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Long noncoding RNA DLX6-AS1 promotes cell growth and invasiveness in
bladder cancer via modulating the miR-223-HSP90B1 axis
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ABSTRACT
Long noncoding RNA (lncRNA) regulate many biological processes ranging from tumorigenesis to
cancer metastasis. MicroRNA-223 (miR-223) acts as a novel tumor suppressor in bladder cancer
(BC), however its target genes involved in BC, the molecular mechanisms governing its expression
remain largely unknown. Both gain-of-function and loss of function experiments were performed
to investigate the role of miR-223 in BC cells. The effects of miR-223 on BC progression were
assessed using in vivo subcutaneous xenografts. The luciferase reporter assays were utilized to
confirm the putative miR-223-binding site in the 3′-UTR of oncogene HSP90B1. The luciferase
reporter assays and RNA immunoprecipitation assays were used to analyze the association
between miR-223 and lncRNA DXL6-AS1 in BC cells. The expression of miR-223 was remarkably
decreased in BC samples and BC cells. High miR-223 expression was correlated with favorable
patient survival. BC cell growth in vivo was delayed by miR-223 overexpression. HSP90B1 was
a direct target of miR-223 in BC cells, and the suppression of BC cell growth and invasion induced
by miR-223 could be rescued by overexpression of HSP90B1. Moreover, lncRNA DXL6-AS1 was
upregulated in BC tissues and functioned as a sponge for miR-223 and reduced its expression
in BC cells, thereby enhancing cell proliferation and invasion. Forced expression of miR-223 could
reverse the oncogenic effects of DXL6-AS1 on BC cell proliferation and invasion. Our study
suggested that DLX6-AS1-mediated silencing of miR-223 promotes BC progression through the
upregulation of HSP90B1.

ARTICLE HISTORY
Received 14 July 2019
Revised 11 September 2019
Accepted 15 September 2019

KEYWORDS
Mir-223; DXL6-AS1; HSP90B1

Instruction

Bladder cancer (BC) is one of the most common
urological malignancies in the world, and its inci-
dence rates have been gradually increasing in China
[1,2]. Despite many efforts have been made to
develop multiple treatments, the 5-year survival
rate of BC patients remains dissatisfied [3]. Both
genetic and epigenetic changes are involved in the
development and progression of BC [4], although
the detailed mechanisms are still unknown.

The human transcriptome contains both pro-
tein-coding mRNAs and noncoding RNAs [5].
Long noncoding RNAs (lncRNAs), ranging from
200 nucleotides to 100 kilobases, participate in
regulating a wide range of biological processes,
through their interactions with miRNA, DNA
and proteins [6,7]. Many lncRNAs are dysregu-
lated in human cancers, and have tumor suppres-
sive or oncogenic functions, thereby serving as

potential biomarkers or therapeutic targets in can-
cer diagnosis and treatment.

MicroRNAs (miRNAs) are endogenous small
non-coding regulatory RNAs with sizes of 19–24
nucleotides [8]. At the post-transcriptional level,
miRNAs negatively regulate the expression of their
target genes by binding directly to the 3′-
untranslated region (3′-UTR) of target messenger
RNAs (mRNAs), inducing mRNA degradation or
protein translation repression [8]. Increasing evi-
dence has shown that miRNAs play critical roles in
pathological processes of multiple types of cancers,
including BC [9,10]. Among the miRNAs detected
in BC, miR-223 was able to inhibit the growth and
invasiveness of BC cells in vitro, at least via target-
ing fibroblast growth factor receptor 2 [11–13].
However, the effects of miR-223 on BC cell growth
in vivo, the downstream target genes of miR-223,
and the mechanisms that control the expression of
miR-223 in BC still remain largely unclear.

CONTACT Fukang Sun fukangsun1971@gmail.com

*These authors contributed equally to this work.

