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Simple Summary: The C-X-C motif chemokine receptor 4 (CXCR4) is overexpressed in various
cancer stem/progenitor cells via activation of the epithelial-mesenchymal transition (EMT) program
to facilitate tumor cell aggressiveness in the premetastatic niche. Through miRNAs microarray and
bioinformatics analysis, we confirmed that miR-139 directly interacted with the 3’-untranslated region
(3’-UTR) of CXCR4. Overexpression of miR-139 down-modulated CXCR4/p-Akt axis to attenuate
invasion and migration of human breast cancer stem cells both in vitro and in vivo. Furthermore,
miR-139 expression assessed by quantitative real-time PCR (qRT-PCR) in laser capture microdissected
tumor samples significantly correlated with more advanced tumors in patients with breast cancer. Our
findings provide support to account for the preferential role of miR-139 in interrupting breast cancer
progression, identifying miR-139 as a potential biomarker in prediction of breast cancer invasiveness.

Abstract: Elevated expression of C-X-C motif chemokine receptor 4 (CXCR4) correlates with chemotaxis,
invasion, and cancer stem cell (CSC) properties within several solid-tumor malignancies. Recent studies
reported that microRNA (miRNA) modulates the stemness of embryonic stem cells. We aimed to
investigate the role of miRNA, via CXCR4-modulation, on CSC properties in breast cancer using cell lines
and xenotransplantation mouse model and evaluated miR-193 levels in 191 patients with invasive ductal
carcinoma. We validated miR-139 directly targets the 3'-untranslated region of CXCR4. Hoechst 33342
fluorescence-activated cell sorting (FACS) and sphere-forming assay were used to identify CSCs. MiR-139
suppressed breast CSCs with mesenchymal traits; led to decreased migration and invasion abilities through
down-regulating CXCR4/p-Akt signaling. In lung cancer xenograft model of nude mice transplanted
with human miR-139-carrying MDA-MB-231 cells, metastatic lung nodules were suppressed. Clinically,
microdissected breast tumor tissues showed miR-139 reduction, compared to adjacent non-tumor tissues,
that was significantly associated with worse clinicopathological features, including larger tumor size,
advanced tumor stage and lymph node metastasis; moreover, reduced miR-139 level was predominately
occurred in late-stage HER2-overexpression tumors. Collectively, our findings highlight miR-139-mediated
suppression of CXCR4/p-Akt signaling and thereby affected mesenchymal stem-cell genesis, indicating
its potential as a therapeutic target for invasive breast cancer.
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1. Introduction

Breast cancer is the most common cancer type and the second leading cause of cancer
mortality in women in Western countries, with approximately one in nine being affected
over their lifetime [1]. Similar to the high prevalence in Western countries, its incidence
rate in Taiwan has increased significantly over the last two decades; it is the most common
cancer type detected and the fourth leading cause of cancer-related death in Taiwanese
women since 2006 [the statistics of The Taiwan Cancer Registry (TCR), Ministry of Health
and Welfare, http:/ /tcr.cph.ntu.edu.tw/main.php?Page=N1]. Lymph node dissemination
and colonization of distant organs by cancer cells, which acquire genetic and/or epigenetic
alterations from primary tumor cells, has been examined in a specific subset of patients
with higher metastatic potential; metastatic spread of the primary tumor accounts for over
90% of mortality in cancer patients [2,3]. Transformation of tumor cells to a malignant state
comprises invasion and metastasis that are the key steps in cancer progression. Highly
metastatic clones are reportedly sustained by subpopulation cells (SPs), also named cancer
stem cells (CSCs), are capable of self-renewal and re-differentiation enabling the formation
of new cancer colony settings that characterize the originality of tumors [4]. Cancers in
most patients suffering from unfavorable outcomes are derived from organ-restricted CSCs
that are identified by overexpression of embryonic stem cell-specific factors, including
Nanog, Oct4, and CD133 [5]. CSCs phenotypically resemble normal progenitor cells and
dysregulation of stemness-related signaling pathways, such as Wnt/3-catenin [6], Hedge-
hog [7], Notch [8], and PI3K/p-Akt [9], are often due to acquired genetic mutations and/or
epigenetic changes in the tumor cells that in turn lead to metastasis and chemoresistance.
Therefore, the association between genetic signature of CSC-biological traits and cancer
prognosis can serve as a reliable marker for assessing clinical outcomes and developing
therapeutic strategies for the disease.

Studies on tumor cell biology indicated that the interaction between C-X-C motif
chemokine receptor 4 (CXCR4) and its chemokine ligand 12 (CXCL12; also known as stro-
mal cell-derived factor 1, SDF-1) plays an essential role in cell oncogenesis and development
of metastatic lesions in tumor [10]. Reportedly, upregulation of CXCR4 in conjunction with
the specific extracellular matrix (ECM) components were conducted to enhance tumor cell
viability, and migratory and invasive abilities in various cancers [11-14]. CXCR4 overex-
pression has been detected at the cDNA level by real-time quantitative reverse transcription
PCR (RT-qPCR) analysis and at the protein level by immunohistochemistry and western
blotting analyses in previous studies. These results indicated that CXCR4 participates
in the malignant transformation of tumor cells in various human solid cancers [10,15],
including breast carcinomas [16,17]. A recent study supported the key role of CXCR4
signaling in enhancing breast cancer tumorigenesis and invasiveness [18]. In addition,
activating CXCR4/SDEF-1 signaling promotes the maintenance of CSCs and acquisition
of properties that ultimately contribute to drug resistance [19,20]. Oppositely, cultivation
of breast cancer cells with CXCR4 antagonist, AMD3100, sensitized mesenchymal stem
cells to cytotoxic drugs and reduced tumor metastatic burden [21]. Accordingly, CXCR4 is
considered as a potential target not only for an earlier diagnosis of disease progression but
also for therapeutic intervention.

MicroRNAs (miRNAs) are a family of small non-coding RNA molecules capable of
down-modulating the translation of target genes by binding to their 3’-untranslated region
(3’-UTR). They participate in a wide range of physiological and pathological processes,
including cell cycle, development, differentiation, apoptosis, as well as angiogenesis, inva-
sion, and metastasis of cancer cells [22,23]. Studies on breast CSC (BCSC) have revealed that
miRNAs create multiple facets in maintaining self-renewal, initiation, and re-differentiation
properties of CSCs, which correlate with poor clinical outcomes and drug resistance [24,25].
However, their role in modulating CXCR4 and subsequent downstream genes that affect
the CXCR4/miRNA-transfected breast tumor cell phenotype has been rarely investigated.
This has limited our understanding of miRNA function in BCSC processes through which
CXCR4 increases the progression of breast cancer. In the current study, we explored the
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preferential role of miR-139 in interfering with breast cancer cell stemness by repressing
the expression of CXCR4 protein. We also examined the mechanisms underlying miR-139-
derived inhibition of CXCR4 signaling to decrease the invasion/migration of breast cancer
both in vitro and in vivo. Given the molecular specificity of miR-139, we conducted a pre-
cise analysis using laser capture microdissection (LCM) and qRT-PCR (semi-quantifying)
of LCM-collected tumor cells relative to surrounding non-tumor cells, which may aid in
the prediction of breast cancer progression.

2. Results
2.1. Decreased Levels of miR-139 in Metastatic Breast Cancer Cell Lines

We previously identified 52 miRNAs that were significantly dysregulated, with a
greater than two-fold expression change, in cells isolated from the primary tumor site
in patients with and without lymph node metastasis (LNM) [26]. Hereby, by using the
lentivirus-based expression vector pLKO10 (National RNAi Core Facility, Academia. Sinica,
Taipei, Taiwan) and Trans-Lentiviral™ Packaging System (Figure 1A), we examined the
inhibitory effect of 17 of these candidate miRINAs (primer set were shown in Table S1),
displaying reduced expression, on breast cancer migration using wound healing assay
(Figure 1B). The reduced migration activity was quantified as >30% for two miRNAs, miR-
34a and miR-139-5p (miR-139) (Figure 1C). The tumor suppressive functions of miR-34a
have been well-established in several cancer types [27-29], including breast cancer [30];
however, as the anti-metastatic function of miR-139 in human breast cancer remains scantly
reported, we explored the effect of miR-139 on breast cancer progression in vitro. As shown
in Figure 1D, the qRT-PCR results of human breast cancer cell lines revealed that miR-139
expression levels were substantially lower in highly invasive Hs578T and MDA-MB-231
breast cancer cells as compared to that in non-invasive MCF-7 and BT-474 breast cancer
cells as well as non-malignant mammary epithelial cell line H184B5F5/M10.
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Figure 1. Selection of candidate miRNAs by wound healing assays. (A) Cloning strategy of plasmid pLKO10 carrying

different primary-miRNA templates in MDA-MB-231 cells. (B) Representative images for wound healing assay in tumor

cells at 0 and 16 h after scarification. (C) Relative quantification of wound healed area in MDA-MB-231 cells carrying

miRNA of interest compared with the pLKO10 control group. Data are expressed as the mean =+ SD of three experiments.

