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Abstract
Triple-negative breast cancer (TNBC) has an aggressive biological behavior and poor outcome. Our published study showed 
that PAI-1 could induce the migration and metastasis of TNBC cells. However, the underlying mechanism by which PAI-1 
regulates TNBC metastasis has not been addressed. Here, we demonstrated that PAI-1 is high expressed in TNBC and pro-
motes TNBC cells tumorigenesis. Using microarray analysis of lncRNA expression profiles, we identified a lncRNA SOX2-
OT, which is induced by PAI-1 and could function as an oncogenic lncRNA in TNBC. Mechanistic analysis demonstrated that 
SOX2-OT acts as a molecular sponge for miR-942-5p to regulate the expression of PIK3CA, ultimately leading to activating 
PI3K/Akt signaling pathway and promoting TNBC metastasis. Taken together, our findings suggest that SOX2-OT regulates 
PAI-1-induced TNBC cell metastasis through miR-942-5p/PIK3CA signaling and illustrate the great potential of developing 
new SOX2-OT-targeting therapy for TNBC patients.
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Abbreviations
TNBC	� Triple-negative breast cancer
ER	� Estrogen receptor
PR	� Progesterone receptor
HER-2	� Human epidermal growth factor receptor 2
LEC	� Lymphatic vessel endothelial cell
LV	� Lymphatic vessel
EC	� Endothelial cell

EMT	� Epithelial–mesenchymal transition
LncRNA	� Long non-coding RNA
ceRNA	� Competing endogenous RNA
RIP	� RNA immunoprecipitation
GSEA	� Gene set enrichment analysis
OS	� Overall survival
RFS	� Relapse-free survival
DMFS	� Distant metastasis-free survival
BMSC	� Bone mesenchymal stem cell
IHC	� Immunohistochemistry
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Introduction

Triple negative breast cancer (TNBC) is identified as lack 
the expression of estrogen receptor (ER), progesterone 
receptor (PR), and human epidermal growth factor recep-
tor 2 (HER-2) [1]. Compared with other subtypes of breast 
cancer, the prognosis of TNBC patients is worse, which 
is due to their inherently aggressive clinical behavior 
and the lack of recognized therapeutic molecular targets 
[2]. Therefore, the regulatory mechanism of TNBC cell 
invasion and metastasis process has been a hot topic of 
research. It has been reported that the tumor microenvi-
ronment can also promote metastatic spread by inducing 
reversible changes in the phenotype of cancer cells [3, 4]. 
The metastatic potential of breast cancer cells was greatly 
increased, when mixed with human mesenchymal stem 
cells [3]. Lymphatic vessel endothelial cells (LECs) are 
a component of lymphatic vessels (LVs) in the pre-meta-
static microhabitats, which can accelerate metastasis and 
promote angiogenesis when co-cultured with TNBC cells 
[4]. Our published study has also shown that endothelial 
cells (ECs) could induce TNBC cells to secrete abundant 
plasminogen activator inhibitor-1 (PAI-1/SERPINE1) after 
TGF-β treatment, which caused TNBC cells to undergo 
epithelial–mesenchymal transition (EMT) and simulated 
cancer cells metastasis [5]. PAI-1, a major inhibitor of 
plasminogen activators, is involved in tumor progres-
sion and angiogenesis, and high expression of PAI-1 is 
associated with poor prognosis in breast cancer patients 
[6–9]. Our study and other literatures had demonstrated 
that PAI-1 could induce the migration and metastasis of 
TNBC cells [9, 10]. However, little is known regarding the 
underlying mechanism by which PAI-1 regulates TNBC 
metastasis.

Long non-coding RNAs (lncRNAs) are defined as the 
non-protein-coding transcripts with a length exceeding 200 
nucleotides [11]. Accumulating studies have shown that 
the expression of lncRNAs is dysregulated in various types 
of cancer, including breast cancer [12], lung cancer [13], 
cervical cancer [14], pancreatic cancer [15], prostate can-
cer [16] and hematological malignancies [17]. Recently, 
numerous lncRNAs have been shown to play important 
roles in multiple biological processes, such as prolifera-
tion, apoptosis, cell cycle arrest, metastasis, and drug 
resistance [18–21]. In TNBC, many studies have identi-
fied a large number of dysregulated lncRNAs that play a 
critical role in tumor invasion and metastasis through a 
variety of mechanisms. For instance, lncRNA TROJAN 
could bind to metastasis-repressing factor ZMYND8 and 
increase its degradation through the ubiquitin–proteas-
ome pathway, resulting in TNBC proliferation and metas-
tasis [22]. LncRNA NAMPT-AS could promote TNBC 

cell metastasis and regulate autophagy, through recruit-
ing POU2F2 to activate NAMPT transcription, or serv-
ing as a competing endogenous RNA (ceRNA) to rescue 
NAMPT degradation from miR-548b-3p [23]. Our study 
also showed that lncRNA ARNILA can act as a ceRNA 
for miR-204 and promote the expression of its target gene 
SOX4, which ultimately leads to TNBC EMT, invasion 
and metastasis [24]. In this study, we aimed to investigate 
the role of lncRNA in the PAI-1-induced TNBC metas-
tasis. We found that PAI-1 promoted the expression of 
lncRNA SOX2-OT, which could activate the PI3K/Akt 
signaling pathway by acting as a molecular sponge for 
miR-942-5p, ultimately leading to TNBC invasion and 
metastasis.

Results

PAI‑1 is high expressed in TNBC and promotes TNBC 
cells tumorigenesis

To investigate the expression of PAI-1 in breast cancer, we 
first analyzed the publically available data set TCGA [25] 
and found that PAI-1 is significantly overexpressed in breast 
tumours in comparison with normal breast tissues (Fig. 1a). 
A significantly elevated PAI-1 expression was also found 
between the paired primary tumor and normal adjacent tis-
sues (Fig. S1a). The expression levels of PAI-1 were no 
difference among every PAM50 subtypes of breast cancer, 
while the mesenchymal stem-like subtype of TNBC showed 
a higher PAI-1 expression compared with other subtypes 
(Fig. 1b and S1b) [26]. To examine the above finding in 
breast cancer cell lines in vitro, we analyzed PAI-1 expres-
sion in GOBO database that contains expression data of 
51 breast cancer cell lines [27]. A similar result was also 
obtained that PAI-1 was high expressed in TNBC and Basal 
B subtype compared with other subtypes (Figs. 1c and S1c, 
d). Next, we confirmed those results in a panel of normal 
breast epithelial cell MCF-10A and 11 breast cancer cell 
lines including five non-TNBC and six TNBC cell lines. 
Western blotting and reverse transcriptase-PCR analysis 
showed PAI-1 protein and mRNA expression levels were 
significantly upregulated in TNBC cell lines as compared 
with normal breast epithelial cell and non-TNBC cell lines 
(Figs. 1d, e and S1e). These findings suggested PAI-1 was 
high expressed in TNBC.

