels of miR-586
prominently correlated to greater overall decreased survival rate in
patients with breast cancer (Figure 1C).

Next, we investigated whether miR-586 depletion can influence breast
cancer progression. MDA-MB-231 was used to generate stable miR-
586-depleted cells (231-anti-586) and control cells (231-control) via
lentiviral infection (Figure 1D). Proliferation assays indicated that
downregulation of miR-586 can inhibit MDA-MB-231 cell viability
and colony formation ability in vitro by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Figure 1E) and colony
formation (Figure 1F), respectively. Moreover, Transwell (Figure 1G)
and wound-healing (Figure 1H) assays indicated that downregulation
of miR-586 can suppress MDA-MB-231 cell migration and invasion
abilities. Similar results were also observed in the experiments using
the BT549 cell line (Figure S1). To evaluate the effect of miR-586
expression on tumor growth and metastasis in vivo, 231-control
and 231-anti-586 cells were injected into mouse mammary fat pads
(Figure 1I) or tail vein (Figure 1J), respectively. Tumor growth and
metastasis were measured at 35 days post injection. As hypothesized,
we observed that orthotopic tumor volume and lung metastasis were
significantly decreased in the group of miR-586 downregulation
compared to those in the control group. Together, these results eluci-
dated that miR-586 serves as an oncogene in breast cancer.

miR-586 can induce Wnt/b-catenin signaling activation

To further explore the signaling pathways that miR-586 regulated, we
investigated the effects of miR-586 overexpression on NF-kB, TGF-b,
Wnt, Notch, and Hedgehog signaling activity. Overexpression of miR-
586 notably induced Wnt signaling activation in both MCF7 and
SKBR3 cell lines (Figure 2A). As accumulation of b-catenin in nucleus
is a hallmark of activatedWnt/b-catenin signaling,31 we examined the
effect of miR-586 expression on b-catenin nuclear translocation. As
shown in Figure 2B, nuclear b-catenin was increased inmiR-586-over-
expressed MCF7 and SKBR3 cell lines according to immunofluores-
cence analysis. In addition, analysis of cytoplasmic and nuclear ex-
tracts by western blot showed that miR-586 overexpression
significantly induced its nuclear translocation in both MCF7 and
SKBR3 cell lines (Figure 2C, upper panel). However, miR-586 overex-
pression did not alter the total b-catenin expression (Figure 2C, lower
panel). Correlation studies in 20 specimens from patients with breast
cancer showed that miR-586 expression levels were remarkably asso-
ciated with the expression of nuclear b-catenin (r = 0.408, p = 0.037;
Figure 2D). We next assessed the effect of miR-586 expression on
the interaction between b-catenin and TCF4, the most prominent
TCF-LEF in breast cancer. We observed that miR-586 overexpression
significantly enhanced the interaction between b-catenin and TCF4 in



Figure 1. miR-586 functioned as an oncogene in breast cancer

(A) qRT-PCR analysis of miR-586 expression in normal breast cell lineMCF10A and breast cancer lines. (B) qRT-PCR analysis of miR-586 expression in breast cancer and the

corresponding normal breast specimens. (C) The association between miR-586 expression and overall survival of patients with breast cancer analyzed by Kaplan-Meier. (D)

Knockdown efficiency of miR-586 in stable miR-586-depleted MDA-MB-231 cells determined by qRT-PCR. (E and F), MTT (E) and colony-formation (F) analyses of the

proliferation of the cells described in (D). (G) Transwell analysis measuring invasion ability of the cells described in (D). (H) Wound-healing assay measuring the migration ability

of the cells described in (D). (I) Tumor growth curves of subcutaneous tumor made of miR-586-depleted MDA-MB-231 or control cells at the indicated times and dissected

tumors photographed at the time of harvest. (J) Lung metastasis of mice injected with miR-586-depleted MDA-MB-231 or control cells via tail vein were evaluated by living

imaging and quantification plot. *p < 0.05.
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Figure 2. miR-586 induced Wnt/b-catenin signaling activation in breast cancer

(A) Luciferase analysis of TGF-b, NF-kB,Wnt, Notch, and Hedgehog signaling activity in the indicated cells. (B) Effect of miR-586 on the nuclear localization of b-catenin in the

indicated cells, as determined by immunofluorescence staining. (C) Subcellular fractionation and subsequent western blot assays were performed to reveal the effect of miR-

586 on the subcellular distribution of b-catenin in the indicated cells. (D) Immunohistochemical staining analysis expression level of b-catenin in breast cancer tissues with high

or low miR-586 expression. The correlation between expression of miR-586 and nuclear localization shown with percentage of specimens. (E) The effect of miR-586 on the

interactions of b-catenin with TCF4 in the indicated cells, as determined by IP. *p < 0.05.
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bothMCF7 and SKBR3 cell linesby immunoprecipitation (IP) analysis
(Figure 2E). Together, these data showed that miR-586 can induce
Wnt/b-catenin signaling activation in breast cancer.