(D) miR-139 was significantly decreased in metastatic breast cancer cell lines (Hs578T and MDA-MB-231) or non-metastatic
breast cancer (BT-474 and MCF-7) cell lines as compared to normal breast epithelial (H184B5F5/M10). Expression levels of
miR-139 were normalized to RNU6B. * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. CXCR4 Gene as a Direct Target of miR-139

Stepwise, we attempted to identify the downstream target gene of miR-139 that
promote breast cancer cell invasiveness. Initially, the single-stranded stem-loop RNA pre-
cursors containing hairpin structures and the seeding sequences of premature miR-139 were
analyzed using RNAstructure 6.2 software (Figure 2A). Based on three online miRNA target
prediction programs, miRBase, miRWalk2.0, and TargetScan7.0, we postulated CXCR4 as
the direct target of miR-139. CXCR4 contains two conserved RNA sequence domains in its
3’-UTR that have complementarity with miR-139 (Figure 2B). The pGL4.13/dual-luciferase
reporter assay revealed that miR-139 significantly reduced the luciferase activity of the
pGLA4.13 carrying full-length CXCR4 3/-UTR (CXCR4 3'-UTR-luc, WT) by more than 55%
compared to the respective control group (p < 0.01) (Figure 2C). This reduced luciferase
activity was restored in presence of pGL4.13 reporter construct containing mutations in
the 3’-UTR of CXCR4, either in site 1 (Mutl) or site 2 (Mut2) (Figure 2D). In addition,
repression of CXCR4 protein was more prominent (>70%) in miR-139-transfected Hs578T
and MDA-MB-231 cells than control cells (Figure 2E).

2.3. miR-139 Inhibited Breast Cancer Invasiveness by Suppressing CXCR4/p-Akt Signaling

The CXCR4/CXCL12 axis is known to play an integral role in promoting cancer
cell progression via phosphorylation of Akt at Ser473 (pAkt>¢™73) that induces epithelial-
to-mesenchymal transition (EMT) [31]. Thus, we examined the mechanism underlying
miR-139-mediated inhibition of breast tumor cell metastatic phenotype. Results from
Boyden chamber assays (Figure 3A) revealed decreased invasion and migration abilities in
the miR-139-transfected MDA-MB-231 cells by >40% compared to that of mock-transfected
controls (Figure 3B). Besides, the impaired invasive potential due to CXCR4 repression by
the treatment of miR-139 in breast cancer cells was confirmed via using short hairpin RNAs
(shRNAs) against CXCR4 (sh-CXCR4) (Figure 3A,B). Mechanistically, miR-139 attenuates
CXCR4 signaling to inhibit breast cancer invasiveness via inactivation of phosphorylated-
Akt (pAkt>er¥73), rather than phosphorylated-ERK signaling, in the miR-139-transduced
MDA-MB-231 breast cancer cells (Figure 3C,D).
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Figure 2. CXCR4 as a direct target of hsa-miR-139-5p. (A) The stem-loop sequences hsa-miR-139-5p (miR-139) using RN Astructure, Version 6.2 and sequences in the mature miR-139
(underlined in blue) are shown. (B) Prediction of the targeting sequence for miR-139 within the 3/-UTR of CXCR mRNA. Two binding motifs in the 3'-UTR of CXCR4 gene for miR-139 (red)
are shown across different vertebrate species. (C) Schematic representation of the luciferase reporter constructs showed a mismatch of the miR-139 binding sequence that are underlined at
site 1 (CXCR4 3’-UTR/Mutl) and site 2 (CXCR4 3'-UTR/Mut2), respectively. (D) The dual-luciferase reporter (DLR™) assay was evaluated in breast cancer cell lines expressing the
constructs designed in (C). Firefly luciferase activity was normalized to Renilla luciferase activity and compared with the cells overexpressing miR-139 or empty vector (control). Data are

presented as the mean + SD of three independent experiments. * p < 0.05, ** p < 0.01. (E) A significantly decreased expression of CXCR4 was observed in both invasive breast cancer cell
lines transfected with miR-139. a-tubulin served as the loading control.
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Figure 3. miR-139 inhibits breast cancer cell aggressiveness by targeting CXCR4. (A) Representative micrographs showed
migration (upper panel) and invasion (lower panel) filter membranes after crystal violet staining in Boyden chamber assay
for lentiviral miR-139-transfected MDA-MB-231 breast cancer cells that were co-treated with miR-139 inhibitor (anti-miR-
139) or negative control [anti-miR (ctrl)]. Besides, knockdown of CXCR4 gene (shCXCR4) was compared with the control
group [sh-Luc (ctrl)]. (B) Quantitative analysis of migration and invasion are expressed as mean =+ SD of three independent
experiments. (C) Reduced levels of CXCR4 and phosphorylated-Akt in miR-139-transduced or shCXCR4-MDA-MB-231
breast cancer cells were shown by western blot analysis. (D) Quantitative analysis of the western blot results; o-tubulin was
used as internal control for protein loading. ns, not significant; * p < 0.05, ** p < 0.01, and *** p < 0.001.
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2.4. miR-139 Decreased the Stemness of Breast Cancer Cells

The multi-step transformation of tumor cell malignancy involves pluripotency re-
programming, and CXCR4 is reportedly involved in cell pluripotency that triggers cell
renewal, chemotaxis, and re-differentiation, in a cancer niche [32]. Thus, our proposed
mechanism for miR-139/CXCR4 conducted inhibition of tumor cell aggressiveness could
be endorsed by repression CXCR4-mediated cancer cell stemness. Based on our previous
study experience [33], we established a lentiviral vector pLKO stably expressing miR-139
transcript using Trans-Lentiviral™ Packaging System. As shown in Figure 4A, miR-139
transcript expression increased 7-fold in pLKO/miR-139-transfected MDA-MB-231 cells
compared to that in control cells. CSCs were quantitated using Hoechst 33342 dye and
fluorescence-activated cell sorting (FACS) of cancer cells treated with 20 uM reserpine
(Figure 4B). Based on this sorting process, the number of BCSCs was significantly lower
than 50% in pLKO-miR-139/MDA-MB-231 cells compared to the control group (Figure 4C).
Further, to determine the involvement of miR-139 in BCSC proliferation, we assessed the
cell cycle using flow cytometry. The results indicated that addition of miR-139 had no
significant effect on the distribution of BCSCs during different phases of cell cycle when
compared with the mock group (Figure S1). Contrarily, transfecting MDA-MB-231 cells
with miR-139 reduced the number of tumorsphere-forming cells by >70% (Figure 4D,E),
which in turn significantly reduced the transcription levels of stemness markers, Oct4,
Nanog, and CD133 genes (Figure 4F). Also, Boyden chamber assay revealed >70% decrease
in cell migration and invasion in miR-139-transfected MDA-MB-231 cells compared to
control cells (Figure 4D,E), along with decreased expression of CXCR4 and p-Akt proteins
using western blot analysis (Figure 4F). Conversely, miR-139-transfected MDA-MB-231
cells co-treated with an inhibitor against miR-139 (anti-miR-139) regained cell migration
and invasion properties (Figure 4E). Collectively, these data indicated that miR-139 down-
modulates CXCR4 to show decreased re-differentiation property of stemness, leading to
inhibition of tumor metastasis and aggressiveness.
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Cancers 2021, 13, 2582 8 of 23

| I . mlR.-1319/

120.0- - miR-139 anti-miR-139

110.0- -;-l_|
——

100.04
90.04
80.0
70.09
60.0
50.04

30.01

Migration Spheroid

“%
Invasion

m
g &
mn
Hy,
Ko p
(‘(', 0
R,
a‘qu_ 13-9/
»
Q‘ 7 -.}_9

40 kDa

g

g

60 kDa

relative to control (%)

Number of spheres/10" cells
(100 mm”)
E
Percentage of migrated cells
relative to contrel (%)

Percentage of invaded cells

60 kDa

55 kDa

g

pLKO [ctrl)  + . - + - - + - . a-tubulin

pLKO/miR-138 - + + - + + - + +

2 & -
anti-miR-139 - . + . - - . . - Oct4 Iy 192bp

CD133 169 bp

Nanog 162 bp

GAPDH 212bp

Figure 4. MiR-139 targeting CXCR4 suppressed stemness of breast cancer cell. (A) Lentivirus plasmid vector (pLKO) alone
or with miR-139 (pLKO/miR-139) were transfected into MDA-MB-231 cells and TagMan-based real-time PCR was used to
quantify relative expression of miR-139 along with RNU6B. (B) Side-population cells (SPs), known as CSCs, were identified
using ABCG2 inhibitor (reserpine) and sorted by FACS technique in combination with Hoechst 33342 dye. (C) Percentage of
SPs generated from MDA-MB-231 cells that were transfected with miR-139 or negative control, and their miRNA expression
levels were assessed with qRT-PCR in (A). (D) Tumorsphere formation of SPs (upper panel). Scale bar, 50 uM; representative
images of migration (middle panel) and invasion (lower panel) for BCSCs with different treatments to determine the
inhibitory effect of miR-139 on BCSC stemness. Images were taken at 100 x magnification. (E) Spheres were counted in
1 x 103 cells each: MDA-MB-231 cells containing pLKO-miR-139 and pLKO-miR139 cell treated with the miR-139 inhibitor
(miR-139/anti-miR-139) as indicated. The invading tumor cells were counted in five random fields of view. (F) Western
blot analysis (expression of CXCR4 and p-Akt proteins) and qPCR results of mRNA transcripts encoding CD133, Nanog,
and Oct4 in miR-139-transfected MDA-MB-231 BCSCs compared to that in miR-139/anti-miR-139 BCSCs. ** p < 0.01, ***
p <0.001.
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2.5. miR-139 Reduced BCSC Through Down-Modulation of CXCR4/p-Akt Signaling