To study a functional role of PAI-1 in TNBC, we treated 
two TNBC cell lines, MDA-MB-231 and Hs578t, with 
10 ng/ml recombinant human PAI-1 and 10 ng/ml PAI-1 
inhibitor PAI-039 and then determined the effect of PAI-1 
on aggressive growth properties of TNBC. We found recom-
binant PAI-1 could increase the cell growth of TNBC cells, 
while PAI-1 small-molecule inhibitor PAI-039 inhibited 
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TNBC cells growth (Fig. S1f, g). Moreover, wound healing 
assay and transwell invasion assay indicated PAI-1 could 
increase TNBC cells migration and invasion (Fig. 1f, g). 
Taken together, those data suggested that PAI-1 could pro-
mote TNBC cells tumorigenesis.

To explore the role of PAI-1 in breast cancer patients’ 
clinical outcomes, we obtained the prognostic information 

using Kaplan–Meier plotter (http://​kmplot.​com/​analy​sis/) 
online breast cancer survival analysis [28]. We observed 
that high PAI-1 expression positively correlated with 
reduced overall survival (OS), relapse-free survival 
(RFS) and distant metastasis-free survival (DMFS) in 
1879, 4929, and 2765 breast cancer patients, respectively 
(Fig. S1i–k). Of interest, we also noticed that high PAI-1 

Fig. 1   PAI-1 is high expressed in TNBC and promotes TNBC 
cells tumorigenesis. a PAI-1 expression in normal adjacent tis-
sues, and primary tumor tissues from TCGA breast cancer patients. 
***P < 0.001 by t test. b PAI-1 expression in different TNBC sub-
types of TCGA breast cancer patients from UALCAN cancer data-
base (http://​ualcan.​path.​uab.​edu/​index.​html). c PAI-1 expression 
in Basal A, Basal B and Luminal subtypes of 51 breast cancer cell 
lines from GOBO. d Relative PAI-1 protein levels of normal breast 
epithelial cell MCF-10A and 11 breast cancer cell lines. e Relative 
PAI-1 mRNA levels of normal breast epithelial cell MCF-10A and 
11 breast cancer cell lines. f Wound-healing assay of MDA-MB-231 
and Hs578t cell migration treated with recombinant human PAI-1 or 

PAI-1 small-molecule inhibitor PAI-039. Photographs were obtained 
immediately (0 h) and at 24 h after wounding. *P < 0.05, **P < 0.01 
by t test. g Transwell invasion assay of MDA-MB-231 and Hs578t 
cells that were treated with recombinant human PAI-1 or PAI-
039. **P < 0.01, ***P < 0.001, by t test. h–j Overall survival (OS), 
Replase free survival (RFS), and Distance metastasis free survival 
(DMFS) in high and low PAI-1-expressing TNBC patient tissues. 
P values were calculated with log-rank (Mantel–Cox) test. Patients 
were stratified into ‘low’ and ‘high’ PAI-1 expression based on auto 
select best cutoff using Kaplan–Meier plotter database. Results repre-
sented the average of three independent experiments, the data repre-
sent the mean ± SD

http://kmplot.com/analysis/
http://ualcan.path.uab.edu/index.html
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expression was associated with worse OS (HR = 1.76, 95% 
CI = 1.18–2.62; P = 0.0046; Fig. 1h), RFS (HR = 1.54, 
95% CI = 1.22–1.95; P = 0.00031; Fig.  1i) and DMFS 
(HR = 1.65, 95% CI = 1.19–2.28; P = 0.0025; Fig.  1j) 
in tissues from 404, 846 and 571 patients with TNBC, 
respectively. These findings suggested a potential prog-
nostic value of PAI-1 in breast cancer patients.

PAI‑1 promotes lncRNA SOX2‑OT expression 
and SOX2‑OT functions as an oncogenic lncRNA 
in TNBC

Considering the emerging roles of lncRNAs in the carcino-
genesis and development of TNBC [18, 29], we treated 
MDA-MB-231 cells with or without recombinant human 
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PAI-1 or PAI-1 small-molecule inhibitor PAI-039, then used 
microarray analysis to obtain the lncRNAs expression pro-
files (Fig. 2a). We identified four lncRNAs (AC068492.1; 
SOX2-OT; HOTTIP; GAS5) were upregulated after PAI-1 
treatment and downregulated after PAI-039 treatment 
(Fig. 2b; fold change ≥ 2.0, P < 0.05). We next validated 
the mRNA expression levels of widely studied lncRNA 
GAS5, HOTTIP and SOX2-OT. As shown in Fig. 2c, the 
expression levels of HOTTIP and SOX2-OT were accord-
ant with microarray analysis. Since the role of SOX2-OT 
in breast cancer was still unknown, we chose the lncRNA 
SOX2-OT for the further research. We treated two TNBC 
cell lines MDA-MB-231 and Hs578t with PAI-1 or PAI-
039 and measured the expression of SOX2-OT at various 
timepoints. We found that PAI-1 induced a robust increase 
of SOX2-OT in both cells, while PAI-039 treatment led to a 
marked decrease in the expression of SOX2-OT (Fig. 2d, e). 
Those results suggested that PAI-1 could promote SOX2-OT 
expression in TNBC.

To explore the functional role of SOX2-OT, we con-
structed SOX2-OT overexpression plasmid and knocked 
down SOX2-OT by short hairpin RNA (shRNA) in both 
MDA-MB-231 and Hs578t cell lines (Fig. 2f). We found 
overexpression of SOX2-OT could increase cell colony 
forming ability, while knockdown of SOX2-OT reduced 
TNBC cell colony forming ability (Fig. S2a). Meanwhile, 
SOX2-OT knockdown increased, whereas SOX2-OT over-
expression reduced, the number of apoptosis cells from 
both two TNBC cells (Fig. S2b). Wound healing assay and 
transwell invasion assay indicated SOX2-OT could increase 
TNBC cells migration and invasion (Fig. 2g, h). Next, we 

further explored whether PAI-1 could promote TNBC cell 
migration and invasion through SOX2-OT. Using recombi-
nant PAI-1 or PAI-039 treatment in the SOX2-OT knock-
down or overexpressed TNBC cells, we confirmed PAI-1 
exert its role through SOX2-OT (Fig. 2g, h). To evaluate 
whether SOX2-OT expression associated with breast can-
cer metastasis, we analyzed TCGA database and divided 
the TCGA breast cancer patients into two groups based on 
the median expression of SOX2-OT. Gene set enrichment 
analysis (GSEA) indicated that breast cancer metastasis 
signature [30] was significantly enriched in the SOX2-OT 
high-expressed patients (Fig. 2i). Another four published 
metastasis signaling pathways [31–34] were also mainly 
enriched upon SOX2-OT upregulation (Fig. S2c). Together, 
these results suggested that SOX2-OT potentially regulated 
TNBC metastasis.