CELL CYCLE
2019, VOL. 18, NO. 23, 3288–3299
https://doi.org/10.1080/15384101.2019.1673633

© 2019 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2019.1673633&domain=pdf&date_stamp=2019-11-12


Here, we found that miR-223 was significantly
downregulated in BC samples and that decreased
miR-223 expression was associated with worse sur-
vival in patients with BC. Overexpression of miR-
223 suppressed BC cell proliferation and invasion by
targeting HSP90B1. Furthermore, ectopic expression
of miR-223 dramatically suppressed the ability of BC
cells to develop tumors in nude mice. Importantly,
lncRNA DLX6-AS1 could bind to miR-223 and
reduce its expression in BC cells. These findings
show that the DLX6-AS1/miR-223/HSP90B1 signal-
ing pathway plays a crucial role in BC development.
DLX6-AS1, miR-223 and HSP90B1 could be pro-
mising prognostic biomarkers, and targeting this
pathway may provide a promising therapeutic strat-
egy for BC treatment.

Materials and methods

Patients and tissues

Eighty BC tissues and adjacent tissues were col-
lected from patients, who underwent radical resec-
tion at the Ruijin Hospital Affiliated to Medical
College of Shanghai Jiao Tong University,
Shanghai, China. All BC tissues and adjacent tis-
sues were snap-frozen in liquid nitrogen immedi-
ately after extraction and stored at −80°C until
total RNA was extracted. The study was approved
by the Ethics Committee of the Ruijin Hospital
Affiliated to Medical College of Shanghai Jiao
Tong University. Written informed consent was
obtained from all patients.

Cell culture, chemicals, plasmids, and siRNAs

Human BC cell lines (T24 and SW780) and human
normal human urothelial cell line SV-HUC-1 were
purchased from the Shanghai Institute of Cell
Biology (Shanghai, China). Cells were cultured in
RPMI1640 media (catalog number: 61870044;
Gilbco, USA) supplemented with 10% fetal bovine
serum (FBS; catalog number: A3382001). All cell
lines were maintained at 37 °C with 5% CO2.

DLX6-AS1 (pEX-3-DLX6-AS1) and HSP90B1
(pEX-3-HSP90B1) expression vectors were purchased
from Genepharma (Shanghai, China). DLX6-AS1
siRNAs, HSP90B1 siRNAs, the nonspecific control
siRNA, miR-223 mimic, control mimic, miR-223

inhibitor and control inhibitor were obtained from
IGEbio (Guangzhou, China). The transfection was
performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA; catalog number: 11668019)
according to the manufacturer’s protocol.

Qrt-pcr assay

Total RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and assessed using
NanoDrop equipment (NanoDrop Technologies,
Wilmington, DE, USA). Then, total RNA was
converted to cDNA using an M-MLV Reverse
Transcriptase Kit (Invitrogen, Carlsbad, CA, USA;
catalog number: 28025013). Real-time PCR was per-
formed on anABI 7500 systemwith the SYBR-Green-
quantitative real-time PCR Master Mix kit (Toyobo,
Osaka, Japan; catalog number: QPK-212). The
mirVanaTM qRT-PCR microRNA Detection Kit
(Ambion, Austin, TX, USA; catalog number:
AM1558) was used for miR-223 detection according
to the manufacturer’s instructions. The results were
normalized to the level of GAPDH or U6.

Western blot analysis

Total protein from cells was extracted using RIPA
buffer (Beyotime, Jiangsu, China). Equal amount pro-
tein was separated by a 10% SDS-PAGE gel and trans-
ferred to polyvinylidene difluoride membrane
(Millipore, Bedford, MA, USA). The membrane was
blockedwith 5%nonfat drymilk at room temperature
for 1 h, and incubated with corresponding primary
antibodies, HSP90B1 (1:1000, Santa Cruz, CA, USA;
catalog number: sc-1794) and GAPDH (1:5000, Santa
Cruz, CA, USA; sc-32233) overnight. Themembranes
were incubated with HRP-conjugated secondary anti-
bodies (1:1000, Santa Cruz, CA,USA: catalog number:
sc-2005) for 2 h at room temperature. Detection was
performed by the ECL western blotting kit
(Amersham Biosciences, Buckinghamshire, UK; cata-
log number: RPN2106). GAPDH was used as the
loading control.