As CXCR4-induced Akt phosphorylation upregulates VEGF expression in tumor
metastasis by enhancing mesenchymal proteins [34], we explored the regulatory action of
miR-139 on CXCR4/p-Akt axis with respect to stemness and invasiveness properties of
breast cancer cell linking VEGF-mediated EMT. Thus, treatment with miR-139 inhibitor
(anti-miR-139) in pLKO-miR-139-transduced MD-MBA-231 cancer cells restored their stem-
ness characteristics, such as spheroid cell aggregation, colony formation in soft agar, and
cell attachment behavior; these features indicating increased stemness were abrogated on
silencing the CXCR4 gene (shCXCR4) (Figure 5A). Besides, >60% reduction in cancer cell
invasion was observed in CXCR4-silenced pLKO-miR-139-transduced MDA-231 cells as
compared to the control shRNA-treated cells, suggesting that the restored tumor inva-
siveness because of anti-miR139 treatment in these cells was significantly decreased by
knockdown of CXCR4 and phosphorylated Akt proteins (Figure 5B,C). Snail and Slug (zinc
finger proteins) are direct transcriptional factors that enhance the EMT pathway in highly
invasive and metastatic cancer [35]; thus, we examined the expression of these two up-
stream transcription factors and a downstream mesenchymal marker (vimentin) in relation
to miR-139 in BCSCs. As expected, treatment with an miR-139 inhibitor (anti-miR-139) in
miR-139-transfected MDA-MB-231 cells counteracted the suppressive function of miR-139
in repressing CXCR4 protein expression, which enhanced cell migration and invasion
properties via CXCR4-induced increased genesis of BCSCs (Figure 4D,E). In contrast, the
above enhanced migration and invasion abilities in miR-139-transfected MDA-MB-231
cells treated with anti-miR-139 were significantly prohibited by treatment with shCXCR4
(Figure 5B), coinciding with reductions in the Snail, Slug, and vimentin transcripts dur-
ing EMT (Figure 5D). These findings confirm that miR-139 inhibits the stemness and
invasiveness of human breast cancer cells by repressing CXCR4 signaling to decrease EMT.
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Figure 5. MiR-139 inhibits breast cancer cell stemness and metastatic lung colonization of breast cancer xenografts via
down-modulation of CXCR4. (A) Representative images and histograms show the stemness characteristics, including
the spheroid cell aggregation, colony formation in soft agar, and cell attachment behavior in MDA-MB-231 cells treated
as indicated. Scale bar, 50 uM. (B) Representative photos of Boyden chamber assay. Invasion capacity was assessed in
BCSCs carrying pLKO-miR-139 co-transfected with miR-139 inhibitor and the negative control [shLuc (ctrl)] or shCXCR4,
as indicated. cancer cells transfected with different shRNAs as indicated. (C) Western blot results of CXCR4, p-Akt, and
Akt in BCSCs carrying pLKO-miR-139 co-transfected with miR-139 inhibitor in combination with different shRNAs as
indicated. (D) Histograms show mesenchymal markers (Snail, Slug, and vimentin) in MDA-MB-231/pLKO-miR-139 cells
co-treated with miR-139 inhibitor (anti-miR-139) and different sShRNAs as indicated. Data are presented as the mean £ S.D.
of three independent experiments. ** p < 0.01, *** p < 0.001. (E) Representative lungs and HE staining of metastatic
tumor lung tissues from mice five weeks after tail vein injection of MDA-MB-231 cells carrying miR-139 or pLKO vector
(control) are shown. Scale bar, 100 uM. (F) Number of metastatic nodules in lungs of mice (n = 5 per group). (G) Five
weeks post-xenotransplantation, lung tumors were excised and sectioned. Western blot analysis of the proteins of interest
examined in lung tumors carried pLKO-miR139/MDA-MB-231 cells or control group as shown. a-tubulin was used as an
internal control.

To understand the impact of miR-139 on metastatic suppression in vivo, we established
lung metastases in a xenograft model by transplanting breast cancer cells (5 x 10° cells/mouse)
with or without miR-139 into the tail vein of female BALB/c-nude mice. After 5 weeks
of incubation, mice were sacrificed, and their lungs were dissected to evaluate tissue
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morphology by HE staining (Figure 5E). As shown in Figure 5F, we found that the average
number of pulmonary metastatic nodules in mice injected with MDA-MB-231/pLKO-
miR-139 cells was significantly lower than that in the control group (p < 0.01). Western
blotting analyses demonstrated markedly decreased expression levels of CXCR4 and p-
Akt proteins in pLKO-miR-139-transfected MDA-MB-231 cells (Figure 5G). As reported
in previous, CXCR4/p-Akt signaling correlated unfavorable outcome of acute myeloid
leukemia patients via upregulation of vascular endothelial growth factor (VEGF) and IL-6
gene expression [36]; in this study, we found decreased protein levels of VEGF and IL-6
coincided with CXCR4 reduction in the xenograft-transplantation model of breast cancer
cells carrying miR-139 (Figure 5G).

2.6. Prognostic Significance of miR-139 in Patients with Breast Cancer

Since miR-139 was found to downregulate CXCR4 and thus inhibit tumor cell aggres-
siveness both in vitro and in vivo, we next measured miR-139 levels in women diagnosed
with invasive ductal carcinoma (IDC). To ensure the assayed tissue samples containing a
homogenous population of cells, including more than 95% tumor cells and paired adja-
cent noncancerous cells to precisely measure the miR-139 expression level, laser capture
microdissection (LCM) technique was done on routinely immunostained slides using
a PixCell laser capture microscope (Arcturus Engineering, Inc., Santa Clara, CA, USA)
(Figure 6A). Expression analysis using comparative CT method revealed that the mean
expression level of miR-139 in microdissected tumor cells was significantly lower than
that in corresponding non-tumor cells (—2.40 vs. —0.21; p < 0.0001; Figure 6B). In addition,
comparative quantification of miR-139 levels performed for the individual patients, the
normalized mean expression values of miR-139 (relative to U6B small nuclear RNA gene,
RNUG6B) detected in primary tumor tissues were significantly lower than those in the
adjacent non-tumor tissues, correlating with more advanced tumors, such as large tumor
size (>2 mm?3), late-stage or lymph node-positive breast tumor (Figure 6C-F). Further,
we determined the cutoff for defining reduced expression of miR-139 level as four-fold
decrease (—AACt=2.2; 2722 = 0.22), which was used to classify patients with low miR-139
expression in association with clinicopathological features in the following analysis. As
shown in Table 1, patients with decreased expression of miR-139 correlated with large
tumor size (p = 0.044), advanced clinical stage (stage III/IV vs I/1l, p = 0.013), and LNM
(LNM-positive vs. LNM-negative, p = 0.023), respectively. Because hormone receptor
status of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2) are routinely evaluated for predicting prognosis and determining
treatment for breast carcinoma [37], upon stratification of patients according to status of
ER, PR or HER2, we performed an association analysis to assess low miR-139 expression
level and clinicopathological feature of tumors. Under the same categorization in the
multivariate logistic regression analysis, miR-139 expression was inversely associated with
advanced clinical stages and LNM in ER-negative or PR-negative tumors (p < 0.05). On
the contrary, association between decreased level of miR-139 and late-stage tumor was
observed in a subgroup of patients with HER2-positive breast cancer (p = 0.026) (Table 2).
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Figure 6. Decreased expression of miR-139 is associated with poor clinicopathological features. (A) Representative images
of microdissected cancer cells with laser capture microdissection (LCM) technique. (a) Hematoxylin and eosin staining and
(b) histologic staining with Ambion’s RNAqueous-Micro kit (Ambion Inc., Austin, TX, USA) of the breast cancer specimen;
LCM-treated breast cancer cells (c) and after (d) microdissection are shown, respectively. (B) The relative expression of
miR-139, normalized to RNU6B, was detected by qRT-PCR from paired LCM-collected tumor tissue and adjacent normal
breast epithelium of 191 patients with IDC. (C)—(F) Expression level of miR-139 from LCM-captured cancerous and adjacent
noncancerous cells was measured by qRT-PCR (TagMan Advanced miRNA Assay probe). Each dot represents a case, the
middle line marks the mean, and the upper and lower depict the borders of the 25 and 75% quartiles. Decreased expression
levels of miR-139 in primary tumor tissues correlate with aggressive tumor phenotypes, such as larger tumor size (C),
histologic grades (D), advanced stages (E) or LNM (F) using the Mann-Whitney U test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 1. Clinicopathological significance of miR-139 in patients with IDC.

Clincopathological Parameters Decreased miR-139 Levels (T/N Ratio, —ddct < —2.20)

N (%) OR (95% CI)
Tumor size (mm?3)
<20 48/106 (45.3) 1.00 (Ref.)
>20 51/85 (60.0) 1.81 (1.02-3.23) *
Tumor grade
Well (G1) 10/24 (41.7) 1.00 (Ref)
Moderate (G2) 39/82 (47.6) 1.27 (0.51-3.19)
Poor (G3) 50/85 (58.8) 2.01 (0.79-5.02)
Tumor stage
I 29/65 (44.6) 1.00 (Ref)
Ta/Ib 48/96 (50.0) 1.24 (0.66-2.34)
1T 18/26 (69.2) 2.79 (1.06-7.34) *
v 4/4 (100.0) -
LNM
Np 45/102 (44.1) 1.00 (Ref)
Ny 35/60 (58.3) 1.77 (0.93-3.38)
N, 19/29 (65.5) 241 (1.02-5.69) *
Cutoff value for low miR-139 levels was set at four-fold decrease (2722 = 0.22) in micro-dissected tumor cells compared non-tumor cells; OR

(95% CI), logistic regression model with odds ratio and 95% confidence interval; Lymph node status was classified as Ny (LNM-negative)
and Ny, and N, (LNM-positive); Ref, reference group; * p < 0.05.