miR-586 can suppress multiple Wnt/b-catenin signaling

antagonists

To elucidate the mechanisms underlying the regulation of miR-586
on Wnt/b-catenin signaling, we predicted the potential target mol-
ecules of miR-586 by using TargetScan. We found several antago-
nists of the Wnt/b-catenin signaling pathway, including SFRP1,
DKK2/3, WIF1, NKD1, RPRD1A, and APC, were potential targets
of miR-586 (Figure 3A). We next examined the expression of these
antagonists by qRT-PCR and found that the expression of SFRP1,
DKK2/3, and WIF1 were downregulated in miR-586-overexpressed
458 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
MCF7 and SKBR3 cells (Figure 3B). However, miR-586 only specif-
ically associated with SFRP1 and DKK2/3 in both MCF7 and
SKBR3 cell lines according to micro ribonucleoprotein (miRNP)
immunoprecipitation analysis (Figure 3C). miR-586 overexpression
significantly decreased the luciferase activities driven by the 30 UTRs
of these transcripts (Figure 3D). We also found that the expression
levels of SFRP1 and DKK2/3 were both decreased in miR-586-
overexpressed MCF7 and SKBR3 cells and were both increased
in miR-586-depleted MDA-MB-231 and BT549 cells (Figure 3E).
Furthermore, individual overexpression of SFRP1 and DKK2/3
prominently repressed Wnt/b-catenin signaling activity in miR-
586-overexpressed cells (Figure 3F). Overall, these results indicated
that miR-586 can suppress multiple Wnt/b-catenin signaling
antagonists.



Figure 3. miR-586 suppressed multiple Wnt/

b-catenin signaling antagonists

(A) The potential target gene of miR-586 predicted by

TargetScan. (B) Expression of SFRP1, DKK2/3, WIF1,

NKD1, RPRD1A, and APC in stable miR-586-overex-

pressed MCF7 and SKBR3, as well as the control cells by

qRT-PCR. (C) miRNP immunoprecipitation analysis of the

interaction between SFRP1, DKK2/3, and WIF1 mRNA

and miRNP complexes following immunoprecipitation

with Ago2. (D) Dual-luciferase reporter analysis was used

to verify SFRP1 and DKK2/3 as the miR-586 targets. A 30

UTR region containing the predicted miR-586 target site

of SFRP1 or DKK2/3 and SFRP1 or DKK2/3 mutated re-

porter plasmids were constructed. The constructs were

transfected into 293FT cells with or without miR-586

mimics, and the luciferase activity was measured at

48 h after transfection. (E) Western blot analysis of the

expression levels of SFRP1 or DKK2/3 in miR-586-over-

expressed MCF7 and SKBR3 or miR-586-depleted MDA-

MB-231 and BT549 cells, as well as in control cells. (F)

Dual-luciferase analysis of TCF/LEF transcriptional activity

in SFRP1- or DKK2/3-expressing cells. *p < 0.05.
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LINC01189 acted as a sponge for miR-586

Accumulating evidence indicates that lncRNAs could serve as
competing endogenous RNAs (ceRNAs) by sponging miRNAs to
relieve the repression of their target genes. We observed several po-
tential lncRNAs had putative binding sites to miR-586 by DIANA-
LncBase, including LINC01189, MAGI2-AS3, MIR4313, SOX2-OT,
etc. (Figure 4A). We chose LINC01189 to test the association between
LINC01189 and miR-586 based on the binding score (Figure 4B). To
confirm whether LINC01189 can regulate miR-586 by ceRNA, we
first assessed the subcellular localization of LINC01189. The results
showed that LINC01189 mainly expressed in the cytoplasm in
SKBR3 cells by fluorescence in situ hybridization (FISH) (Figure 4C)
and qRT-PCR (Figure 4D). To further confirm whether miR-586 can
bind to the LINC01189, we constructed the wild-type (LINC-wt) and
miR-586 binding site mutant type (LINC-mut) LINC01189 luciferase
reporters (Figure 4B) and then transfected them into 293FT cells with
miR-586 or the corresponding control. The luciferase activity of
LINC-wt, but not the LINC-mut, in miR-586-overexpressed 293FT
cells was significantly reduced compared to that in control cells (Fig-
ure 4E). Additionally, an RNA immunoprecipitation assay indicated
that LINC01189 and miR-586 were enriched in AGO-containing
complexes, suggesting that both LINC01189 and miR-586 bound
to AGO2 in breast cancer cells (Figure 4F). We next analyzed
LINC01189 expression in human breast cancer cell lines and the
MCF10A cell line by qRT-PCR. We observed that a dramatically
higher expression level of LINC01189 was found in the MCF10A
Molecular Therap
cell line, which was oppositely related to the
miR-586 expression (Figures 4G and 1A).
The expression of miR-586 was significantly
decreased in LINC01189-overexpressed MCF7
and SKBR3 cells (Figure 4H). Finally, correla-
tion analysis revealed that LINC01189 expression was negatively
associated with miR-586 expression in 20 specimens of breast cancer
tissues (Figure 4I). Collectively, these data showed that LINC01189
can function as a molecular sponge of miR-586 in breast cancer.