CCK-8 assay

CCK-8 assay (Beyotime Institute of Biotechnology,
Jiangsu, China; catalog number: C0038) was used
for BC cell proliferation analysis. BC cells were
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seeded in 96-well plate at a density of 1 × 103 cells
per well. After 24 h, 48 h and 72 h of incubation,
CCK-8 solution (10 μl) was added to the wells, and
the absorbance was measured at 450 nm by
a microplate reader (Bio-Rad, Hercules, CA, USA).

In vitro invasion assay

The invasive ability of BC cells was measured using
the Matrigel transwell chambers (Corning,
New York, USA; catalog number: 354,480) as
described previously [14]. BC cells (2 × 104) that
were suspended in serum-free medium were trans-
ferred to the upper chamber. The medium contain-
ing 10% FBS was added as chemokine to the lower
chamber. After 24 h, the invaded cells on the lower
surface of the membrane were fixed with 75%
methanol (Sigma, St. Louis, MO, USA), and stained
with crystal violet (Sigma, St. Louis, MO, USA). The
evaluation of invasive ability was conducted by
counting invaded cells under a microscope, and ten
random fields of view were analyzed for each cham-
ber. All experiments were performed in triplicate.

In vivo proliferation assay

BALB/c nude mice (4 weeks old) were purchased
from Beijing HFK Bioscience (Beijing, China) and
maintained in a specific pathogen-free facility. The
protocol was approved by the Institutional Animal
Care and Use Committee of Ruijin Hospital
Affiliated to Medical College of Shanghai Jiao
Tong University. BC cells (2 × 106) were inocu-
lated subcutaneously in the right flank of the nude
mice. Tumors were measured every 3 days and
tumor volume was calculated using the following
formula: volume = length (mm) x width2 (mm2)/2.
Three weeks after BC cells inoculation, the mice
were killed and the tumors were collected. The
xenograft tumor tissues were fixed in 10% formal-
dehyde, embedded in paraffin and then sectioned.
Anti-Ki-67 antibodies (Abcam, Cambridge, UK,
dilution: 1:1000; catalog number: ab15580) were
used for immunohistochemical analysis.

Dual-luciferase reporter assay

The full length of wild-type (WT) DLX6-AS1 or
mutant (MUT) DLX6-AS1 with a mutated miR-

223 binding site, the wild-type (WT) HSP90B1 3′-
UTR fragment or mutant (MUT) HSP90B1 3′-UTR
fragment with a mutated miR-223 binding site, were
obtained from Genepharma (Shanghai, China).
Mutations of DLX6-AS1 or HSP90B1 3′-UTR in
the luciferase reporter vectors were generated by
PCR mutagenesis using a QuickChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA,
USA; catalog number: 200518) according to the
manufacturer’s directions. BC cells (5 × 104) were
seeded in 24-well plate overnight. Then, cells were
co-transfected with the luciferase reporter vectors
containing DLX6-AS1 (WT or MUT) or HSP90B1
3′-UTR (WT or MUT), together with miR-223
mimic, miR-223 inhibitor or the corresponding
negative controls using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA; catalog number:
11668019). After 24 h, cells were harvested for luci-
ferase detection using the dual-luciferase reporter
assay system (Promega, Madison, WI, USA).

RNA immunoprecipitation (RIP) assay

RIP assays were performed using the Magna RIP
RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Billerica, MA, USA; catalog number:
17–700). BC cells were lysed in RIP lysis buffer,
and 100 μl whole-cell extracts were incubated with
magnetic beads conjugated with antibodies that
recognized Argonaute2 (Ago2, Millipore, Billerica,
MA, USA; catalog number: 11A9) or control IgG
(Millipore, Billerica, MA, USA; catalog number:
12–370) for 6 h at 4 °C. Then, the beads were incu-
bated with proteinase K for 30min at 55°C to
remove proteins. Finally, the immunoprecipitated
RNAs were used for the qRT-PCR analysis.