Table 2. Associations between decreased expression of miR-139 and clinicopathological features of breast cancer stratified
by ER, PR, or HER2 statuses.

Decreased miR-139 Expression in Cancer Tissue Relative to Non-Cancer Tissues (T/N Ratio, 2-22 = 0.22)
ER PR HER2
Positive Negative Positive Negative Negative Positive
N (%) OR©95%CI) N(%) OR@©95%CI) N(%) OR95%CI) N(% OR95%CI) N (%) OR@©G5%CI) N(%) OR(95% CI)

Tumor size (mm?)

25/55 23/50 28/53 20/51 30/65 18/40
<20 (45.5) 1.00 (Ref.) (46.0) 1.00 (Ref.) (52.8) 1.00 (Ref.) (39.2) 1.00 (Ref.) 46.2) 1.00 (Ref.) 45.0) 1.00 (Ref.)
220 13/26 1.20 36/57 2.01 18/33 1.07 31/50 2.53 24/45 1.33 25/38 2.35
(50.0) (0.47-3.05) (63.2) (0.92-4.36) (54.5) (0.45-2.56) (62.0) (1.13-5.64) * (53.3) (0.62-2.86) (65.8) (0.94-5.87)
Grade
27/59 21/45 27/55 21/48 27/62 21/42
I/11 (45.8) 1.00 (Ref.) (46.7) 1.00 (Ref.) 49.1) 1.00 (Ref.) (43.8) 1.00 (Ref.) 435) 1.00 (Ref.) (50.0) 1.00 (Ref.)
I 11/22 1.19 38/62 1.81 19/31 1.64 30/53 1.68 27/48 1.67 22/36 1.57
(50.0) (0.45-3.16) (61.3) (0.83-3.94) (61.3) (0.67-4.02) (56.6) (0.76-3.69) (56.3) (0.78-3.56) (61.1) (0.64-3.88)
Stage
34/74 41/84 38/75 37/82 45/96 30/62
I/1la/IIb (45.9) 1.00 (Ref.) (48.8) 1.00 (Ref.) (50.7) 1.00 (Ref.) (45.1) 1.00 (Ref.) (46.9) 1.00 (Ref.) (48.4) 1.00 (Ref.)
/v 4/7 1.57 18/23 3.78 8/11 2.60 14/19 3.41 9/14 2.04 13/16 4.62
(57.1) (0.33-7.50) (78.3) (1.28-11.11)* (72.7)  (0.64-10.55) (73.7)  (1.12-10.33) *  (64.3) (0.64-6.54) (81.3)  (1.20-17.84) *
LNM
. 20/44 25/57 22/44 23/57 29/65 16/36
Negative (455) 1.00 (Ref.) 43.9) 1.00 (Ref.) (50.0) 1.00 (Ref.) (40.4) 1.00 (Ref.) (44.6) 1.00 (Ref.) (44.4) 1.00 (Ref.)
Positive 18/37 1.14 34/50 2.72 24/42 1.33 28/44 2.59 25/45 1.55 27/42 2.25

(48.6)  (047-273)  (68.0) (1.23-6.00)* (57.1)  (0.57-3.12)  (63.6) (1.15-5.82)*  (55.6)  (0.72-3.33)  (64.3)  (0.90-5.59)

LNM, lymph node metastasis; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; N/A,
data not available. Tumor classification was referred to eighth edition of the American Joint of Committee on Cancer (AJCC) Cancer Staging
Manual (2017). ER, PR or HER?2 status was classed as negative when fewer than 30% of cells were stained and as positive with more than
30% staining. Ref, reference group. * p < 0.05.

3. Discussion

There has been growing interest in exploring the innate ability of miRNAs to govern
the aggressiveness of cancer cells by modulating a vast range of physiological responses
during tumor progression. Thus, understanding the molecular signatures of miRNA-
targeted tumor suppressor genes or oncogenes would not only serve as a prognostic
indicator but also help develop more effective therapeutics for the disease. In this study;
we validated the potential function of miR-139/CXCR4 in p-Akt inactivation that influence
the advanced disease phenotype in breast cancer cells. Further, the xenotransplantation of
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miR-139-carrying human breast cancer cells in mice significantly decreased the number of
metastatic lung nodules. Moreover, consistent with previous reports in different types of
cancers [38,39], miR-139 level was lower in breast tumor cells as compared to non-tumor
cells in our patient cohort. Reduced miR-139 levels correlated with larger tumor size,
late-stage cancer, and the presence of LNM in IDC. These findings provide evidence to
support miR-139 as a reliable biomarker that facilitates a priori prediction of advanced
tumor phenotypes in women with breast cancer.

MiRNAs principally bind to mRNAs via less-than-perfect complementarity with their
3/-UTR; thus, a single miRNA can target several mRNAs to modulate a robust physiological
response. For example, miR-139 can suppress endometrial cancer cell growth and migration
via down-regulation of HOXA10 [40], restore docetaxel-chemosensitivity by targeting
Notchl [41], decrease tumor cell over-proliferation and EMT process in metastatic prostate
and colorectal cancer cells [42,43]. miR-139 inhibits proliferation through translational
repression of COL11A1, leading to the upregulation of Bax and activation of Caspase
3-mediated apoptosis of breast cancer cells [44]. Based on these observations, miR-139
was demonstrated to exert its tumor-suppressive roles by inhibiting cancer cell over-
proliferation and metastasis and promoting apoptosis of cancer cells and may serve as
a prognostic marker in predicting the aggressiveness of breast cancer. Interestingly, E-
cadherin and N-cadherin expression switch are key proteins that promote tumor cell
migration and invasion during EMT. E-cadherin loss in epithelial cells and N-cadherin
overexpression in mesenchymal cells are regulated by the Notch1-Slug signaling axis [45].
As Notchl is a direct target of miR-139 [41], further studies are needed to determine the
additional role of miR-139-mediated down-modulation of the Snail/Slug-EMT axis in
increasing E-cadherin levels to inhibit the invasive mesenchymal phenotype of breast
cancer by targeting Notchl. Hereby, we conducted overexpression of miR-139 to reduce
BCSC genesis by down-regulating CXCR4/p-Akt axis, leading to decreased invasion and
migration abilities of breast cancer cells. The multistep development consisting tumor
initiation, cancer progression and drug-resistance has been reportedly inhibited by miRNAs
that suppress self-renewal and re-differentiation of CSCs via down-modulating oncogenic
signaling pathways in human cancer [36,46—48]. Along similar lines, our results showed
that miR-139-mediated CXCR4 reduction correlated with decreased levels of VEGF and
IL-6 in the xenograft-transplantation model of human breast cancer. To our knowledge,
the present study is the first of its kind investigation into the link between impediment of
miR-139, stemness of CSCs, and resulting phenotypic changes with respect to the metastatic
potential and prognostic significance in human breast cancer.

Based on the status of hormone receptors (ER and PR) and HER?2, four principal molec-
ular subtypes [luminal-A, -B, HER2-enriched and triple-negative breast cancer (TNBC)]
have been characterized and are routinely used to predict prognosis and optimize adjuvant
therapy in breast cancer [37]. In this study, we identified miR-139 as a potential biomarker
that may play a predictive role in breast cancer with a large tumor size, advanced clinical
stage, and presence of nodal metastasis of breast tumors. However, as a prognostic sur-
rogate for discriminating breast cancer subtypes, the mean expression level of miR-139 is
lower in HER2-enriched breast tumors but shows no significant difference in frequency
compared to other breast cancer subtypes (Supplementary Figure S2 and Table S2). In
addition, the effect of decreased miR-139 levels on the clinical outcomes of breast cancer
were evaluated by comparing the overall 5-year survival of each patient; ~95% (94.8%;
181 of 191) of our patients with cancer were analyzed. We found that decreased miR-139
level was not significantly associated with poor OS according to Kaplan-Meier analysis
(log-rank test) with Bonferroni correction and Cox proportional hazards regression analysis
(Supplementary Figure S3A). Interestingly, based on the Kaplan-Meier Plotter website
(http:/ /kmplot.com/analysis/), the association between miR-139-5p expression and the
OS of patients with breast cancer has been inconsistent in observational studies such as
in the database of METABRIC and independent cohorts (Supplementary Figure S3B,D).
These positive and inverse associations between miR-139 and patient survival may be
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related to the inclusion of various ethnic groups in different studies. A limitation of gene
biomarkers and clinical outcomes in cancer cohort studies is the different follow-up times
and molecular subtyping of patients with cancer. Thus, multiple and larger cancer cohorts
should be evaluated by meta-analysis to reinforce the role of the differential expression of
genes, such as the miR-139 expression level, to estimate the correlation between survival
and breast cancer subtype.