Next, we used Kaplan–Meier plotter to investigate the 
effect of SOX2-OT on the prognosis of TNBC patients. We 
found that high SOX2-OT expression positively correlated 
with worse OS (HR = 2.35, 95% CI = 1.03–5.33; P = 0.036; 
Fig.  2j), and DMFS (HR = 3.59, 95% CI = 1.38–9.34; 
P = 0.0052; Fig. 2l) in tissues from 153 and 145 patients 
with TNBC, respectively. We also noticed high SOX2-OT 
expression had a trend to associate with worse RFS (Fig. 2k). 
Taken together, our findings suggested that SOX2-OT func-
tions as an oncogenic lncRNA in TNBC.

SOX2‑OT acts as a molecular sponge for miR‑942‑5p

Recently, many lncRNAs have been reported to competi-
tively bind to miRNAs and function as competing endog-
enous RNAs (ceRNA) in breast cancer [18, 29, 35]. To 
test the hypothesis that SOX2-OT could act as a ceRNA 
to regulate TNBC progression, we first performed inte-
grated bioinformatical analysis using four publicly profile 
data sets and miR-942-5p was predicted to target SOX2-
OT in three databases (Fig. 3a). We next performed dual-
luciferase reporter assays to confirm the regulatory relation-
ships between SOX2-OT and a total seven tumor suppressor 
miRNAs, including miR-29a-3p, miR-186-5p, miR-320a-5p, 
miR-361-5p, miR-9-3p, miR-942-5p and miR-627-3p. The 
reporter activity was noticeably suppressed by the pres-
ence of miR-320a-5p and miR-942-5p mimics (Fig. 3b). 
Kaplan–Meier plotter showed that both miR-320a and miR-
942-5p had a positive correlation with a prolonged OS in 
systemically untreated TNBC patients (Figs. 3c and S3b), 
but not all breast cancer patients (Fig. S3a, c). We then ana-
lyzed RNA-seq data of TCGA database by comparing the 
SOX2-OT and those two miRNAs mRNA levels in breast 
cancer patients and TNBC subpopulation. The results 
revealed that miR-942-5p, but not miR-320a was negatively 
correlated with SOX2-OT in both the whole and TNBC 
populations (Figs. 3d and S3d–f).

Fig. 2   PAI-1 promotes lncRNA SOX2-OT expression and SOX2-OT 
functions as an oncogenic lncRNA in TNBC. a Heat map represen-
tation of microarray data about the lncRNA levels in MDA-MB-231 
cells treated with recombinant human PAI-1, or PAI-039. b Venn 
diagram of the different expressed lncRNAs after PAI-1 or PAI-039 
treatment. c Relative mRNA levels of MDA-MB-231 treated with 
PAI-1 or PAI-039. ***P < 0.001 by t test. d, e SOX2-OT mRNA level 
of MDA-MB-231 (d) and Hs578t (e) treated with PAI-1 or PAI-039 
at various timepoints. **P < 0.01, ***P < 0.001, by t test. f SOX2-OT 
mRNA level of MDA-MB-231 and Hs578t transfected with SOX2-
OT or shSOX2-OT. ***P < 0.001, by t test. g Wound-healing assay 
of MDA-MB-231 and Hs578t cell migration treated with SOX2-OT 
or shSOX2-OT transfection, and PAI-039 or PAI-1 treatment. Pho-
tographs were obtained immediately (0 h) and at 48 h after wound-
ing. **P < 0.01, ***P < 0.001 by t test. h Transwell invasion assay of 
MDA-MB-231 and Hs578t cells that were treated with SOX2-OT or 
shSOX2-OT transfection, and PAI-039 or PAI-1 treatment. *P < 0.05, 
**P < 0.01, ***P < 0.001 by t test. i GSEA of breast cancer metasta-
sis gene signatures between ‘low’ and ‘high’ SOX2-OT expression in 
TCGA breast cancer patients. NES, normalized enrichment score. j–l 
OS, RFS, and DMFS in high and low SOX2-OT-expressing TNBC 
patient tissues. P values were calculated with log-rank (Mantel–Cox) 
test. Patients were stratified into ‘low’ and ‘high’ SOX2-OT expres-
sion based on auto select best cutoff. Results represented the average 
of three independent experiments, the data represent the mean ± SD

◂
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To obtain direct evidence for the interaction between 
SOX2-OT and miR-942-5p, we subcloned wild-type (SOX2-
OT WT) and mutated (SOX2-OT MUT) miR-942-5p bind-
ing site into dual-luciferase reporters (Fig. 3e). As shown 
in Fig. 3f, the relative luciferase activity of SOX2-OT WT 
was significantly reduced after co-transfection of miR-
942-5p mimic, while SOX2-OT mutant vector did not show 
a response to miR-942-5p mimic. To validate the direct 
binding between SOX2-OT and miR-942-5p at endogenous 
levels, we performed SOX2-OT RNA-pull-down experiment 

in MDA-MB-231 cells transfected with SOX2-OT WT or 
SOX2-OT MUT vector. qPCR analysis demonstrated that 
SOX2-OT was able to successfully pull down miR-942-5p 
in the SOX2-OT WT group compared to the empty vec-
tor, and SOX2-OT with mutations in miR-942-5p targeting 
sites (Fig. 3g). To demonstrate whether SOX2-OT was regu-
lated by miR-942-5p in an AGO2-dependent manner, we 
conducted anti-AGO2 RNA immunoprecipitation (RIP) in 
MDA-MB-231 cells transiently overexpressing miR-942-5p. 
As shown in Fig. 3h, endogenous SOX2-OT pull-down by 

Fig. 3   SOX2-OT acts as a molecular sponge for miR-942-5p. a Venn 
diagram of the potential binding miRNAs of SOX2-OT accord-
ing to bioinformatics analysis. b Luciferase activity of SOX2-OT 
upon transfection of the indicated miRNA mimics in 293  T cells. 
***P < 0.001 by t test. c OS in high and low miR-942-expressing 
TNBC patient tissues. P values were calculated with log-rank (Man-
tel–Cox) test. Patients were stratified into ‘low’ and ‘high’ expres-
sion based on auto select best cutoff using Kaplan–Meier plotter 
database. d Correlation between SOX2-OT and miR-942-5p expres-
sion in TCGA TNBC patients. P values were calculated with Pearson 
correlation analysis. e Putative miR-942-5p binding site and mutant 
sequences in SOX2-OT. f Luciferase activity of SOX2-OT WT and 
SOX2-OT MUT upon transfection of miR-942-5p mimics in 293  T 

cells. ***P < 0.001 by t test. g Cell lysates of MDA-MB-231 trans-
fected with SOX2-OT or shSOX2-OT were incubated with biotin-
labeled SOX2-OT; after pull-down, mRNA expression levels of 
SOX2-OT and miR-942-5p were detected by qRT-PCR. ***P < 0.001 
by t test. h Anti-AGO2 RIP was performed in MDA-MB-231 cells 
overexpressing miR-942-5p, followed by qRT-PCR to detect SOX2-
OT and miR-942-5p associated with AGO2. ***P < 0.001 by t test. i–
l Relative SOX2-OT and miR-942-5p mRNA levels in MDA-MB-231 
and Hs578t cells transfected with SOX2-OT WT, SOX2-OT MUT or 
shSOX2-OT, and miR-942-5p mimic or inhibitor. ***P < 0.001 by 
t test. Results represented the average of three independent experi-
ments, the data represent the mean ± SD
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AGO2 was specifically enriched in miR-942-5p mimic-
transfected cells. Furthermore, we found that SOX2-OT 
knockdown strongly increased miR-942-5p level, which 
could be downregulated by miR-942-5p inhibitor treatment 
(Fig. 3i–l). Ectopically expressed SOX2-OT WT reduced 
the expression level of miR-942-5p, which was reversed by 
transfecting with miR-942-5p mimics. Notably, mutations 
in the miR-942-5p-binding site on SOX2-OT abolished this 
reversed effect, further supporting that SOX2-OT acted as a 
molecular sponge for miR-942-5p.