Statistical analysis

All statistical analysis was performed using the SPSS
22.0 statistical software package (SPSS, Chicago,
USA). The data are presented as mean ± SEM
from multiple individual experiments each per-
formed in triplicate. Student’s t-test (two-tailed),
one-way ANOVA test and Wilcoxon signed-rank
test were applied to compare the significant differ-
ences. The value of P < 0.05 was considered
significant.
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Results

Mir-223 expression is downregulated in BC
tissues and BC cells

First, we analyzed the expression profiles of miR-
223 in multiple tumor types using a publicly avail-
able database (dbDEMC 2.0, http://www.picb.ac.
cn/dbDEMC/) and found that miR-223 expression
was reduced in various tumors, including BC
(Figure 1(a)). The expression levels of miR-223 in
two BC cell lines (T24 and SW780) and a normal
human urothelial cell line SV-HUC-1 were exam-
ined by qRT-PCR analysis. Our results suggested
that miR-223 expression was significantly reduced
in BC cells compared to normal cells (Figure 1(b)).
Then, we tested the levels of miR-223 in BC tissues
and normal tissues using qRT-PCR assay. We
found that miR-223 was significantly decreased
in BC tissues (Figure 1(c)). We further accessed
the prognostic value of miR-223 expression in 80
patients with BC, which were split into low- and
high-expression groups by the median of miR-223
expression values. Kaplan-Meier analysis revealed
that lower levels of miR-223 were associated with
shorter overall survival (Figure 1(d)). These results
indicated that loss of miR-223 expression was cor-
related with worse prognosis in BC patients.

The tumor suppressive effects of mir-223 on BC
cell proliferation and invasion

The significant reduction of miR-223 expres-
sion in BC samples allowed us to explore the
possible biological significance of miR-223 in
the modulation of BC cell growth and invasion.
T24 cells that have relatively lower miR-223
expression were transfected with miR-223
mimic, and SW780 cells that express relatively
higher levels of miR-223 were transfected with
miR-223 inhibitor (Figure 2(a)). We found that
miR-223 mimic-transfected T24 cells displayed
much slower growth rates and weaker invasive
abilities compared with the control cells trans-
fected with control mimic (Figure 2(b,c)). The
downregulation of miR-223 in SW780 cells
could increase the growth and invasion of
BC cells (Figure 2(b,c)). We also tested whether
silencing of miR-223 in SV-HUC-1 cells could
induce cell proliferation and invasion. The inhi-
bition of miR-223 significantly increased the
growth and invasion of SV-HUC-1 cells
(Figure 2(a,b,e)). Furthermore, overexpression
of miR-223 reduced the proliferation and inva-
sion of SW780 cells (Figure 2(f,g,h)). These data
confirmed the growth and invasion-inhibitory
roles of miR-223 in BC cells.

Figure 1. MiR-223 expression was downregulated in BC samples. (a) Differential expression patterns of miR-223 across different
tumor types (dbDEMC 2.0 database). Green or red indicates downregulated or upregulated miR-223 expression in tumor tissues
compared to normal tissues. Bladder cancer: BLCA. (b) qRT-PCR analysis for miR-223 in human BC cell lines (T24 and SW780) and
human normal human urothelial cell line SV-HUC-1. (c) qRT-PCR assays for miR-223 in BC tissues and normal tissues. (d) The
probability of overall survival in BC patients expressing high or low miR-223 levels. *P < 0.05.
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In order to verify whether the tumor suppressive
effects of miR-223 observed in BC cells could
influence BC growth in vivo, T24 cells that were trans-
fected with miR-223 mimic or control mimic, and
SW780 cells transfected with miR-223 inhibitor or
control inhibitor, were subcutaneously inoculated
into nude mice, respectively. As shown in Figure 3(a,
b,c), the overexpression of miR-223 significantly
delayed tumor growth, and the suppression of miR-
223 significantly accelerated tumor growth in vivo.
Furthermore, we examined the expression of cell pro-
liferation marker Ki-67 in xenograft tumor sections
using immunohistochemical staining. We found
lower levels of Ki-67 in sections from tumors

overexpressing miR-223, and observed higher levels
ofKi-67 in sections from tumorswithmiR-223 knock-
down (Figure 3(d)). Moreover, we found that over-
expression of miR-223 in SW780 cells reduced the
proliferation of SW780 cells in vivo (Figure 3(c,e)).
Taken together, our data indicated that miR-223
represses the malignant phenotypes of BC cells
in vivo and in vitro.