In this study, we found that miR-139 overexpression influences breast cancer cell
migratory and invasive capabilities in both studies in vitro and in vivo. Decreased level
of miR-139 was significantly associated with aggressive phenotype of breast cancer. We
also observed a significant correlation between decreased miR-139 level and the poorer
clinicopathological feature of breast cancer upon patient stratified by status of ER, PR,
or HER2. A consistent trend of the associations of lower miR-139 expression with more
advanced tumor phenotypes was observed in clinical samples upon subgroup analyses
based on molecular subtypes, however, these associations are not statistically significant
due to limited sample size (Supplementary Table S2). Taken together, the results from
clinical data could partially supported our hypothesis that miR-139 reduction as a predictive
biomarker of aggressive breast cancer. More importantly, our awareness remained toward
rewiring the possible gene effectors involving in elevated level of CXCR4 during malignant
progression of breast cancer. Reportedly, CXCR4 expression was concurrently increased
with VEGF and IL-6 levels in stem cell chemoresistance of acute myeloid leukemia [36].
HER2-mediated CXCR4 expression can enhance breast tumor cell invasion and lung
metastasis [49]. The molecular mechanism underlying the protective effect of ER via
transcriptional repression of HER2 has been proved in HER2-overexpressing breast cancer
cells [50]. In addition, Bao et al. [51] indicated an inverse correlation between HER2 and
miR-139 expression in gastric cancer; the interaction between HER2 and CD44-enhanced
histone deacetylation in the miR-139 promoter region upregulates CXCR4 expression,
leading to gastric tumor progression and subsequently metastasis. Therefore, those possible
genes effectors involving in elevated level of CXCR4 may hinder the pleiotropic roles of
miR-139 in associating with poor patient survival. A further clinical investigation with a
larger sample size that provides more information regarding CXCR4 expressions and gene
transcripts of those enhancers, such as VEGF, IL-6 and CD44, is worthy to do. Notably,
the inherent heterogeneity of breast tumor cells and evolutionary variations may lead to
inconsistencies in molecular typing between primary and metastatic lesions. It has been
interpreted that undergoing of developmental processes of CSCs in terms of promotion
of cell tumorigenicity, activation of tumor metastasis and evasion of death execution
events are regulated by distinct miRNA patterns [52]. Therefore, in the era of precision
medicine, a comprehensive understanding of gene/miRNA profiles that are distinguished
by the molecular subtype of breast cancer is of particular importance in identifying the
determinant miRNA as a therapeutic target for developing more effective strategy for
breast cancer management.

4. Materials and Methods
4.1. Cell Lines and Cell Culture

Human breast cancer cell lines Hs578T, MDA-MB-231, MCF-7, and BT-474 and the
human mammary epithelial cell line H184B5F5/M10 were purchased from the Bioresource
Collection and Research Center (BCRC, Hsinchu, Taiwan). These cell lines were cultured
in Dulbecco’s Modified Eagle Medium (Sigma, St. Louis, MO, USA) with 0.1 mM sodium
pyruvate, 10% fetal bovine serum (Gibco, BRL, Grand Island, NY, USA), 2 mM L-glutamine,
100 U mL ™! penicillin, and 100 pg mL~! streptomycin (Sigma-Aldrich, Saint Louis, MO, USA).
The cells were maintained at 37 °C in a humidified incubator with 5% CO,.

4.2. Cancer Stem Cell Sorting

CSCs were sorted as previously described [53]. Briefly, dissociated breast cancer
cells were suspended at a concentration of 2 x 10° cells mL~! in SP medium (calcium-
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and magnesium-free Hanks’ balanced salt solution containing 2% fetal bovine serum, 1%
penicillin/streptomycin and 10 mM HEPES). Hoechst 33342 (5 pg mL™1) (Sigma-Aldrich)
was added to SP medium and intermittently mixed for 90 min at 37 °C. Reserpine (50 uM
final concentration; Sigma-Aldrich), was introduced prior to adding Hoechst 33342 to
inhibit dye efflux. The cells were maintained on ice in the dark for FACS, after which SP
and non-SP fractions were sorted (FACS Digital Vantage/Diva cell sorter; BD Biosciences,
San Jose, CA, USA). Hoechst 33342 dye was excited at 355 nm and the dual-wavelength
fluorescence was measured by emission for blue at 450 nm and red at 675 nm.

4.3. Cultivation and Characterization of CSCs

For serial passage of spheroid cells, single cells were cultured in low-attachment
6-well plates (Corning, Inc., Corning, NY, USA), and the cell density at each passage was
5 x 102 cells mL~! in serum-free medium. After cultivation of the SP cells, total RNA
was extracted from the cells using an RNA extraction kit (RNeasy) (QIAGEN, Hilden,
Germany). The RNA (1 pg in a volume of 5 uL) was reverse-transcribed for 70 min at
42 °C using 5 units of Superscript Il reverse transcriptase (Gibco-BRL) and 10 mM random
primers of oligo(dT) primer (Promega, Madison, WI, USA) in a reaction volume of 20 pL.
We used glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal standard for
RT-PCR screening of CSC markers, including Oct4, Nanog, and CD133. Human Oct4, Nanog,
and CD133 cDNA fragments were amplified using the following primer sets. Oct4_F:
5'-CGCTTTGAGGGTCTGCAGCTT-3' and Oct4_R: 5'-GAACAAATTCTCCAGGTTGCC-3
(192 bp); Nanog_F: 5'-TAGCAATGGTGTGACGCAGA-3" and Nanog_R: 5'-GCTCCAGGA
CTGGATGTTCTG-3' (169 bp), and CD133_F: 5-ACAATTCACCAGCAACGA-3’' and
CD133_R: 5-GGAAGTATTGTTTGTGATG-3' (162 bp). PCR products were separated
by 1.8% agarose gel electrophoresis, stained with ethidium bromide, and visualized under
an ultraviolet light.

4.4. Construction of miR-139-Transfected Breast Tumor Cells

The lentivirus vector pLemiR (control) or pLemiR-139 (plemiR carried hsa-miR-139)
was packaged with the Trans-Lentiviral™ GIPZ Packaging System (Open Biosystems,
Huntsville, AL, USA). A puromycin-resistant marker was used to select against non-
transduced cells to amplify miR-139 from the Hs578T and MDA-MB-231 cell lines. The
lentivirus-based expression vector pLKO10 (National RNAi Core Facility, Academia. Sinica,
Taipei, Taiwan) with different miRNA was also used to examine the inhibitory effect of
miR-139 on cancer cell invasion and migration.

4.5. Dual Luciferase Reporter Assay

pGL4.13 (Promega) was used to produce the recombinant vector pGL4.13/CXCR4
3’-UTR wild-type (WT). Briefly, pGL4.13 luciferase reporter constructs were prepared by
cloning the binding sequence (WT/mutants) into the Agel and EcoRI restriction enzyme
sites complementary to the PCR amplified product of the CXCR4 3’-UTR. This cDNA
fragment contains two miR-139 binding sites complementary to the ACUGUAGA sequence
in the CXCR4 3'-UTR (Figure 2). CXCR4 3/-UTR/Mut1 and 3'-UTR/Mut2 (Figure 2) were
obtained using a QuickChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA). Next, Hs578T and MDA-MB-231 cells were co-transfected with the WT or mutated
3’-UTR of CXCR4 reporter construct and pLemiR containing miR-139 or pLemiR as the
control group (Addgene, Cambridge, MA, USA), respectively. The relative ratio between
firefly luciferase/Renilla luciferase activity was measured at 48 h after transfection by using
the dual luciferase reporter assay system (Promega).

4.6. Wound Healing Assay and Matrigel Invasion Assay

A wound healing assay was performed to determine the migratory behavior of breast
cancer cells [54]. Briefly, the cells were treated with plasmid carrying different miRNA
fragments or anti-miR-mimic (NC), after which a sterile 10-uL tip was used to scratch the



Cancers 2021, 13, 2582

18 of 23

monolayer of cells to form a straight gap. The plate was incubated in a 37 °C, 5% CO,
incubator overnight. Images of a representative field of the cell-free space were acquired
under a microscope at 0 h and 16 h after creating a scratch, and the distance of cell migration
was calculated with Image Pro plus software (Media Cybernetics, Rockville, MD, USA).
Besides, cell samples (5 x 10* cells) were seeded into 48-well modified Boyden chambers
(Neuro Probe, Cabin John, MD, USA) with 8-um pore size polycarbonate membrane filters
containing Matrigel for 16 h, and invading cells that had attached to the lower surface of the
membrane were fixed with methanol and stained with Giemsa solution (Sigma). Invading
cells were quantified by counting five random high-power fields using an Olympus Ckx41
light microscope (Tokyo, Japan).

4.7. Western Blotting Analysis

Expression levels of proteins in breast cancer cells were detected by western blot anal-
ysis as described previously [26]. Primary antibodies against human CXCR4 (GTX10403)
and CXCR7 (GTX100027) (GeneTex, Irvine, CA, USA), AKT (sc-8312), ERK (sc-94), VEGF
(5¢-53462) and o-tubulin (sc-8035) (Santa Cruz Biotechnology, Dallas, TX, USA), phos-
phorylated AKT (1240003) (Calbiochem, San Diego, CA, USA), and IL-6 (12912S) and
phosphorylated ERK (1202Y204) (Cell Signal Technology, Danvers, MA, USA) were used to
validate the specificity of the proteins of interest. An antibody against «-tubulin was used
as the endogenous control to normalize the expression of the proteins of interest. The im-
munoreactive protein band was visualized in an enhanced chemiluminescence assay (Western
Blotting Luminol Reagent; Santa Cruz Biotechnology). Band intensities were quantified by
densitometry (Digital Protein DNA Imagineware, Huntington Station, NY, USA).