LINC01189 suppressed breast cancer progression

We next investigated the role of LINC01189 in breast cancer progres-
sion.We established the stable LINC01189-overexpressedMDA-MB-
231 cells and control cells via lentiviral infection (Figure 5A). Both
MTT and colony-formation assays showed that LINC01189 overex-
pression inhibited MDA-MB-231 cell proliferation in vitro (Figures
5B and 5C). Moreover, the Transwell (Figure 5D) and wound-healing
(Figure 5E) assays indicated that overexpression of LINC01189 sup-
pressed MDA-MB-231 cell migration and invasion. To examine the
effect of LINC01189 expression on breast cancer progression in vivo,
231-LINC01189 and 231-control cells were injected into the mam-
mary fat pads (Figure 5F) or the tail vein (Figure 5G) of severe com-
bined immunodeficiency (SCID) mice. Tumor growth and metastasis
were measured 35 days post injection. As hypothesized, we observed
that tumor volume and lung metastasis were significantly reduced
when LINC01189 was overexpressed compared to those in control
cells (Figures 5F and 5G). We next compared the recurrence-free sur-
vival in patients with breast cancer at different LINC01189 expression
levels and found that patients with high LINC01189 expression had a
more favorable prognosis than those with low LINC01189 expression
levels (Figure 5H).
y: Nucleic Acids Vol. 25 September 2021 459
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Figure 4. LINC01189 acted as a sponge for miR-586

in cytoplasm

(A) DIANA-LncBase predicted the lncRNAs that sponge

miR-586. (B) The predicted binding site of miR-586 with

LINC01189. (C) Subcellular localization of LINC01189

(green) in SKBR3 cells by FISH analysis. DAPI was used to

stain nuclei. (D) Relative LINC01189 expression levels in

nuclear and cytosolic fractions of SKBR3 cells. U6 acted

as nuclear control; GAPDH acted as cytosolic control. (E)

The interaction between miR-586 and LINC01189 was

validated by dual-luciferase reporter. (F) RNA immuno-

precipitation analysis of endogenous AGO2 binding to

RNA in SKBR3 cells; IgG acted as the negative control.

The expression levels of LINC01189 and miR-586 were

detected by qRT-PCR, and the results were shown with

fold enrichment in AGO2 relative to input. (G) qRT-PCR

analysis of LINC01189 expression in normal breast cell

line and breast cancer cell lines. (H) Expression of miR-

586 in LINC01189-overexpressed MCF7 and SKBR3, as

well as the control cells, by qRT-PCR. (I) The correlation

between miR-586 and LINC01189 expression analyzed in

20 cases of breast cancer specimens. *p < 0.05.
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To elucidate the role of LINC01189 on cancer cell EMT phenotype,
we further investigated the morphological changes and vimentin
expression using LINC01189-overexpressed MDA-MB-231. We
observed that LINC01189-overexpressed MDA-MB-231 cells ex-
hibited a cobblestone-like morphology, whereas 231-control cells
retained their spindle-shaped and fibroblast-like morphology (Fig-
ure 5I). Furthermore, the expression of epithelial marker E-cadherin
was raised, whereas the expression of mesenchymal marker vimentin
was reduced in LINC01189-pverexpressing MDA-MB-231 cells by
western blot (Figure 5J) and immunofluorescence (Figure 5K).
Immunohistochemical staining further identified the downregulation
of vimentin and upregulation of E-cadherin in tumors from 231-
LINC01189 mice compared with those from 231-control mice (Fig-
ure 5L). Next, we transfected small interfering RNAs (siRNAs) target-
ing LINC01189 in SKBR3 cells with or without miR-586 inhibitor,
and the LINC01189 or miR-586 knockdown efficiencies were
confirmed by qRT-PCR (Figures S2A and S2B). We observed that
knockdown of miR-586 eliminates LINC0065 depletion-induced
breast cancer progression (Figures S2C–S2F) and EMT phenotype
(Figure S2G). Together, these results suggested that LIN01189 can
suppress breast cancer progression by regulation of miR-586.