SOX2‑OT accelerates TNBC cells metastasis 
via miR‑942‑5p

miR-942-5p has been reported to inhibit tumorigenesis 
of several malignant tumors, including colorectal cancer 
[36, 37], cervical cancer [38] and bone mesenchymal stem 
cells (BMSCs) [39] and ovarian cancer [40]. However, 

its function has never been explored in breast cancer and 
TNBC. To investigate the role of miR-942-5p in the tumo-
rigenesis of TNBC, we treated MDA-MB-231 and Hs578t 
cells with miR-942-5p mimic or inhibitor and detected the 
changes of tumor cells biological characteristics (Fig. 4a). 
We found miR-942-5p inhibitor increased the cell growth 
of TNBC cells, while miR-942-5p mimic inhibited TNBC 
cells growth (Fig. S4a, b). We also noticed that miR-942-5p 
mimic could induce TNBC cells apoptosis, while the effect 
of miR-942-5p inhibitor on cell apoptosis was negligible 
(Fig. S4c). Moreover, using wound healing assay and tran-
swell invasion assay, we demonstrated that miR-942-5p 
could suppress TNBC cells migration and invasion (Fig. 4b, 
c). Taken together, those data suggested that miR-942-5p 
could inhibit TNBC cells tumorigenesis.

Next, we wondered whether SOX2-OT promoted TNBC 
cells tumorigenesis via miR-942-5p. To address this ques-
tion, we knocked down or overexpressed SOX2-OT in 

Fig. 4   SOX2-OT accelerates TNBC cells metastasis via miR-942-5p. 
a miR-942-5p mRNA level of MDA-MB-231 and Hs578t trans-
fected with miR-942-5p mimic or inhibitor. ***P < 0.001 by t test. 
b Wound-healing assay of MDA-MB-231 and Hs578t cells that 
were treated with miR-942-5p mimic or inhibitor transfection. Pho-
tographs were obtained immediately (0 h) and at 48 h after wound-
ing. *P < 0.05, **P < 0.01 by t test. c Transwell invasion assay of 
MDA-MB-231 and Hs578t cells that were treated with miR-942-5p 
mimic or inhibitor transfection. **P < 0.01, ***P < 0.001 by t test. d, 

e Wound-healing assay of MDA-MB-231 and Hs578t cell migration 
transfected with SOX2-OT WT, SOX2-OT MUT or shSOX2-OT, and 
miR-942-5p mimic or inhibitor. *P < 0.05, **P < 0.01, ***P < 0.001 
by t test. f, g Transwell invasion assay of MDA-MB-231 and Hs578t 
cells transfected with SOX2-OT WT, SOX2-OT MUT or shSOX2-
OT, and miR-942-5p mimic or inhibitor. *P < 0.05, **P < 0.01, 
***P < 0.001 by t test. Results represented the average of three inde-
pendent experiments, the data represent the mean ± SD
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MDA-MB-231 and Hs578t cells and detected the cell migra-
tion and invasion using wound healing assay and transwell 
invasion assay. As shown in Fig. 4d–g, we found that SOX2-
OT knockdown reduced MDA-MB-231 and Hs578t cells 
migration and invasion, which could be rescued by miR-
942-5p inhibitor treatment. Similarly, ectopic expression 
of SOX2-OT could promote TNBC cells migration and 
invasion, while adding miR-942-5p mimic could reverse it 
(Fig. 4d–g). It was noteworthy that SOX2-OT vector treat-
ment with mutations in the miR-942-5p-binding site abol-
ished this reversed effect after transfection with miR-942-5p 
mimic (Fig. 4d–g). Collectively, SOX2-OT could accelerate 
TNBC cells metastasis via miR-942-5p.

To address whether the potential pro-proliferative effect 
of SOX2-OT in TNBC cells was dependent on miR-942-5p, 
we also detected cell proliferation and apoptosis after SOX2-
OT and/or miR-942-5p treatment. We found that inhibi-
tion rate of cell growth was increased in the shSOX2-OT 
cells, and decreased in the SOX2-OT overexpressed cells 
at various timepoints (Fig. S4d, e). miR-942-5p inhibitor 
partially reversed shSOX2-OT-induced growth inhibi-
tion, and miR-942-5p mimic reversed cell proliferation of 
SOX2-OT WT treatment (Fig. S4d, e). Notably, mutations 
in the miR-942-5p-binding site on SOX2-OT abolished this 
reversed effect. Similarly, colony formation assay and cell 
apoptosis assay displayed a consistent result with the CCK-8 
assay (Fig. S4f–i). Taken together, our results indicated that 
SOX2-OT promoted cell proliferation and suppressed cell 
apoptosis in a miR-942-5p-dependent manner.

SOX2‑OT activates PI3K/Akt signaling pathway 
via miR‑942‑5p

Using four bioinformatical tools, we predicted 1294 poten-
tial target genes of miR-942-5p (Fig. S5a). The GO enrich-
ment analysis of these genes showed that PI3K/Akt signal-
ing pathway was the most significant signaling pathways 
(Fig. S5b). We noticed that PIK3CA was also the potential 
target of miR-942-5p. To validate the interaction between 
miR-942-5p and PIK3CA, we subcloned wild-type (PIK3CA 
WT) and mutated (PIK3CA MUT) miR-942-5p binding 
site in the 3’-untranslated region (3’UTR) of PIK3CA into 
dual-luciferase reporters (Fig. 5a). As shown in Fig. 5b, the 
relative luciferase activity of PIK3CA WT was significantly 
reduced after co-transfection of miR-942-5p mimic, while 
PIK3CA mutant vector did not show a response to miR-
942-5p mimic. Next, we detected the mRNA expression of 
PIK3CA in the MDA-MB-231 and Hs578t cells after SOX2-
OT overexpression or shSOX2-OT treatment. We found that 
SOX2-OT overexpression enhanced the mRNA expression 
level of PIK3CA, while SOX2-OT knockdown significantly 
diminished PIK3CA mRNA expression (Fig. 5c). We also 
detected the protein expression of PI3K, p-PI3K, Akt, p-Akt, 

epithelial marker E-Cadherin, and mesenchymal markers 
N-Cadherin in the MDA-MB-231 and Hs578t cells after 
miR-942-5p inhibitor or mimic treatment. As shown in 
Fig. 5d, miR-942-5p inhibitor promoted the phosphorylation 
thus the activation of PI3K and Akt (Figs. 5d and S5c, d). 
To answer the question whether in functional level PIK3CA 
mutant could restore miR-942-5p overexpression-mediated 
suppression of tumor cell migration, and invasion, we per-
formed wound healing assay and transwell invasion assay 
after PIK3CA WT or MUT vector transfection in the miR-
942-5p overexpressed MDA-MB-231 and Hs578t cells. We 
found PIK3CA mutant could promote TNBC cells migra-
tion and invasion, compared with PIK3CA WT transfection 
(Fig. 5e, f). Those data showed that miR-942-5p could target 
PIK3CA and activate PI3K/Akt signally pathway.