MiR-223 directly targets HSP90B1 in BC cells

In order to elucidate the target genes of miR-223 in
BC cells, we performed informatics analysis using
online database TargetScan. We have detected

Figure 2. MiR-223 represses proliferation and invasion of BC cells. (a) Verification of miR-223 expression in T24, SW780 and SV-HUC-1
cells using qRT-PCR assay. (b) Proliferation assay in T24, SW780 and SV-HUC-1 cells transfected with miR-223 mimic or miR-223
inhibitor as indicated. (c, d, e) Cell invasion assay in T24 (c), SW780 (d) and SV-HUC-1(e) cells transfected as indicated. (f) Verification
of miR-223 overexpression in SW780 cells using qRT-PCR assay. (g, h) Proliferation (g) and invasion (h) assay in SW780 cells
transfected with miR-223 mimic or control mimic. *P < 0.05.
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a binding site for miR-223 in the 3′-UTR of
HSP90B1 (Figure 4(a)). Interestingly, our meta-
analysis using BioXpress database [15] revealed that
the expression of HSP90B1 was elevated in many
tumor types such as BC (Figure 4(b)). In a survival
analysis of the TCGA BC data for 404 patients, we
found that patients with higher HSP90B1 expression
had poorer overall survival than those patients with
lower HSP90B1 expression (Figure 4(c)). We then
measured HSP90B1 levels in BC cell lines cells and
a normal cell line SV-HUC-1 using qRT-PCR ana-
lysis. As shown in Figure 4(d), HSP90B1 expression
was significantly higher in two BC cell lines than in
normal cells. These data support a negative correla-
tion between miR-223 and HSP90B1 expression
in BC cells.

To test whether miR-223 could interact with
the HSP90B1 3′-UTR, we performed the luciferase
assays and found that the luciferase activity of WT
HSP90B1 3′-UTR was significantly decreased in
T24 cells transfected with miR-223 mimic com-
pared with those transfected with control mimic,
and was significantly increased in SW780 cells
transfected with miR-223 inhibitor compared
with those transfected with control inhibitor
(Figure 4(e)). However, miR-223 had no signifi-
cant impact on the luciferase activity MUT
HSP90B1 3′-UTR, suggesting that the predicted
fragment at the 3′-UTR of the HSP90B1 mRNA
was the complementary site for the miR-223 seed
region. Moreover, western blot analysis showed
that miR-223 overexpression inhibited, and miR-

Figure 3. Restoration of miR-223 expression suppressed BC growth in vivo. (a, b) T24 (a) or SW780 (b) cells were transfected
with miR-223 mimic or miR-223 inhibitor, respectively. Then, these cells were injected into nude mice. Tumor growth curves
were measured after injection. (c) Representative pictures of tumors formed. (d) Immunohistochemical staining demonstrated
that the overexpression of miR-223 in T24 cells (upper panel) inhibits, while the suppression of miR-223 in SW780 cells (bottom
panel) induces tumor growth in vivo, as indicated by the expression of Ki-67. (e) SW780 cells were transfected with miR-223
mimic or control mimic. Then, these cells were injected into nude mice. Tumor growth curves were measured after injection.
*P < 0.05.
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223 knockdown increased the protein expression
of HSP90B1. All these data suggested that
HSP90B1 was a direct target of miR-223 in BC
cells.

HSP90B1 modulates the tumor suppressive roles
of miR-223 in BC cells

Based on the above findings, we speculated that
HSP90B1 could function downstream of miR-223
and mediate the functions of miR-223 in BC cells.
To validate this hypothesis, we conducted the rescue
experiments by transfecting miR-223 mimic
with HSP90B1 expression vector into T24 cells, or
by transfecting miR-223 inhibitor with siRNAs
targeting HSP90B1 (Figure 5(a)). As indicated in
Figure 5(b), miR-223-suppressed cell proliferation
and invasionwas rescued byHSP90B1 overexpression
(Figure 5(b)). The knockdown of miR-223 signifi-
cantly increased cell proliferation and invasion, while
the introduction of HSP90B1 siRNAs obviously abro-
gated these effects (Figure 5(c,d)), suggesting that

miR-223 inhibited cell proliferation and invasion by
downregulating HSP90B1 expression.