ZEB1 transcriptionally repressed LINC01189 expression

EMT is mainly regulated by multiple transcription factors, including
ZEB1/2, SNAI1/2, TWIST1/2, SOX4, and FOXQ1. We investigated
whether these transcription factors can regulate LINC01189 expres-
sion. The expression of LINC01189 was downregulated inMCF7 cells
overexpressing TWIST1, SNAI1, and ZEB1 compared with that in
control cells by qRT-PCR (Figure 6A). Previous studies indicated
460 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
that these EMT-related transcription factors can mutually regulate
each other. To confirm the direct transcription factors that regulated
LINC01189 expression, we conducted three groups of experiments.
One of the three transcription factors was downregulated by corre-
sponding siRNA, and one of the other two transcription factors was
upregulated by overexpression plasmid. Results showed that the
expression of LINC01189 was not affected by SNAI1 or TWIST1 in
ZEB1-silenced cells (Figure 6B). We next analyzed the sequence of
the LINC01189 promoter region and, as hypothesized, found a
ZEB1 binding site on the LINC01189 promoter region (Figure 6C).
Chromatin immunoprecipitation (ChIP) was used to immunoprecip-
itate ZEB1 or HA in MDA-MB-231 or MCF7 cells expressing HA-
tagged ZEB1 and used primers to amplify the potential binding site
of the LINC01189 promoter region. The occupancy by ZEB1 was
detected in the LINC01189 promoter region in MDA-MB-231 and
ZEB1-overexpressed MCF7 cells (Figure 6D). To further examine
whether ZEB1 regulates LINC01189 promoter activity, we transfected
the LINC01189 promoter luciferase reporter plasmid into 293FT cells
with ZEB1 or the corresponding control. We observed a decreased
luciferase activity after ZEB1 overexpression (Figure 6E). We next
constructed a mutant clone on which the ZEB1 binding site was
mutated from TCACACCTG to TAAAAAATG and used it to trans-
fect the 293FT cells. We observed that this mutant exhibited no
altered luciferase activity after transfection with ZEB1 (Figure 6E).
Moreover, the correlation studies in 20 specimens of breast cancer
tissues showed that LINC01189 expression levels were significantly
associated with the expression of ZEB1 (r = �0.800, p < 0.001;
Figure 6F). These findings indicated that ZEB1 transcriptionally
repressed LINC01189 expression.



Figure 5. LIN01189 suppressed breast cancer

progression

(A) Relative expression of LINC01189 in stable

LINC01189-expressing MDA-MB-231 cells compared

with the control cells determined by qRT-PCR. (B and C)

MTT (B) and colony-formation (C) analyses of the prolif-

eration of cells described in (A). (D) Transwell analysis of

the invasion of cells described in (A). (E) wound-healing

analysis of themigration of cells described in (A). (F) Tumor

growth curves for subcutaneous tumor made of

LINC01189-expressing MDA-MB-231 or control cells at

the indicated times, and dissected tumors photographed

at the time of harvest. (G) Bioluminescent imaging and

quantification plot of mice harboring lung metastases after

tail vein injection of LINC01189-expressing MDA-MB-231

or control cells. (H) Kaplan-Meier analysis of the recur-

rence-free survival of patients with different LINC01189

expression levels. (I) Morphology of cells as in (A). (J)

Western blot was used to detect the expression of

epithelial marker E-cadherin and mesenchymal marker

vimentin in the cells described in (A). (K) The expression

levels of epithelial marker E-cadherin and mesenchymal

marker vimentin in the cells as in (A) were detected by

immunofluorescence. (L) Immunohistochemical staining

was performed to detect the expression of epithelial

marker E-cadherin and mesenchymal marker vimentin

in LINC01189-expressing MDA-MB-231 and control

subcutaneous tumors. *p < 0.05.
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b-catenin/TCF4 transactivates ZEB1 expression