To investigate whether SOX2-OT could activate PI3K/
Akt signaling pathway through targeting miR-942-5p/
PIK3CA, we detected the PIK3CA mRNA expression 
in the MDA-MB-231 and Hs578t cells after SOX2-OT 
knockdown and SOX2-OT vector transfection. As shown 
in Fig. 5g, h, we found that SOX2-OT knockdown strongly 
decreased PIK3CA mRNA level, which could be partially 
rescued by miR-942-5p inhibitor treatment. Ectopically 
expressed SOX2-OT WT promoted the expression level 
of PIK3CA, which was partially reversed by transfecting 
with miR-942-5p mimics. Significantly, this reversed effect 
was abolished in the TNBC cells transfected with mutations 
in the miR-942-5p-binding site on SOX2-OT (Fig. 5g, h), 
suggesting that SOX2-OT induced PIK3CA expression by 
competitively binding to miR-942-5p. Next, we detected 
the change of PI3K/Akt signaling pathway gene expression 
using western blotting assay. The results displayed a consist-
ent result with the mRNA data (Figs. 5i and S5e, f). Taken 
together, our findings indicated that SOX2-OT could activate 
PI3K/Akt signaling pathway via miR-942-5p.

SOX2‑OT promotes TNBC metastasis in vivo

To further demonstrate the oncogenic role of SOX2-OT in 
TNBC in vivo, we used a xenograft mouse model. Female 
BALB/c nude mice were subcutaneously injected with 
shLncRNA NC- or shSOX2-OT-transfected MDA-MB-231 
cells and treated intragastrically with PBS, PAI-039, or PI3K 
inhibitor LY294002 every 3 days. As shown in Fig. 6a–c, 
SOX2-OT knockdown was shown to strongly inhibit in vivo 
xenograft tumor growth of MDA-MB-231 cells. Moreover, 
PAI-039 or LY294002 treatment led to a further inhibition 
of xenograft tumor growth (Fig. 6a–c). We confirmed that 
expression levels of SOX2-OT and PIK3CA mRNA were 
decreased by SOX2-OT knockdown in vivo. Meanwhile, 
LY294002 treatment caused a lower expression level of 
PIK3CA (Fig. 6d). Results of western blotting assay and 
immunohistochemistry (IHC) staining assay demonstrated 
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Fig. 5   SOX2-OT activates PI3K/Akt signaling pathway via miR-
942-5p. a Putative miR-942-5p binding site and mutant sequences 
in the 3’UTR of PIK3CA. b Luciferase activity of PIK3CA WT and 
PIK3CA MUT upon transfection of miR-942-5p mimics in 293  T 
cells. ***P < 0.001 by t test. c PIK3CA mRNA level of MDA-
MB-231 and Hs578t transfected with miR-942-5p mimic or inhibitor. 
***P < 0.001 by t test. d Relative protein levels of MDA-MB-231 and 
Hs578t transfected with miR-942-5p mimic or inhibitor. e, f Wound-
healing assay (e) and Transwell invasion assay (f) of MDA-MB-231 
and Hs578t cells that were treated with co-transfection of miR-942-5p 

mimic and PIK3CA WT or MUT vector. Photographs were obtained 
immediately (0 h) and at 48 h after wounding. *P < 0.05, **P < 0.01, 
***P < 0.001 by t test. g, h PIK3CA mRNA level of MDA-MB-231 
and Hs578t transfected with SOX2-OT WT, SOX2-OT MUT or 
shSOX2-OT, and miR-942-5p mimic or inhibitor. ***P < 0.001 by 
t test. i Relative protein levels of MDA-MB-231 and Hs578t trans-
fected with SOX2-OT WT, SOX2-OT MUT or shSOX2-OT, and 
miR-942-5p mimic or inhibitor. Results represented the average of 
three independent experiments, the data represent the mean ± SD
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that the level of PI3K/Akt signaling pathway was decreased 
in mice injected with shSOX2-OT, whereas the levels of 
PAI-1 and PI3K were reduced after PAI-039 or LY294002 
treatment, respectively (Figs. 6e, f and S6a). Immunofluores-
cence staining also revealed the change of PAI-1 and p-PI3K 
expression levels in the xenograft mouse model (Fig. S6b, 
c).

In addition, we also investigated the function of SOX2-
OT in TNBC metastasis in vivo by injection of MDA-
MB-231 cells that labeled with firefly luciferase and trans-
fected shLncRNA NC or shSOX2-OT into the tail vein. 
PBS, PAI-039, or LY294002 was treated intragastrically 
every 3 days. As shown in Fig. 6g, h, luciferase signal 

intensity of the mice in the shSOX2-OT group was lower 
than that in the shLncRNA NC group, further supporting 
that SOX2-OT promoted TNBC metastasis in vivo. We 
also found that lung and liver metastases were significantly 
reduced in the mice treated with PAI-039, or LY294002 
(Fig. 6i, j). Immunofluorescence staining confirmed the 
significantly reduced expression of PAI-1 and p-PI3K after 
PAI-039, or LY294002 treatment in the lung and liver 
metastatic tumors (Fig. S6d–g). Collectively, these data 
suggested that SOX2-OT contributes to TNBC metasta-
sis and that silencing of SOX2-OT inhibits lung and liver 
metastases in vivo.