4.8. Mouse Xenotransplantation Assay

All mice were housed in the animal facility at the Chung Shan Medical University
Experimental Animal Center (Taichung, Taiwan). Approval was obtained from the Institu-
tional Animal Care and Use Committee of Chung Shan Medical University (IACUC. No.
1278) for the use of animals, and all experiments were performed in accordance with the
guidelines for animal care committee. For the orthotopic implantation model, 6-8-week-
old female BALB/c nude mice were used. The breast cancer lung metastasis model was
established by tail-vein injection of MDA-MB-231 cells (5 x 10° cells in 0.1 mL of PBS).
After 5 weeks, the mice were sacrificed by CO, asphyxiation. The number of metastatic
lung tumors was confirmed by HE staining under a dissecting microscope.

4.9. Patients and Tissue Samples

All current research procedures, including research design, sampling scheme, and
consent procedure, were performed according to the National Research Council’s guide
and were approved by the Ethics Committee of the Institutional Review Board at the Chung
Shan Medical University Hospital (CSMUH No: C512225). Frozen tissue specimens were
histologically confirmed to be primary breast invasive ductal carcinoma (IDC) based on
their pathological features, which were reviewed by two pathologists independently. A
total of 191 pairs of cancer and non-tumor cells were collected from patients with breast
cancer enrolled between 1999 and 2006. All participants provided written informed consent
to participate in this study. No patients underwent radiotherapy or chemotherapy before
surgery. The clinicopathological characteristics of the cohort are summarized in Table 3.
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Table 3. Clinicopathological characteristics of IDC patients (N = 191).

Clinicopathological Characteristics N (%)
50.8 + 11.7 (23-87)

Age (mean £ S.D. and range, years)
Tumor size (mm?3)

<20 106 (55.5)
>20 85 (44.5)
Histological grade
Well differentiation (G1) 24 (12.6)
Moderate differentiation (G2) 82 (42.9)
Poor differentiation (G3) 85 (44.5)
Clinical stage
I 65 (34.0)
Ila 70 (36.7)
1b 26 (13.6)
111 26 (13.6)
v 4(2.1)
LNM
Negative (Ny) 102 (53.4)
Positive (N1/Np) 89 (46.6)
ER
Positive (ER+) 81 (43.1)
Negative (ER—) 107 (56.9)
N/A 3
PR
Positive (PR+) 86 (46.0)
Negative (PR—) 101 (54.0)
N/A 4
HER2/neu
Negative (HER2—) 110 (58.5)
Positive (HER2+) 78 (41.5)
N/A 3
Molecular subtype
Luminal A 67 (35.8)
Luminal B 38 (20.3)
HER2-enriched 40 (21.4)
TNBC 42 (22.5)
N/A 4

Luminal A (ER+ and/or PR+, and HER2—), Luminal B (ER+ and/or PR+ and HER2+), HER2-enriched (ER—,
PR—, and HER2+), and TNBC, triple-negative breast cancer (ER—, PR—, and HER2—).

4.10. Laser Capture Microdissection and Quantitative Real-Time PCR

The detailed procedure for RNA isolation from cells collected by the LCM technique
has been described elsewhere [26]. RNA was extracted from LCM-collected samples of the
tumor and neighboring non-tumor breast cells of each patient using a mirVana miRNA
isolation kit (Ambion, Austin, TX, USA). The RNA concentration was estimated with a
NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). An
appropriate probe and primer set was used to detect the expression of genes encoding
hsa-miR-139 (AB assay ID: 17100) and then subjected to the single-tube TagMan miRNA
assay (Applied Biosystems, Foster City, CA, USA) on an Applied Biosystems instrument.
The results were normalized against RNU6B. Fold-changes in expression were calculated
by relative quantification using the 2~ 22T method with three independent experiment.

4.11. Statistical Analysis

Data are presented as the mean =+ standard deviation (S.D.) of three independent
replicates in experiments using different cell lines and in mice model experiments. The
statistical significance of the experimental data grouped by one variable was evaluated
by unpaired Student’s t-test, Mann—Whitney U test for two-group comparisons, one-way
analysis of variance with Tukey’s multiple comparison test, or Kruskal-Wallis test for three-
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group comparison where appropriate. The clinicopathological characteristics of patients
with breast cancer are presented as the mean £ S.D. for continuous variables or as the
proportion for categorical data. The associations of miR-139 expression with different
clinicopathological characteristics of patients were evaluated by chi-square or Fisher’s
exact tests, and odds ratios (ORs) and 95% confidence intervals (CIs) were determined by
logistic regression. All tests were two-sided, and differences with p < 0.05 were considered
statistically significant. All statistical analyses were performed using SPSS version 19.0 for
Windows (SPSS, Inc., Chicago, IL, USA).

5. Conclusions

Our data showed that miR-139 inhibits breast cancer cell stemness by directly targeting
CXCR4 at the molecular and cellular levels as well as the results from in vivo mouse
xenotransplantation assay. The proliferative and progression advantages of BCSCs that are
enhanced via CXCR4-mediated activation of p-Akt signaling was attributed to miR-139
suppression by the addition of miR-139 antagomiR. Oppositely, overexpression of miR-139
was shown to correlate with reduced invasion and migration abilities in breast cancer.
Thus, the oncogenic advantage and aggressive progression of BCSCs are enhanced by
activation of CXCR4/p-Akt signaling pathway due to loss of miR-139. This indicates its
potential as a promising therapeutic target that may help design better strategies to treat
breast cancer patients.
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between clinicopathological features and decreased expression of miR-139 with respect of the breast
cancer subtypes. File S1: Original Images for Blots.
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Abbreviations

miRNA MicroRNA

CXCR4 Chemokine receptor 4

CSsC Cancer stem cell

3-UTR 3'-untrnasltaed region

HER2/neu Human epidermal growth factor receptor 2
Akt Protein kinase B

EMT Epithelial mesenchymal transition

FACS Fluorescence-activated cell sorting

IDC Invasive ductal carcinoma

LNM Lymph node metastasis

LCM Laser capture microdissection

qRT-PCR Quantitative real-time PCR

References

1.  DeSantis, C.E.; Ma, J.; Goding Sauer, A.; Newman, L.A.; Jemal, A. Breast cancer statistics, 2017, racial disparity in mortality by
state. CA Cancer J. Clin. 2017, 67, 439-448. [CrossRef] [PubMed]

2. Akyay, O.Z; Gov, E.; Kenar, H.; Arga, K.Y.; Selek, A.; Tarkun, I.; Canturk, Z.; Cetinarslan, B.; Gurbuz, Y.; Sahin, B. Mapping
the Molecular Basis and Markers of Papillary Thyroid Carcinoma Progression and Metastasis Using Global Transcriptome and
microRNA Profiling. OMICS 2020, 24, 148-159. [CrossRef] [PubMed]

3.  Chiang, A.C.; Massague, ]. Molecular basis of metastasis. N. Engl. |. Med. 2008, 359, 2814-2823. [CrossRef]

4.  Lathia, ].D,; Liu, H. Overview of Cancer Stem Cells and Stemness for Community Oncologists. Target. Oncol. 2017, 12, 387-399.
[CrossRef] [PubMed]

5. Park, EK; Lee, J.C; Park, ]JW,; Bang, S.Y.; Yi, S.A.; Kim, B.K; Park, ] H.; Kwon, S.H.; You, ].S.; Nam, S.W,; et al. Transcriptional
repression of cancer stem cell marker CD133 by tumor suppressor p53. Cell Death Dis. 2015, 6, €1964. [CrossRef]

6. Mohammed, M.K;; Shao, C.; Wang, ].; Wei, Q.; Wang, X.; Collier, Z.; Tang, S.; Liu, H.; Zhang, F; Huang, J.; et al. Wnt/beta-catenin
signaling plays an ever-expanding role in stem cell self-renewal, tumorigenesis and cancer chemoresistance. Genes Dis. 2016,
3, 11-40. [CrossRef]

7. Sari, LN.; Phi, LT.H,; Jun, N.; Wijaya, Y.T,; Lee, S.; Kwon, H.Y. Hedgehog Signaling in Cancer: A Prospective Therapeutic Target
for Eradicating Cancer Stem Cells. Cells 2018, 7, 208. [CrossRef]

8. Luo, J.; Wang, P.; Wang, R.; Wang, J.; Liu, M,; Xiong, S.; Li, Y.; Cheng, B. The Notch pathway promotes the cancer stem cell
characteristics of CD90+ cells in hepatocellular carcinoma. Oncotarget 2016, 7, 9525-9537. [CrossRef]

9. Kashyap, T,; Pramanik, K.K,; Nath, N.; Mishra, P; Singh, A K.; Nagini, S.; Rana, A.; Mishra, R. Crosstalk between Raf-MEK-ERK
and PI3K-Akt-GSK3beta signaling networks promotes chemoresistance, invasion/migration and stemness via expression of
CD44 variants (v4 and v6) in oral cancer. Oral Oncol. 2018, 86, 234-243. [CrossRef]

10. Chatterjee, S.; Behnam Azad, B.; Nimmagadda, S. The intricate role of CXCR4 in cancer. Adv. Cancer Res. 2014, 124, 31-82.
[CrossRef]

11. Ding, X.; Huang, R.; Zhong, Y.; Cui, N.; Wang, Y.; Weng, J.; Chen, L.; Zang, M. CTHRC1 promotes gastric cancer metastasis via
HIF-1alpha/CXCR4 signaling pathway. Biomed. Pharmacother. 2020, 123, 109742. [CrossRef]