The above results drove us to investigate the relationship between
ZEB1 and b-catenin/TCF4. We first determined the expression of
ZEB1 and nuclear b-catenin by immunohistochemical staining and
observed that the expression of nuclear b-catenin was significantly
associated with ZEB1 expression levels (r = 0.612, p = 0.002; Fig-
ure 7A). We next analyzed the promoter sequence of ZEB1 and found
a binding site of TCF4 in breast cancer on the ZEB1 promoter region
(Figure 7B). We then used ChIP assay to immunoprecipitate TCF4 or
b-catenin in MDA-MB-231 and found the occupancy by TCF4 or
b-catenin was detected in theZEB1 promoter region in MDA-MB-
231 (Figure 7C, left panel). Furthermore, the occupancy by b-catenin
was observed in the ZEB1 promoter region in TCF4-overexpressed
Molecular Therap
MCF7 cells, but not in TCF4-depleted MCF7
cells (Figure 7C, left panel). Overexpression of
TCF4 and b-catenin enhanced the ZEB1 pro-
moter transcriptional activity, whereas deple-
tion of TCF4 abolished the b-catenin-induced
transcription in 293FT cells (Figure 7D, left
panel). This effect, however, was not found
in TCF4-binding site mutated ZEB1 promoter
luciferase reporter (Figure 7D, right panel).
The expression of ZEB1 was significantly
reduced in TCF4- or b-catenin-depleted
MDA-MB-231 cells and upregulated in
TCF4- or b-catenin-overexpressed MCF7 cells
compared with those in control cells by qRT-
PCR (Figure 7E) and western blot (Figure 7F). Leptomycin B, an
inhibitor of nuclear export, triggers a shift of b-catenin from cell cyto-
plasm to the nucleus.32 Accumulation of nuclear b-catenin in MCF7
cells significantly induced ZEB1 expression at both mRNA and
protein levels by qRT-PCR and western blot (Figure 7G). Altogether,
our results indicated that b-catenin/TCF4 can transactivate ZEB1
expression.

DISCUSSION
In this study, we aimed to comprehensively explore the effect of miR-
586 on breast cancer progression.We demonstrated that miR-586 can
contribute to breast cancer progression and correlate with outcome
in patients with breast cancer. miR-586 induced Wnt/b-catenin
y: Nucleic Acids Vol. 25 September 2021 461
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Figure 6. ZEB1 transcriptionally repressed LINC01189 expression

(A) Expression of LINC01189 in MCF7 cells transfected with indicated EMT-related transcription factors, as well as the control cells, by qRT-PCR. (B) qRT-PCR analysis of

expression of LINC01189 in indicated MDA-MB-231 cells. (C) Schematic depiction of the LINC01189 promoter. A potential ZEB1 binding site was located on the LINC01189

promoter region. (D) ChIP assay was used to validate interaction between ZEB1 and the LINC01189 promoter region in MDA-MB-231 or ZEB1-overexpressed MCF7 cells.

(E) Dual-luciferase reporter analysis of LINC01189 promoter activity in 293FT cells transfected with or without ZEB1. The reporter plasmids of a fragment containing the

predicted ZEB1 binding site and the mutated ZEB1 binding site fused upstream of the Luc gene were constructed. (F) Immunohistochemical staining of ZEB1 in breast

cancer tissues with high or low LINC01189 expression. *p < 0.05.
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signaling activation by targeting Wnt/b-catenin signaling antagonists
SFRP1 and DKK2/3. In terms of the biological mechanisms, we found
that LINC01189 inhibited breast cancer progression and EMT by
sponging miR-586. Furthermore, the b-catenin/TCF4 complex trans-
activated the ZEB1 expression, resulting in transcriptional repression
of LINC01189. Overall, our results revealed a novel feedback loop be-
tween ZEB1, miR-586, and LINC01189 in regulation of Wnt/b-cate-
nin signaling in breast cancer progression.

Dysregulation of miRNAs has been linked to development and pro-
gression in numerous cancers of humans.33,34 Although miR-586
has been identified as an oncogene in osteosarcoma, and knockdown
of miR-586 can inhibit cell proliferation and invasion in vitro,26 the
role of miR-586 in other types of cancer still remains unclear. Here
we demonstrated that miR-586 is an oncogenic miRNA in breast can-
cer progression, and depletion of miR-586 suppressed breast cancer
proliferation and metastasis both in vitro and in vivo. Aberrant
activation of Wnt/b-catenin signaling is associated with multiple
biological processes in cancer progression, including proliferation,
apoptosis, migration, invasion, EMT, and cancer cell stemness.35,36

Since inhibition of Wnt antagonists is important for Wnt/b-catenin
signaling activation, it might be possible that miRNAs activate
Wnt/b-catenin signaling by targeting multiple Wnt antagonists at
the post-transcriptional level.15,37,38 Our findings showed that miR-
586 overexpression caused repression of Wnt antagonists DDK2/3
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and SFRP1 and resulted in the stimulation of activity of Wnt/b-cate-
nin activation, resulting in breast cancer progression.