Fig. 6   SOX2-OT promotes TNBC metastasis in  vivo. a Repre-
sentative photographs of xenograft tumors were taken 3 weeks after 
injection. b Tumor sizes were measured at the indicated timepoints. 
*P < 0.05, ***P < 0.001 by t test. c Excised tumors were weighed. 
**P < 0.01, ***P < 0.001 by t test. d Relative mRNA expression lev-
els of the excised xenografts. **P < 0.01, ***P < 0.001 by t test. e 
Relative protein expression levels of the excised xenografts. f Repre-

sentative IHC staining in the tissue from the excised xenografts. g, h 
Luciferase signal intensities of the mice in each group after injecting 
for 4, 5 and 6 weeks. ***P < 0.001 by t test. i Hematoxylin and eosin-
stained images of lung and liver tissues isolated from the mice in each 
group. j Number of lung and liver metastases in the mice. *P < 0.05, 
**P < 0.01, ***P < 0.001 by t test. Results represented the average of 
three independent experiments, the data represent the mean ± SD
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Discussion

Our previous study has shown that PAI-1 could induce 
TNBC cell migration and metastasis [9]. However, the 
potential regulatory mechanisms by which PAI-1 pro-
motes TNBC metastasis remain unclear. In the present 
study, we report that lncRNA SOX2-OT, which could be 
activated by PAI-1, promotes TNBC cell metastasis by 
competitively binding miR-942-5p, upregulating PIK3CA, 
and then activating PI3K/Akt signaling pathway. We also 
found that a higher level of SOX2-OT is associated with 
worse clinical outcomes in TNBC patients. Thus, SOX2-
OT functions as an oncogenic lncRNA and plays a pro-
metastatic role in TNBC.

PAI-1 is a major inhibitor of plasminogen activa-
tor and associated with multiple tumor progression, 
including breast cancer [6–8]. High PAI-1 expression is 
associated with worse clinical outcomes in breast can-
cer patients [5, 9]. It is reported that PAI-1 is essential 
to protect endothelial cells (ECs) from FasL-mediated 
apoptosis, and PAI-1 knockdown in ECs could enhance 
the cell-associated plasmin activity and increase sponta-
neous apoptosis in vitro [41]. Our research also showed 
that ECs mediates TNBC cells to secrete abundant PAI-1, 
which increases EC migration and angiogenesis [5]. PAI-1 
upregulates CCL5/CCR5 expression and CCL5 secretion 
in ECs. Meanwhile, CCL5 binds to CCR5 on TNBC cell 
cytomembrane to induce TNBC invasion, and CCL5, in 
turn, promotes PAI-1 secretion, forming a positive feed-
back loop [5]. Another one of our studies found that PAI-1, 
secreted during the EMT process of TNBC cells, promotes 
cell growth, migration and invasion in the TNBC cell lines 
and xenograft mouse model cells [9]. In the present study, 
we sought to reveal the potential regulatory mechanisms 
by which PAI-1 promotes TNBC tumorigenesis. We found 
that PAI-1 promotes lncRNA SOX2-OT expression and 
SOX2-OT functions as an oncogenic lncRNA through 
miR-942-5p/PI3K/Akt signaling in TNBC. Consistently, 
the activation of PI3K/Akt signaling pathway by PAI-1 
has also been demonstrated by other investigators. Rømer 
et al. found that PAI-1 could protect fibrosarcoma cells 
from etoposide-induced apoptosis through the activation 
of PI3K/Akt signaling pathway [42]. Recently, ACT001, 
a novel PAI-1 inhibitor, was reported to inhibit the PI3K/
Akt pathway and induce the inhibition of glioma cell pro-
liferation, invasion and migration [43]. Therefore, PAI-1 
promotes TNBC cells metastasis by activating PI3K/Akt 
signaling pathway.

Recently, many lncRNAs have been found to be 
involved in the regulation of pathological and physiologi-
cal processes in TNBC cells and have been characterized 
as diagnostic and prognostic biomarkers of TNBC [18]. 

Our previous study showed that lncRNA ARNILA could 
promote TNBC invasion and metastasis as a ceRNA to 
regulate SOX4 by sponging miR-204 [24]. In this study, 
we identified that lncRNA SOX2-OT functions as an onco-
genic lncRNA and mediates the role of PAI-1 in TNBC 
metastasis. The lncRNA SOX2-OT gene consists of 10 
exons and more than two transcriptional start sites. Aber-
rant expression of lncRNA SOX2-OT was found in various 
tumors, and high expression of SOX2-OT was significantly 
associated with worsening clinical outcomes, suggesting 
a potential prognostic value of SOX2-OT [44]. Our data 
also showed that high SOX2-OT expression was positively 
correlated with worse OS, and DMFS, with a tendency to 
correlate with worse RFS in tissues from TNBC patients. 
Several potential regulatory mechanisms of SOX2-OT 
in cellular biological processes were reported. Such as, 
Tai et al. showed that SOX2-OT recruits EZH2 to elevate 
H3K27me3 and epigenetically inhibit PTEN expression, 
thus facilitating laryngeal squamous cell carcinoma devel-
opment [45]. Another regulatory mechanism is the com-
peting endogenous RNAs (ceRNA) mechanism, in which 
lncRNAs act as miRNA ‘sponges’ to sequester miRNAs 
and spare their protein-coding counterparts from post-
translational regulation [35]. Li et al. reported that SOX2-
OT competitively binds the miR-200 family to upregulate 
SOX2, thus inducing EMT and stem features and promot-
ing invasion and metastasis of pancreatic ductal adeno-
carcinoma (PDAC) [46]. Our results also indicated that 
SOX2-OT acts as a molecular sponge for miR-942-5p, 
leading to activating PI3K/Akt signaling pathway and pro-
moting TNBC metastasis in vitro and in vivo. LncRNAs 
could play important roles in the process of TNBC tumo-
rigenesis through diverse mechanisms [18]. Thus, other 
potential regulatory mechanisms of SOX2-OT in the pro-
cesses of TNBC metastasis requires further investigation.

In conclusion, our results to date permit construction of 
a schematic model demonstrating the critical role of SOX2-
OT in the regulation of PAI-1-induced TNBC cell metastasis 
through miR-942-5p/PIK3CA signaling (Fig. 7). We dem-
onstrate for the first time that SOX2-OT acts as a molecular 
sponge for miR-942-5p, leading to activating PI3K/Akt signal-
ing pathway and promoting TNBC metastasis. The findings of 
this study have significant implications for our understanding 
of the pathogenesis of TNBC metastasis, and illustrate the 
great potential of the development of new SOX2-OT-targeting 
therapy for TNBC patients.
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Materials and methods

Cell lines and mice

Normal breast epithelial cell line MCF-10A, and breast can-
cer cell lines HCC1806, HCC1937, CAL-51, MCF-7, ZR75-
1, SK-BR-3, T47D, MDA-MB-231, MDA-MB-453, MDA-
MB-157, Hs578t were purchased from American Type 
Culture Collection (ATCC). Cells were cultured in RPMI 
1640, McCoy's 5A or DMEM medium (GIBCO, Gaith-
ersburg, MD, USA) supplemented with 10% FBS and 1% 
penicillin/streptomycin at 37 °C in a humidified atmosphere 
containing 5% CO2. BALB/c nude mice (female, 4–5 weeks) 
were purchased from Shanghai SLAC Laboratory animal 
CO. LTD (Shanghai, China), and maintained in a pathogen-
free facility. Animal studies were performed in accordance 
with institutional guidelines. Experiments were approved 
by the Ethics Committee of Nanjing First Hospital and were 
conducted in compliance with the Helsinki Declaration.