DLX6-AS1 functions as a sponge for miR-223 and
downregulates its expression

To determine whether lncRNAsmight act as a sponge
for miR-223 in BC cells, we used the starBase v2.0
database [16] to find the possible interactions between
miR-223 and lncRNAs. Subsequent analysis usingKM
lotter database (http://kmplot.com/analysis/) was per-
formed to screen out key lncRNA candidates asso-
ciated with prognosis in BC patients. Based on the
above screening, the most significant survival-related
lncRNAs in BC were identified. Among them,
LncRNA DLX6-AS1 was predicted to contain
a sequence complementary to miR-223 (Figure 6(a)).
The expression levels of DLX6-AS1 were examined
in BC cell lines and normal cells using qRT-PCR
assays. As compared to normal cells, the expression
of DLX6-AS1 was significantly elevated in BC cells
(Figure 6(b)). To confirm whether there was a direct

Figure 4. MiR-223 directly targets HSP90B1 in BC cells. (a) Bioinformatics analysis showed that miR-223 could directly target the HSP90B1
3′-UTR. (b) Exploring miR-223 expression in several human cancers using the BioXpress database. Bladder cancer: BLCA. (c) Prognostic
value of HSP90B1 mRNA expression in BC patients was analyzed using the KM lotter database. (d) Expression of HSP90B1 mRNA in
human BC cell lines (T24 and SW780) and human normal human urothelial cell line SV-HUC-1. (e) The luciferase-reporter plasmid
containing WT or mutant HSP90B1 3′-UTR was co-transfected into BC cells, along with miR-223 mimic or miR-223 inhibitor as indicated.
Then, the relative luciferase activity was performed by dual-luciferase reporter assays. (f) The protein expression of HSP90B1 was examined
in BC cells transfected with miR-223 mimic or miR-223 inhibitor as indicated. *P < 0.05.
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interaction betweenmiR-223 andDLX6-AS1, we used
luciferase vectors containing eitherWTDLX6-AS1 or
MUT DLX6-AS1, and transfected these reporter
vectors into BC cells along with miR-223 mimic or
miR-223 inhibitor, respectively. The ectopic expres-
sion ofmiR-223 led to a reduction in luciferase activity
of WT DLX6-AS1, and the downregulation of miR-
223 significantly increased the luciferase activity of
WT DLX6-AS1 (Figure 6(c)). We noticed that miR-
223 had no evident effects on MUT DLX6-AS1
(Figure 6(c)), suggesting that miR-223 interacted
with DLX6-AS1 in BC cells.

To test whether DLX6-AS1 and miR-223 were
present in the Ago2-containing RNA-induced silen-
cing complex, we performed the RIP assays in BC
cells transfected with miR-223 mimic or control
mimic. Endogenous DLX6-AS1 pull-down by Ago-
2 was specifically enriched in cells overexpressing
miR-223 (Figure 6(d)). Our qRT-PCR assay showed
that the expression of miR-223 was upregulated

when DLX6-AS1 was knocked down by DLX6-
AS1 siRNAs, and the levels of miR-223 were
decreased in BC cells transfected with the DLX6-
AS1 expression vector (Figure 6(e)). The clinical
significance of DLX6-AS1 in human BC was inves-
tigated using qRT-PCR analysis. The expression of
DLX6-AS1 in BC tissues was significantly higher
than that in normal tissues (Figure 6(f)). We exam-
ined the expression of DLX6-AS1 in BC tissues and
normal tissues using the TCGA dataset from the
MethHC database [17]. We found higher levels of
DLX6-AS1 in BC samples (Figure 6(g)). 80 patients
with BC were categorized into DLX6-AS1 low and
DLX6-AS1 high groups based on the median DLX6-
AS1 expression value. Overall survival was worse in
the DLX6-AS1 high group than in the DLX6-AS1
low group (Figure 6(h)). Importantly, we also ver-
ified the upregulation of HSP90B1 in BC tissues
compared with normal tissues using qRT-PCR
assays (Figure 6(i)). These results showed that high