As another class of non-coding RNAs, increasing evidence suggests
that lncRNAs sponge specific miRNAs and therefore protect their
target mRNAs from repression, named ceRNAs. The lncRNA-
miRNA-mRNA network has been identified to widely participate
during cancer initiation and progression.39 Previous study indi-
cates that LINC01189 downregulation is associated with hepatitis
C virus infection in hepatocellular carcinoma and functions as a
tumor suppressor by sponging miR-155-5p.30 Consistent with their
work, we provided evidence that LINC01189 functioned as a tu-
mor suppressor in breast cancer, and its overexpression suppressed
the EMT-like phenotype, resulting in an inhibition of breast
cancer progression. Furthermore, LINC01189 was mainly ex-
pressed in the cytoplasm and served as a ceRNA to sponge miR-
586, suggesting that LINC01189 suppresses breast cancer progres-
sion through inhibition of Wnt/b-catenin signaling by sponging
miR-586.

ZEB1, a member of the zinc finger homeodomain transcription factor
family, is a key inducer of EMT and is involved in regulation of DNA
damage, cancer cell differentiation, and metastasis.40 Aberrant
expression of ZEB1 has been observed in a variety of types of human
cancers, including breast cancer. Moreover, ZEB1 expression is



Figure 7. b-catenin/TCF4 transactivated ZEB1 expression

(A) Immunohistochemical staining of b-catenin in breast cancer tissues with high or low ZEB1 expression. Percentage of specimens representing high or low ZEB1

expression in relation to nuclear localization of b-catenin. (B) Schematic depiction of the ZEB1 promoter. A potential TCF4 binding site was located on the ZEB1 promoter

region. (C) ChIP assay was performed to verify the interaction between TCF4/b-catenin and the ZEB1 promoter region in indicated MDA-MB-231 or MCF7 cells. (D) Dual-

luciferase reporter analysis of ZEB1 promoter activity in indicated 293FT cells. A fragment containing the predicted TCF4 binding site and the mutated TCF4 binding site was

fused upstream of the Luc gene. (E and F) Expression of ZEB1 in TCF4- or b-catenin-depletedMDA-MB-231 cells and TCF4- or b-catenin-overexpressedMCF7 cells, as well

as the control cells by qRT-PCR (E) or western blot (F). (G) Expression of ZEB1 in MCF7 cells after treatment with leptomycin B at the indicated times detected by qRT-PCR

and western blot. *p < 0.05.
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associated with advanced breast cancer, which indicates the relation-
ship between ZEB1 induction of EMT and breast cancer progres-
sion.41 Here, we found that ZEB1 functions as a transcriptional
repressor, which downregulates LINC01189 expression by directly
binding on the LINC01189 promoter. ZEB1 expression is regulated
by multiple signaling pathways triggering an EMT.40 In this study,
we reported that ZEB1 was directly transactivated by the b-catenin/
TCF4 complex, suggesting that ZEB1 was regulated byWnt/b-catenin
signaling and acted as an effector of this signaling in regulating down-
stream genes associated with breast cancer progression.
Conclusions

In conclusion, we reported that the LINC01189-miR-586-ZEB1 feed-
back loop was involved in regulation of Wnt/b-catenin signaling in
breast cancer progression (Figure 8). Since Wnt/b-catenin signaling
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Figure 8. Schematic illustration of miR-586-ZEB1 feedback loop in

regulating Wnt/b-catenin signaling during breast cancer progression
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plays a pivotal role in cancer development and progression, miR-586
will be a promising target for cancer therapeutics.

MATERIALS AND METHODS
Cell culture and clinical specimens

The T47D, BT474, MCF7, BT549, MDA-MB-468, MDA-MB-231,
SKBR3, MCF10A, and 293FT cell lines obtained from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China) were cultured
at 37�C in 5% CO2 as previously described.

42

Tissue samples were obtained from Tianjin Medical University Can-
cer Institute and Hospital (TMUCIH). 20 cases of breast cancer and
the paired normal tissue were included in this study, and related ex-
periments were conducted under the methodology as previously
described.43 This study was approved by the Institutional Review
Board of TMUCIH, and all participants signed written informed
consent.

Plasmids, miRNAs, and siRNAs

Full-length cDNAs of human LINC01189 and ZEB1 were synthe-
sized and cloned into pcDNA3.0 expression vector (Life Technolo-
gies). The miR-586 mimic/inhibitor, siRNAs, and the corresponding
controls were purchased from RiboBio (China) and are listed in Ta-
ble S1. For the promoter luciferase reporter assay, the promoter re-
gions of LINC01189 (�2,500 to +1) or ZEB1 (�1,000 to +1) and the
promoter region with mutated ZEB1 or TCF4 binding site were syn-
thesized and cloned into pGL3-basic luciferase reporter (Promega).
For miRNA target gene luciferase reporter assays, target sequences
containing predicted miRNA binding sites or corresponding mu-
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tants were synthesized and cloned into the psiCHEK2 luciferase
vector.