Online databases

TCGA breast cancer online database (https://​portal.​gdc.​
cancer.​gov) was used to obtain the expression of PAI-1 
in normal adjacent tissues, and primary breast cancer tis-
sues. UALCAN cancer database (http://​ualcan.​path.​uab.​
edu/​index.​html) was used to obtain PAI-1 expression in 
different TNBC subtypes of TCGA breast cancer patients. 
GOBO database (http://​co.​bmc.​lu.​se/​gobo/) was used to 
analyze the cancer subtype-specific PAI-1 gene expres-
sion, which contain 51 breast cancer cell lines including 
Basal A, Basal B, and Luminal breast cancer cell lines 
[27]. Kaplan–Meier survival plot (http://​kmplot.​com/​analy​

sis/) was used to obtain the prognostic information of 7830 
breast cancer patients and the patient percentile between 
the upper and lower quartiles were auto-selected based on 
the computed optimal threshold as cutoff [28].

Reagents

Human recombinant PAI-1 (Topscience #T4254, Shang-
hai, China) were dissolved in the culture medium, PAI-1 
inhibitor PAI-039 (Topscience #T2030, Shanghai, China), 
PI3K inhibitor LY294002 (Topscience #T2008, Shang-
hai, China) were dissolved in dimethylsulfoxide (DMSO, 
Sigma) and stored at − 80 °C as a 1 μg/ml stock solution.

Microarray analysis

MDA-MB-231 cells were treated with 10 ng/ml human 
recombinant PAI-1 or PAI-039 for 48 h. The total RNA 
was extracted from above mentioned treated or untreated 
MDA-MB-231 cells, prepared using Trizol (Invitrogen, 
USA), and the quality and quantity of the RNA were 
assessed using NanoDrop ND-1000 (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA). RNA samples were 
subjected to Human OneArray v6 (Phalanx Biotech, Hsin-
chu, Taiwan). The threshold we used to screen upregulated 
or downregulated lncRNAs were fold change ≥ 2 and a p 
value ≤ 0.05. Finally, the expression levels of all differen-
tially expressed lncRNAs were plotted on a heatmap. The 
microarray analysis data have been deposited in the GEO 
database under accession code GSE181202.

Fig. 7   Schematic model of 
PAI-1/SOX2-OT/miR-942-5p/
PI3K/Akt signaling in the 
TNBC metastasis. PAI-1 
promotes SOX2-OT expression. 
In patients with a low PAI-1 
expression, SOX2-OT blinds to 
miR-942-5p and the expression 
level of SOX2-OT is also low. 
In patients with a high PAI-1 
expression, SOX2-OT acts as a 
molecular sponge for miR-
942-5p, leading to activating 
PI3K/Akt signaling pathway 
and promoting TNBC invasion 
and metastasis

https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
http://co.bmc.lu.se/gobo/
http://kmplot.com/analysis/
http://kmplot.com/analysis/
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Luciferase assay

293 T cells were cultured in 24-well plates and co-trans-
fected with either the miR-29a-3p/186-5p/320a-5p/361-
5p/9-3p/942-5p/627-3p mimics or the control mimics. After 
48 h of incubation, firefly and Renilla luciferase activities 
of the cell lysates were measured using a Dual-Luciferase 
Reporter Assay System (Promega). The wild-type or mutated 
SOX2-OT sequences within the predicted binding sites of 
miR-942-5p, PIK3CA sequences within the predicted bind-
ing sites of miR-942-5p in the 3′ UTR of PIK3CA were 
synthesized. Those sequences were inserted into a luciferase 
reporter plasmid (GENE, Shanghai, China), and transfected 
into 293 T cells. The luciferase activity was normalized to 
Renilla luciferase activity after 48 h of transfection.

RNA immunoprecipitation (RIP) assay

MDA-MB-231 cells were co-transfected with either the 
miR-942-5p mimics or the control mimics. After 48 h of 
incubation, the cells were lysed and mixed with treated 
beads and rotated for 4 h at 4 °C. Then, the AGO2-specific 
antibody and immunoglobin G (IgG) antibody were used in 
AGO2 immunoprecipitation according to the manufacturer’s 
instructions. Beads were subsequently washed 6 times in 
immunoprecipitation buffer, and the RNA was collected 
using Trizol (Invitrogen) to perform qRT-PCR to detect the 
mRNA expression levels of SOX2-OT and miR-942-5p.

RNA pull‑down assay

LncRNA SOX2-OT WT, lncRNA SOX2-OT MUT or 
lncRNA CON were transcribed in vitro, respectively, and 
biotin-labeled with the Biotin RNA Labeling Mix (Roche) 
and T7 RNA polymerase (Roche), treated with RNase-free 
DNase I (Roche), RNeasy Mini Kit (Qiagen, Valencia, 
CA) for purification. Whole-cell lysate was incubated with 
purified biotinylated transcripts for 1 h at 25 °C. Then, the 
complexes were separated with streptavidin agarose beads 
(Invitrogen), and the RNA complexes binding to the beads 
were collected. The expression levels of miR-942-5p, and 
SOX2-OT were analyzed by qRT-PCR.

Gene set enrichment analysis (GSEA)

TCGA breast cancer patients are divided into SOX2-OT 
high or low expression group based on the median expres-
sion of SOX2-OT. Single gene difference analysis was per-
formed using R “DESeq2” package. Fold change ≥ 2, and 
adjusted P values < 0.01 were considered statistically sig-
nificant. GSEA v2.0 was used to perform GSEA on various 
gene signatures. Gene sets were either obtained from the 
MSigDB Collections or from published gene signatures. 

Statistical significance was assessed by comparing the 
enrichment scores with the enrichment results generated by 
1000 random permutations of genome to obtain a p value.

Plasmids and transfection

The SOX2-OT Small hairpin RNA and nonspecific control 
shRNA were all chemically synthesized by KeyGEN Bio-
tech (Nanjing, China). Target sequences for shRNA were 
shown below: SOX2-OT-1 5'-GGA​TAG​GCC​TCA​CTT​
ACA​AGA-3', SOX2-OT-2 5'-GGA​CTT​ATC​AGC​TGG​
GAT​AGG-3', SOX2-OT-3, 5'-GAC​AGC​TCT​GTT​CAG​TAT​
TTG-3', Human GAPDH 5'-GTA​TGA​CAA​CAG​CCT​CAA​
G-3', Negative Control 5'-GTT​CTC​CGA​ACG​TGT​CAC​
GT-3'. One with the highest targeting efficiency was chosen 
for further studies. The miR-942-5p mimics, miR-942-5p 
inhibitor and their respective negative control RNAs (Key-
GEN Biotech, Nanjing, China) were introduced into cells at 
a final concentration of 50 nM. The cells were harvested at 
48 h after transfection. Plasmids were transfected into cells 
using the Lipofectamine 2000 kit (Invitrogen) according to 
the manufacturer’s protocol.

Cell viability assay

For cell viability analysis, cells were plated in 96-well 
plates at 4,000 to 6,000 cells per well. The following day, 
cells were exposed to different concentrations of agents and 
after 72-h exposure cell survival was assessed with the Cell 
Counting Kit-8 in accordance with the recommended guide-
line (KeyGEN Biotech, Nanjing, China). Analysis of the cell 
viability was performed as previously described [47–49]. 
Inhibition rate (%) = (Negative control group − Experimental 
group)/ Negative control group × 100%.