Figure 5. HSP90B1 modulates the tumor suppressive roles of miR-223 in BC cells. (a) The protein expression of HSP90B1 in T24 cells
transfected with miR-223 mimic together with the HSP90B1 expression vector, and in SW780 cells transfected with miR-223 inhibitor
together with HSP90B1 siRNAs. (b) Cell proliferation and invasion assays in T24 cells transfected with miR-223 mimic or control
mimic, together with or without HSP90B1 expression vector. Cell proliferation and invasion assays in SW780 cells transfected with
miR-223 inhibitor or control inhibitor, together with or without HSP90B1 siRNA 1 (c) or siRNA 2 (d). *P < 0.05.
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DLX6-AS1 expression predicts poor patient survi-
val, and that DLX6-AS1 might promote BC progres-
sion through upregulation of HSP90B1 via targeting
miR-223.

DLX6-AS1 facilitates BC cell proliferation and
invasion in a miR-223-mediated manner

To elucidate whether DLX6-AS1 functioned in BC
cells in a miR-223-mediated mechanism, we utilized
rescue experiments by transfecting DLX6-AS1
siRNAs together with miR-223 inhibitor into T24
cells, also by transfecting DLX6-AS1 expression

vector together with miR-223 mimic into SW780
cells. Our results suggested that downregulation of
DLX6-AS1 significantly decreased the proliferation
and invasion of T24 cells, and the knockdown of
miR-223 recovered the proliferation and invasion
potential of T24 cells (Figure 7(a,b)). Consistently,
the promoting effects of DLX6-AS1 on the prolifera-
tion and migration of SW780 cells were partially
attenuated by the overexpression of miR-223
(Figure 7(c)). Thus, we concluded that DLX6-AS1
acted as an oncogenic lncRNA to facilitate BC cell
proliferation and invasion in a miR-223-mediated
manner.

Figure 6. DLX6-AS1 acts as a sponge for miR-223 in BC cells. (a) Illustration of the predicted interaction between miR-223 and lncRNA
DLX6-AS1. (b) Expression of DLX6-AS1 in human BC cell lines and human normal human urothelial cells, as measured by qRT-PCR assay. (c)
Luciferase assays in T24 cells transfected with the reporter plasmid containing WT or mutant DLX6-AS1 together with or without miR-223
mimic, and in SW780 cells transfected with the reporter plasmid containing WT or mutant DLX6-AS1 together with or without miR-223
inhibitor. (d) RIP assay was performed in T24 and SW780 cells transfected with miR-223 mimic or control mimic. DLX6-AS1 expression was
detected using qRT-PCR assay. (e) Expression ofmiR-223 in BC cells after knockdown or overexpression of DLX6-AS1. (f) qRT-PCR analysis of
DLX6-AS1 levels in BC tissues and normal tissues. (g) DLX6-AS1 expression was analyzed in BC tissues (red) and normal tissues (green)
using the data obtained from the MethHC database. (h) Kaplan-Meier curves for overall survival of BC patients with high or low levels of
DLX6-AS1. (i) qRT-PCR analysis of HSP90B1 expression in BC tissues and normal tissues. *P < 0.05.
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Discussion

Understanding the genetic and epigenetic alterations
that serve as key determinants for cancer initiation
and progression may provide a critical opportunity
for diagnosis and the therapeutic intervention of BC.
An increasing number of studies have shown that
miRNAs play important roles in most human can-
cers by functioning as either tumor suppressors or
oncogenes [9,10]. Numerous miRNAs were dysre-
gulated in BC, and their functional significance has
been reported [18]. However, the cellular roles and
underlying mechanisms of miR-223 in BC have not
been fully investigated [11–13]. In this study, we
revealed that miR-223 significantly suppressed BC
cell invasion in vitro and inhibited BC cell prolifera-
tion in vitro and in vivo, suggesting that miR-223
could be a therapeutic target of BC.