qRT-PCR

Total RNA was isolated from tissues or cells by using mirVana
miRNA Isolation Kit (Life Technologies, Grand Island, NY, USA)
or TRIzol Reagent (Life Technologies) according to the standard pro-
tocol. For miRNA, reverse transcriptions were performed using the
TaqMan miRNA Reverse Transcription Kit (Life Technologies),
and the cDNA amplification was performed using the TaqMan
miRNA Assay Kit (Life Technologies) according to the manufac-
turer’s instructions. The expression of mRNA was determined using
the GoTaq qPCR Master Mix (Promega, Madison, WI, USA).
GAPDH and U6 were used as the endogenous control. Gene expres-
sion fold changes were assessed using the 2�DCt method. The primers
used are listed in Table S2. Themedian value was chosen as the cut-off
value to categorize the samples as high and low miR-586 expression.

Transfection and generation of stable expressed cell lines

All transient transfections were performed using FuGENE HD
Transfection Reagent (Promega) according to the instructions. To
construct stable cell lines, cells were transfected with specific lentivi-
ruses (RiboBio) for 48 h according to the instructions. Puromycin
(2 mg/mL) was used to select the infected cells for 1 week.

MTT and colony-formation assays

For MTT assay, cells were seeded in 96-well plates (2 � 103 per well)
after transfection for 48 h. Each well was incubated with 10 mL MTT
for 4 h. Then, the medium was discarded, and the crystal violet was
dissolved in 150 mL DMSO before the detection of absorbance at
570 nm using a micro-plate reader (Bio-Rad, Richmond, CA, USA).
Cell viabilities were observed at indicated times.

For colony-formation assay, 500 cells were seeded in 6-well plates. Af-
ter incubation at 37�C about 3 weeks, the colonies were fixed with 4%
paraformaldehyde (PFA) for 30 min at room temperature and stained
with 0.2% crystal violet for 15 min. The number of visible colonies
were counted via Adobe Photoshop (version 2020).

Invasion assay

Matrigel-coated Transwell (BD Biosciences, San Diego, CA, USA)
was used to evaluate the breast cancer cell invasion abilities in vitro.
Briefly, 8 � 104 cells were seeded in the upper chamber with normal
medium, and the lower chamber contained culture medium with 20%
fetal bovine serum (Life Technologies). After being cultured at 37�C
for 16�24 h, cells in the upper chamber were fixed and dyed using
three-step set (Thermo Scientific, Waltham, MA, USA). The invasive
cells per field were photographed using an inverted microscope imag-
ing system (Olympus). The number of invasive cells was calculated
using Adobe Photoshop (version 2020).

Wound-healing assay

Cells were cultured and grown to 90% confluence in 6-well plates and
then cultured overnight in serum-free medium. The cell wound was
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drawn by a 10 mL pipette tip in a straight line. After washed with PBS,
wound healing images were taken immediately via an inverted micro-
scope imaging system (Olympus). Then cells were cultured in me-
dium containing 1% FBS for 24 h. The 24 h images were taken in
the same way.

RNA FISH

FISH analysis was carried out using Fluorescent in situHybridization
Kit (RiboBio) according to the instructions. Cells were washed with
PBS three times and fixed in 4% PFA for 15 min. Then cells were per-
meabilized in ice-cold PBS containing 0.5% Triton X-100 for 30 min.
After pre-hybridized in pre-hybridization buffer (Life Technologies)
at 55�C for 30 min, hybridization was performed using fluores-
cence-conjugated LINC01189 probes (RiboBio) in a humidified
chamber at 37�C overnight. The next day, the cells were incubated
with 40,6-diamidino-2-phenylindole (DAPI) for 15 min at room tem-
perature. After washing with PBS three times, cells were imaged using
a Zeiss fluorescence microscope (Germany). Probe information is
listed in Table S3.

Immunofluorescence

Cells were seeded onto glass coverslips in 24-well plates and cultured
overnight at 37�C with 5% CO2. The next day, cells were washed with
PBS three times and fixed in 4% formaldehyde solution for 30 min.
Then cells were permeabilized in ice-cold PBS containing 0.5% Triton
X-100 for 15 min. After that, cells were blocked with 3% BSA for 1 h
and were incubated with primary antibodies for 3 h, followed by
incubation with tetramethylrhodamine-isothiocyanate (TRITC)- or
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies
for 1 h at room temperature. DAPI was used to determine nuclear
stain. Finally, coverslips were observed and imaged using a Zeiss fluo-
rescence microscope.

ChIP-qPCR analysis

ChIP-qPCR analysis was carried out according to the manufacturer’s
recommendations (Millipore, Bedford, MA, USA) using anti-ZEB1,
anti-TCF4, anti-b-catenin, or an isotype control as previously
described.44 Immunoprecipitated DNA was analyzed by qPCR using
primers corresponding to the specific region (Table S3), and results
were expressed as percentage of input.