12.  Li, RH.; Huang, WH.; Wu, ].D.; Du, C.W.; Zhang, G.J. EGFR expression is associated with cytoplasmic staining of CXCR4 and
predicts poor prognosis in triple-negative breast carcinomas. Oncol. Lett. 2017, 13, 695-703. [CrossRef]

13. Mitsui, Y.; Shiina, H.; Kato, T.; Maekawa, S.; Hashimoto, Y.; Shiina, M.; Imai-Sumida, M.; Kulkarni, P.; Dasgupta, P.; Wong,
R.K,; et al. Versican Promotes Tumor Progression, Metastasis and Predicts Poor Prognosis in Renal Carcinoma. Mol. Cancer Res.
2017, 15, 884-895. [CrossRef]

14.  Zhou, Q,; Jiang, X.; Yan, W.; Dou, X. Transgelin 2 overexpression inhibits cervical cancer cell invasion and migration. Mol. Med.
Rep. 2019, 19, 4919-4926. [CrossRef]

15. Jiang, Q.; Sun, Y.; Liu, X. CXCR4 as a prognostic biomarker in gastrointestinal cancer: A meta-analysis. Biomarkers 2019,
24,510-516. [CrossRef]

16. Xu, T.P; Shen, H; Liu, L.X.; Shu, Y.Q. The impact of chemokine receptor CXCR4 on breast cancer prognosis: A meta-analysis.
Cancer Epidemiol. 2013, 37, 725-731. [CrossRef]

17. Martinez-Ordonez, A.; Seoane, S.; Cabezas, P.; Eiro, N.; Sendon-Lago, J.; Macia, M.; Garcia-Caballero, T.; Gonzalez, L.O.; Sanchez,
L.; Vizoso, E; et al. Breast cancer metastasis to liver and lung is facilitated by Pit-1-CXCL12-CXCR4 axis. Oncogene 2018,
37,1430-1444. [CrossRef]

18. Zielinska, K.A.; Katanaev, V.L. The Signaling Duo CXCL12 and CXCR4: Chemokine Fuel for Breast Cancer Tumorigenesis.
Cancers 2020, 12, 3071. [CrossRef]

19. Teicher, B.A ; Fricker, S.P. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clin. Cancer Res. 2010, 16, 2927-2931. [CrossRef]

20. Domanska, U.M.; Kruizinga, R.C.; Nagengast, W.B.; Timmer-Bosscha, H.; Huls, G.; de Vries, E.G.; Walenkamp, A.M. A review on

CXCR4/CXCL12 axis in oncology: No place to hide. Eur. ]. Cancer 2013, 49, 219-230. [CrossRef]


http://doi.org/10.3322/caac.21412
http://www.ncbi.nlm.nih.gov/pubmed/28972651
http://doi.org/10.1089/omi.2019.0188
http://www.ncbi.nlm.nih.gov/pubmed/32073999
http://doi.org/10.1056/NEJMra0805239
http://doi.org/10.1007/s11523-017-0508-3
http://www.ncbi.nlm.nih.gov/pubmed/28664387
http://doi.org/10.1038/cddis.2015.313
http://doi.org/10.1016/j.gendis.2015.12.004
http://doi.org/10.3390/cells7110208
http://doi.org/10.18632/oncotarget.6672
http://doi.org/10.1016/j.oraloncology.2018.09.028
http://doi.org/10.1016/b978-0-12-411638-2.00002-1
http://doi.org/10.1016/j.biopha.2019.109742
http://doi.org/10.3892/ol.2016.5489
http://doi.org/10.1158/1541-7786.MCR-16-0444
http://doi.org/10.3892/mmr.2019.10116
http://doi.org/10.1080/1354750X.2019.1637941
http://doi.org/10.1016/j.canep.2013.04.017
http://doi.org/10.1038/s41388-017-0036-8
http://doi.org/10.3390/cancers12103071
http://doi.org/10.1158/1078-0432.CCR-09-2329
http://doi.org/10.1016/j.ejca.2012.05.005

Cancers 2021, 13, 2582 22 of 23

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Greco, S.J.; Patel, S.A.; Bryan, M.; Pliner, L.F,; Banerjee, D.; Rameshwar, P. AMD3100-mediated production of interleukin-1 from
mesenchymal stem cells is key to chemosensitivity of breast cancer cells. Am. J. Cancer Res. 2011, 1, 701-715. [PubMed]

Bao, B.; Azmi, A.S.; Ali, S.; Ahmad, A ; Li, Y.; Banerjee, S.; Kong, D.; Sarkar, EH. The biological kinship of hypoxia with CSC
and EMT and their relationship with deregulated expression of miRNAs and tumor aggressiveness. Biochim. Biophys. Acta 2012,
1826, 272-296. [CrossRef] [PubMed]

Lopatina, T.; Gai, C.; Deregibus, M.C.; Kholia, S.; Camussi, G. Cross Talk between Cancer and Mesenchymal Stem Cells through
Extracellular Vesicles Carrying Nucleic Acids. Front. Oncol. 2016, 6, 125. [CrossRef] [PubMed]

Papadaki, M.A; Stoupis, G.; Theodoropoulos, P.A.; Mavroudis, D.; Georgoulias, V.; Agelaki, S. Circulating Tumor Cells with
Stemness and Epithelial-to-Mesenchymal Transition Features Are Chemoresistant and Predictive of Poor Outcome in Metastatic
Breast Cancer. Mol. Cancer Ther. 2019, 18, 437—447. [CrossRef]

Gong, C.; Tan, W,; Chen, K;; You, N.; Zhu, S.; Liang, G.; Xie, X.; Li, Q.; Zeng, Y.; Ouyang, N.; et al. Prognostic Value of a BCSC-
associated MicroRNA Signature in Hormone Receptor-Positive HER2-Negative Breast Cancer. EBioMedicine 2016, 11, 199-209.
[CrossRef]

Cheng, C.W.; Wang, HW.; Chang, C.W.; Chu, HW.,; Chen, C.Y,; Yu, ].C.; Chao, ].I; Liu, H.F; Ding, S.L.; Shen, C.Y. MicroRNA-30a
inhibits cell migration and invasion by downregulating vimentin expression and is a potential prognostic marker in breast cancer.
Breast Cancer Res. Treat. 2012, 134, 1081-1093. [CrossRef]

Chakravarthi, B.; Chandrashekar, D.S.; Agarwal, S.; Balasubramanya, S.A.H.; Pathi, S.S.; Goswami, M.T,; Jing, X.; Wang, R.;
Mehra, R.; Asangani, I.A; et al. miR-34a Regulates Expression of the Stathmin-1 Oncoprotein and Prostate Cancer Progression.
Mol. Cancer Res. 2018, 16, 1125-1137. [CrossRef]

Tang, Y.; Tang, Y.; Cheng, Y.S. miR-34a inhibits pancreatic cancer progression through Snaill-mediated epithelial-mesenchymal
transition and the Notch signaling pathway. Sci. Rep. 2017, 7, 38232. [CrossRef]

Gao, J; Li, N;; Dong, Y,; Li, S.; Xu, L.; Li, X; Li, Y;; Li, Z.; Ng, S.S.; Sung, ].].; et al. miR-34a-5p suppresses colorectal cancer
metastasis and predicts recurrence in patients with stage II/III colorectal cancer. Oncogene 2015, 34, 4142-4152. [CrossRef]
Adams, B.D.; Wali, V.B.; Cheng, C.J.; Inukai, S.; Booth, C.J.; Agarwal, S.; Rimm, D.L.; Gybrffy, B.; Santarpia, L.; Pusztai, L.; et al.
miR-34a Silences c-SRC to Attenuate Tumor Growth in Triple-Negative Breast Cancer. Cancer Res. 2016, 76, 927-939. [CrossRef]
Lv, B; Yang, X,; Lv, S;; Wang, L.; Fan, K,; Shi, R.; Wang, F; Song, H.; Ma, X.; Tan, X,; et al. CXCR4 Signaling Induced
Epithelial-Mesenchymal Transition by PI3K/AKT and ERK Pathways in Glioblastoma. Mol. Neurobiol. 2015, 52, 1263-1268.
[CrossRef]

Mimeault, M.; Batra, S.K. Altered gene products involved in the malignant reprogramming of cancer stem/progenitor cells and
multitargeted therapies. Mol. Asp. Med. 2014, 39, 3-32. [CrossRef]

Cheng, CW.; Yu, J.C.; Hsieh, Y.H.; Liao, W.L.; Shieh, ].C.; Yao, C.C,; Lee, H.J.; Chen, PM.; Wu, PE.; Shen, C.Y. Increased Cellular
Levels of MicroRNA-9 and MicroRNA-221 Correlate with Cancer Stemness and Predict Poor Outcome in Human Breast Cancer.
Cell Physiol. Biochem. 2018, 48, 2205-2218. [CrossRef]

Wang, D.; Wang, X.; Si, M.; Yang, J.; Sun, S.; Wu, H.; Cui, S.; Qu, X,; Yu, X. Exosome-encapsulated miRNAs contribute to
CXCL12/CXCR4-induced liver metastasis of colorectal cancer by enhancing M2 polarization of macrophages. Cancer Lett. 2020,
474,36-52. [CrossRef]

Kurrey, N.K.; Amit, K.; Bapat, S.A. Snail and Slug are major determinants of ovarian cancer invasiveness at the transcription level.
Guynecol. Oncol. 2005, 97, 155-165. [CrossRef]