Colony forming assay

To assess effects on colony formation, cells were seeded at 
400 cells/mL in 6-well plates. The following day, cells were 
exposed to agents for 24 h, after which cells were washed 
with PBS then recovered in fresh medium for 10–14 days. 
Finally, cells were stained with crystal violet. Colonies con-
taining ≥ 50 cells were counted.

Apoptosis analysis

Cells were treated with plasmids for 48 h, then harvested 
by trypsinization (no EDTA) and washed with phosphate-
buffered saline (PBS). Analysis of the cell apoptosis was 
performed as previously described [48]. Each sample was 
tested in triplicate and untreated cells were used as controls.
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Wound healing assay

Cell migration was measured using a wound healing assay. 
In brief, cells were seeded in 12-well plates and cultured to 
confluence. Wounds of 1.0 mm width were created with a 
plastic scriber. Then cells were treated with 1 μg/ml mito-
mycine c for 1 h, and washed, incubated in a serum-free 
medium. 48 h after wounding, cultures were fixed and 
observed under a microscope. A minimum of five randomly 
chosen areas were measured and the distance of cell migra-
tion to the wound area was determined.

Transwell invasion assay

Cell invasion was assessed with modified Boyden chamber 
(Becton Dickinson Labware) assays. Briefly, approximately 
1.0 × 105 cells cultured in serum-free medium were added to 
the upper chamber containing a Matrigel coated membrane 
with a 24-well insert. The medium containing 10% FBS was 
added to the lower chamber. After incubation for 24 h, cells 
that had invaded the opposite side of the membrane were 
fixed with 4% paraformaldehyde, stained with crystal vio-
let, and counted under a microscope. Cells were counted in 
five random fields per insert. Three independent experiments 
were carried out.

Quantitative real‑time PCR (qRT‑PCR)

Total cellular RNA was extracted from different cell types 
using TRIzol (Invitrogen, USA) and reversely transcribed 
according to the Manufacturer’s instruction using the Step 
One System (Applied Biosystems, Life tech, USA). Primer 
sequences (forward and reverse, respectively) were as listed 
below. PAI-1-F 5'-GGT​GCT​GGT​GAA​TGC​CCT​CTAC-3', 
PAI-1-R 5'-TGC​TGC​CGT​CTG​ATT​TGT​GGAA-3', SOX2-
OT-F 5'-GAG​GCT​GGT​GTA​AGG​CGA​TGTG-3', SOX2-
OT-R 5'-CAT​CCA​AGG​CAC​CGT​GAA​TCCA-3', HOTTIP-F 
5'-TGG​GGG​AAG​GCT​TTG​GAT​TG-3', HOTTIP-R 5'-AGC​
TTT​TTC​TTG​GCG​AGA​GC-3', GAS5-F 5'-ACC​GTT​CCA​
TTT​TGA​TTC​TGAGG-3', GAS5-R 5'-AAA​CCC​TGA​AAG​
CGA​AGC​CA-3', PIK3CA-F 5'-CCT​GAT​CTT​CCT​CGT​
GCT​GCTC-3', PIK3CA-R 5'-TGC​CAA​TGG​ACA​GTG​TTC​
CTCT-3', miR-942-5p-F 5'-TCC​AAA​TTC​AAA​GAA​ACA​
GGGCG-3', miR-942-5p-R 5'-AGT​GCA​GGG​TCC​GAG​
GTA​TT-3', GAPDH-F 5'-AGA​TCA​TCA​GCA​ATG​CCT​
CCT-3', GAPDH-R, 5'-TGA​GTC​CTT​CCA​CGA​TAC​CAA-
3', U6-F 5'-CTC​GCT​TCG​GCA​GCACA-3', U6-R, 5'-TGG​
TGT​CGT​GGA​GTCG-3'.

Western blotting

Total protein was extracted using RIPA buffer supplemented 
with protease and phosphatase inhibitors, with protein 

concentrations determined using a BCA kit (Thermo Scien-
tific, USA). Analysis of the cell viability was performed as 
previously described [48, 49]. Antibodies used for western 
blot were: anti-PAI-1 antibody (ab222754, Abcam, UK), 
anti-p-PI3K antibody (ab182651, Abcam, UK), anti-PI3K 
antibody (ab191606, Abcam, UK), anti-p-Akt antibody 
(ab182651, Abcam, UK), anti-Akt antibody (ab179463, 
Abcam, UK), anti-E-cadherin antibody (ab40772, Abcam, 
UK), and anti-N-cadherin antibody (ab98952, Abcam, UK). 
Bands were normalized to GAPDH expression.

Xenograft transplantation

Approximately 5.0 × 106 MDA-MB-231 shLncRNA NC or 
shSOX2-OT cells were subcutaneously transplanted into the 
right side of the posterior flank of nude mice. Tumor growth 
was examined every 3 days with a vernier caliper. Tumor 
volumes were calculated by using the equation: V = A × B2/2 
(mm3), wherein A is the largest diameter and B is the per-
pendicular diameter. The tumor-bearing nude mice were 
treated intragastrically with PBS, PAI-039, or LY294002 
every 3 days (n = 6 mice per group). After approximately 
3 weeks, mice were euthanized and their tumors harvested.

MDA-MB-231 cells that labeled with firefly luciferase 
and transfected shLncRNA NC or shSOX2-OT were injected 
into the tail vein. PBS, PAI-039, or LY294002 was treated 
intragastrically every 3 days. The metastases were monitored 
using the IVIS@ Lumina II system (Caliper Life Sciences, 
Hopkinton, MA) after injecting for 4, 5 and 6 weeks. After 
6 weeks, mice were euthanized and their tumors harvested.

Immunohistochemistry

The mice tumors were deparaffinized in xylene, followed 
by heat-mediated antigen retrieval using citrate buffer (Bio-
Genex Laboratories, San Ramon, CA, USA). Antibody 
staining was visualized with DAB (Sigma, D-5637) and 
hematoxylin counterstain. Analysis of immunohistochem-
istry was performed as previously described [48, 49].

Immunofluorescence

The mice primary tumors and metastatic sites were stained 
according to immunofluorescence described before [50]. 
Mitotic and nuclear phenotypes of at least 100 cells per 
condition were assessed. Immunofluorescence images were 
obtained with a Zeiss Scope.A1.

Statistical analysis

All statistical analyses were performed using the GraphPad 
Prism Software (GraphPad Software). Data are presented 
as means ± SD of three independent experiments. The 
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log-rank (Mantel–Cox) test was used to assess statistical 
significance of Kaplan–Meier plots. For comparisons, T 
test, Kruskal–Wallis Test, Dunn’s test, Pearson correlation 
analysis, and Log-rank test were performed as indicated. 
A P value of < 0.05 was considered statistically significant. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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