Dual-luciferase reporter assay

293FT cells (5� 104 per well) were seeded in 12-well plates. 200 ng of
the indicated firefly luciferase reporter plasmid, 200 ng of expression
plasmid, 50 nM siRNAs or miRNAs, and 20 ng of Renilla reporter
were transfected into cells with FuGENEHD for 48 h. pRL-TK Renilla
reporter was used as a normalization control. The luciferase activities
were determined using Luciferase assay system (Promega) according
to the instructions.

Western blot

Cells were lysed in RIPA buffer containing 1 mM PMSF (Solarbio,
Beijing, China). NE-PER Nuclear and Cytoplasmic Extraction Re-
agents (Thermo Fisher Scientific) were used for the nuclear and cyto-
plasmic extraction according to the instructions. The protein concen-
tration was measured using BCA Protein Assay Kit (Thermo Fisher
Scientific). Protein samples were boiled and then were separated on
8%–10% SDS-PAGE gels, followed by transfer on polyvinylidene
fluoride (PVDF) membranes (Millipore). The membranes were
blocked for 1 h in 5% (w/v) skimmed milk at room temperature
and incubated at 4�Cwith primary antibody overnight. After washing
with TBS-T three times, the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody for 1 h at
room temperature. Blots were visualized with enhanced chemilumi-
nescence (ECL) reagent (Millipore).

Immunoprecipitation

Cells were lysed in RIPA buffer containing 1 mM PMSF. 1 mg of the
cell lysate was incubated at 4�Cwith primary antibody overnight. The
immunoprecipitated proteins were collected using protein A/protein
G agarose beads (Santa Cruz, Santa Cruz, CA, USA), washed, and
resuspended in immunoprecipitation buffer (50 mmol/L Tris-Cl
[pH 7.9], 50 mM NaCl, 0.1 mMEDTA). The boiled samples were de-
tected by western blot as preciously described.

Immunohistochemistry

The breast cancer tissues or tumors of mice were formalin fixed and
embedded in paraffin. The thick consecutive sections (4 mm) were ob-
tained by using a rotatory microtome. After deparaffinization, hydra-
tion, antigen retrieval, and endogenous peroxidase blocking, each
slide was incubated with specific primary antibody overnight at 4�C
and then incubated with HRP-conjugated secondary antibody for
1 h at room temperature. Diaminobenzidine was added for colora-
tion. The slides were counterstained with hematoxylin and visualized
under an inverted microscope imaging system (Olympus). Two pa-
thologists evaluated the expression of b-catenin, E-cadherin, vimen-
tin, and ZEB1 in a blinded manner. The staining intensity of positive
tumor cells was scored with 4 scales: 0 (no staining), 1 (weak staining),
2 (moderate staining), and 3 (strong staining). The percentage of
positively stained tumor cells was scored as 0 (<10%), 1 (10%–
25%), 2 (26%–50%), 3 (51%–75%), or 4 (>75%). The total immuno-
staining score was the multiplier of staining intensity and positive
percentage, with a range from 0 to 12. A final staining score R4
was considered the high expression. For the staining results of b-cat-
enin, nuclear and membranous immunostaining signals were evalu-
ated independently. More than 10% of the tumor cells with nuclear
staining were judged as a positive nuclear expression. Either no stain-
ing on the membrane or less than 10% of the tumor cells with mem-
branous staining were considered as an abnormal membranous
expression.

Xenograft

1� 107 cells were inoculated subcutaneously into female NOD/SCID/
IL2 receptor g null (NSG) mice (4–6 weeks). The size of the tumor
was measured with electronic vernier caliper every 5 days. Tumor
volume was calculated by the following formula: tumor volume =
(width � length)2/2. All the animals were executed after 35 days,
and terminal volume and weight of tumor tissues were measured.
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NSG mice were injected with breast cancer cells (5 � 105 cells) at the
lateral tail vein. The formation of metastasis was assessed every 7 days
by bioluminescence imaging using in vivo bioluminescence imaging
(Xenogen, Caliper Life Sciences, Hopkinton, MA, USA). All animal
experiments were approved by the Animal Ethics Committee of
TMUCIH and were performed according to the animal welfare guide-
lines in cancer research.

Statistical analysis

Data are shown as the mean with standard error. The one-way
ANOVA or Student’s t test was used to determine differences between
groups. p value < 0.05 was considered statistically significant, and cal-
culations were performed with Statistical Package for Social Science
(SPSS for Windows, version 22; SPSS, Chicago, IL, USA).

SUPPLEMENTAL INFORMATION
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