Previously, increased expression of HSP90B1 has
been considered as an indicator of worse prognosis in
lung cancer, chronic lymphocytic leukemia and

hepatocellular carcinoma [19–21]. In osteosarcoma
cells, the downregulation of HSP90B1 inhibited
tumor growth in vitro and in vivo, possibly through
the regulation of the PI3K/AKT/mTOR pathway [22].
Using bioinformatics methods and reporter assays,
we identified a novel oncogene HSP90B1, as a direct
target ofmiR-223 in BC cells.We found thatmiR-223-
induced cancer suppression was reversed by the ecto-
pic overexpression of HSP90B1, indicating that
HSP90B1 was a functional target of miR-223
and mediated the tumor suppressor functions of
miR-223 in BC cells. Of note, PU-H71, an HSP90B1
inhibitor, has demonstrated considerable efficacy in
triple-negative breast cancer, diffuse large B-cell lym-
phoma andmyelomawith limited hematopoietic toxi-
city [23–25]. However, the efficacy of PU-H71 has not
been investigated in BC.

LncRNAs were shown to associate with miRNAs,
forming thee lncRNA-miRNA-mRNA regulatory
network, where lncRNAs can act as competing endo-
genous RNAs to negatively regulate the expression of

Figure 7. DLX6-AS1 facilitates BC cell proliferation and invasion in a miR-223-mediated manner.Cell proliferation and invasion assays
in T24 cells transfected with (or without) DLX6-AS1 siRNA 1 (a) or DLX6-AS1 siRNA 2 (b), together with (or without) miR-223
inhibitor. (c) Cell proliferation and invasion assays in SW780 ells transfected with or without DLX6-AS1 expression vector, together
with (or without) miR-223 mimic. (d) Representative images from the invasion assays. *P < 0.05.
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tumor suppressor miRNAs, enhancingmalignant fea-
tures of tumor cells [6,7]. DLX6-AS1 has been
reported to be overexpressed in osteosarcoma [26],
glioma [27], pancreatic cancer [28], lung cancer
[29,30], ovarian cancer [31,32], gastric cancer [33]
and liver cancer [34]. In gastric cancer, increased
DLX6-AS1 expression was associated with T3/T4
invasion, distant metastasis and poor clinical prog-
nosis [33]. Also, elevated expression of DLX6-AS1
was found to be associated with tumor size and
advanced clinical stage in patients with lung cancer
[30]. Higher DLX6-AS1 expression was negatively
correlated with the survival of pancreatic cancer
patients [28]. High expression of DLX6-AS1 was sig-
nificantly correlated with advanced TNM stage, high
tumor grade, and distant metastasis of patients with
osteosarcoma [26]. DLX6-AS1 have been reported to
play critical roles in regulating diverse cellular pro-
cesses, such as cell growth, apoptosis, migration,
EMT, invasion and cancer stemness through several
mechanisms [26–34]. For instance, DLX6-AS1 acted
as a competing endogenous RNA to upregulate some
oncogenes through binding to tumor suppressor
miRNAs, including miR-641 [26], miR-197-5p [27],
miR-497-5p [28], miR-144 [29], miR-27b [30], miR-
613 [32] and miR-204-5p [33]. In addition, DLX6-
AS1 was shown to promote the stem cell properties of
liver cancer stem cells through downregulation of
CADM1 by increasing the methylation of the
CADM1 promoter and activation of the STAT3 sig-
naling pathway [34], suggesting that DLX6-AS1 has
a tumor-promoting role in human tumors. However,
its biological function and underlying mechanisms
in BC have not been investigated. Here, we reported
that DLX6-AS1 could enhance migration and inva-
sion of BC cells. Furthermore, using the luciferase
reporter assays combined with RIP experiments, we
demonstrated a new link between miR-223 and
lncRNA DLX6-AS1 in BC cells. The overexpression
of DLX6-AS1 increased BC cell proliferation and
invasion, and these effects were largely reversed by
the restoration of miR-223. Thus, our data suggested
that DLX6-AS1 regulated the growth and invasion via
a miR-223-dependent mechanism, contributing to
a better understanding of themechanisms responsible
for BC progression. Therefore, DLX6-AS1 sponged
multiple tumor suppressor miRNAs to upregulate
their target genes, leading to the promotion of
tumor pathogenesis.

In summary, this study has uncovered a DLX6-
AS1/miR-223/HSP90B1 regulatory pathway that
participated in the regulation of BC progression
and suggested that targeting this pathway may
provide a promising prognostic and therapeutic
strategy for BC treatment.
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