Mirzaei, A.; Mohammadi, S.; Ghaffari, S.H.; Nikbakht, M.; Bashash, D.; Alimoghaddam, K.; Ghavamzadeh, A. Osteopontin b and
c isoforms: Molecular Candidates Associated with Leukemic Stem Cell Chemoresistance in Acute Myeloid Leukemia. Asian Pac.
J. Cancer Prev. 2017, 18, 1707-1715. [CrossRef]

Bagaria, S.P; Ray, P.S.; Sim, M.S.; Ye, X.; Shamonki, ].M.; Cui, X.; Giuliano, A.E. Personalizing breast cancer staging by the
inclusion of ER, PR, and HER2. JAMA Surg. 2014, 149, 125-129. [CrossRef]

Hua, S.; Lei, L.; Deng, L.; Weng, X.; Liu, C,; Qi, X.; Wang, S.; Zhang, D.; Zou, X,; Cao, C.; et al. miR-139-5p inhibits aerobic
glycolysis, cell proliferation, migration, and invasion in hepatocellular carcinoma via a reciprocal regulatory interaction with
ETS1. Oncogene 2018, 37, 1624-1636. [CrossRef]

Ji, X.; Guo, H.; Yin, S.; Du, H. miR-139-5p functions as a tumor suppressor in cervical cancer by targeting TCF4 and inhibiting
Wnt/ 3-catenin signaling. Onco Targets Ther. 2019, 12, 7739-7748. [CrossRef]

Liu, J.; Li, C,; Jiang, Y.; Wan, Y.; Zhou, S.; Cheng, W. Tumor-suppressor role of miR-139-5p in endometrial cancer. Cancer Cell Int.
2018, 18, 51. [CrossRef]

Zhang, H.D.; Sun, D.W,; Mao, L.; Zhang, J.; Jiang, L.H.; Li, J.; Wu, Y.; Ji, H.; Chen, W.; Wang, J.; et al. MiR-139-5p inhibits the
biological function of breast cancer cells by targeting Notch1l and mediates chemosensitivity to docetaxel. Biochem. Biophys. Res.
Commun. 2015, 465, 702-713. [CrossRef]

Yang, B.; Zhang, W.; Sun, D.; Wei, X.; Ding, Y.; Ma, Y.; Wang, Z. Downregulation of miR-139-5p promotes prostate cancer
progression through regulation of SOX5. Biomed. Pharmacother. 2019, 109, 2128-2135. [CrossRef]

Li, Q.; Liang, X.; Wang, Y.; Meng, X.; Xu, Y.; Cai, S.; Wang, Z.; Liu, J.; Cai, G. miR-139-5p Inhibits the Epithelial-Mesenchymal
Transition and Enhances the Chemotherapeutic Sensitivity of Colorectal Cancer Cells by Downregulating BCL2. Sci. Rep. 2016,
6,27157. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/22016821
http://doi.org/10.1016/j.bbcan.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22579961
http://doi.org/10.3389/fonc.2016.00125
http://www.ncbi.nlm.nih.gov/pubmed/27242964
http://doi.org/10.1158/1535-7163.MCT-18-0584
http://doi.org/10.1016/j.ebiom.2016.08.016
http://doi.org/10.1007/s10549-012-2034-4
http://doi.org/10.1158/1541-7786.MCR-17-0230
http://doi.org/10.1038/srep38232
http://doi.org/10.1038/onc.2014.348
http://doi.org/10.1158/0008-5472.CAN-15-2321
http://doi.org/10.1007/s12035-014-8935-y
http://doi.org/10.1016/j.mam.2013.08.001
http://doi.org/10.1159/000492561
http://doi.org/10.1016/j.canlet.2020.01.005
http://doi.org/10.1016/j.ygyno.2004.12.043
http://doi.org/10.22034/APJCP.2017.18.6.170735
http://doi.org/10.1001/jamasurg.2013.3181
http://doi.org/10.1038/s41388-017-0057-3
http://doi.org/10.2147/OTT.S215796
http://doi.org/10.1186/s12935-018-0545-8
http://doi.org/10.1016/j.bbrc.2015.08.053
http://doi.org/10.1016/j.biopha.2018.09.029
http://doi.org/10.1038/srep27157

Cancers 2021, 13, 2582 23 of 23

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gu, S.Q.; Luo, ].H.; Yao, W.X. The regulation of miR-139-5p on the biological characteristics of breast cancer cells by targeting
COL11A1. Math. Biosci. Eng. 2019, 17, 1428-1441. [CrossRef]

Shao, S.; Zhao, X.; Zhang, X.; Luo, M.; Zuo, X.; Huang, S.; Wang, Y.; Gu, S.; Zhao, X. Notch1 signaling regulates the epithelial-
mesenchymal transition and invasion of breast cancer in a Slug-dependent manner. Mol. Cancer 2015, 14, 28. [CrossRef]

Jeong, ].Y.; Kang, H.; Kim, T.H.; Kim, G.; Heo, ].H.; Kwon, A.Y.; Kim, S.; Jung, S.G.; An, H.]. MicroRNA-136 inhibits cancer stem
cell activity and enhances the anti-tumor effect of paclitaxel against chemoresistant ovarian cancer cells by targeting Notch3.
Cancer Lett. 2017, 386, 168-178. [CrossRef]

Dong, Z.; Yu, C.; Rezhiya, K.; Gulijiahan, A.; Wang, X. Downregulation of miR-146a promotes tumorigenesis of cervical cancer
stem cells via VEGF/CDC42/PAK1 signaling pathway. Artif. Cells Nanomed. Biotechnol. 2019, 47, 3711-3719. [CrossRef] [PubMed]
Koturbash, I.; Zemp, FJ.; Pogribny, I.; Kovalchuk, O. Small molecules with big effects: The role of the microRNAome in cancer
and carcinogenesis. Mutat. Res. 2011, 722, 94-105. [CrossRef] [PubMed]

Li, YM,; Pan, Y.; Wei, Y.; Cheng, X.; Zhou, B.P; Tan, M.; Zhou, X.; Xia, W.; Hortobagyi, G.N.; Yu, D.; et al. Upregulation of CXCR4
is essential for HER2-mediated tumor metastasis. Cancer Cell 2004, 6, 459-469. [CrossRef] [PubMed]

Russell, K.S.; Hung, M.C. Transcriptional repression of the neu protooncogene by estrogen stimulated estrogen receptor. Cancer
Res. 1992, 52, 6624-6629. [PubMed]

Bao, W.; Fu, HJ.; Xie, Q.S.; Wang, L.; Zhang, R.; Guo, Z.Y,; Zhao, ].; Meng, Y.L.; Ren, X.L.; Wang, T.; et al. HER?2 interacts with
CD44 to up-regulate CXCR4 via epigenetic silencing of microRNA-139 in gastric cancer cells. Gastroenterology 2011, 141, 2076-2087.
[CrossRef]

Kim, J.; Yao, F; Xiao, Z.; Sun, Y.; Ma, L. MicroRNAs and metastasis: Small RNAs play big roles. Cancer Metastasis Rev. 2018,
37, 5-15. [CrossRef]

Patrawala, L.; Calhoun, T.; Schneider-Broussard, R.; Zhou, J.; Claypool, K.; Tang, D.G. Side population is enriched in tumorigenic,
stem-like cancer cells, whereas ABCG2+ and ABCG2- cancer cells are similarly tumorigenic. Cancer Res. 2005, 65, 6207-6219.
[CrossRef]

Chang, C.W.; Yu, ].C.; Hsieh, Y.H.; Yao, C.C.; Chao, ]J.I.; Chen, PM.; Hsieh, H.Y.; Hsiung, C.N.; Chu, HW.; Shen, C.Y,; et al.
MicroRNA-30a increases tight junction protein expression to suppress the epithelial-mesenchymal transition and metastasis by
targeting Slug in breast cancer. Oncotarget 2016, 7, 16462-16478. [CrossRef]


http://doi.org/10.3934/mbe.2020073
http://doi.org/10.1186/s12943-015-0295-3
http://doi.org/10.1016/j.canlet.2016.11.017
http://doi.org/10.1080/21691401.2019.1664560
http://www.ncbi.nlm.nih.gov/pubmed/31522559
http://doi.org/10.1016/j.mrgentox.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20472093
http://doi.org/10.1016/j.ccr.2004.09.027
http://www.ncbi.nlm.nih.gov/pubmed/15542430
http://www.ncbi.nlm.nih.gov/pubmed/1358436
http://doi.org/10.1053/j.gastro.2011.08.050
http://doi.org/10.1007/s10555-017-9712-y
http://doi.org/10.1158/0008-5472.CAN-05-0592
http://doi.org/10.18632/oncotarget.7656

	Introduction 
	Results 
	Decreased Levels of miR-139 in Metastatic Breast Cancer Cell Lines 
	CXCR4 Gene as a Direct Target of miR-139 
	miR-139 Inhibited Breast Cancer Invasiveness by Suppressing CXCR4/p-Akt Signaling 
	miR-139 Decreased the Stemness of Breast Cancer Cells 
	miR-139 Reduced BCSC Through Down-Modulation of CXCR4/p-Akt Signaling 
	Prognostic Significance of miR-139 in Patients with Breast Cancer 

	Discussion 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Cancer Stem Cell Sorting 
	Cultivation and Characterization of CSCs 
	Construction of miR-139-Transfected Breast Tumor Cells 
	Dual Luciferase Reporter Assay 
	Wound Healing Assay and Matrigel Invasion Assay 
	Western Blotting Analysis 
	Mouse Xenotransplantation Assay 
	Patients and Tissue Samples 
	Laser Capture Microdissection and Quantitative Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

