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The prognosis for patients with bladder cancer (BCa) with
lymph node (LN) metastasis is poor, and it is not improved
by current treatments. Long noncoding RNAs (lncRNAs) are
involved in the pathology of various tumors, including BCa.
However, the role of Differentiation antagonizing non-protein
coding RNA (DANCR) in BCa LN metastasis remains unclear.
In this study, we discover that DANCR was significantly upre-
gulated in BCa tissues and cases with LN metastasis. DANCR
expression was positively correlated with LN metastasis status,
tumor stage, histological grade, and poor patient prognosis.
Functional assays demonstrated that DANCR promoted BCa
cell migration, invasion, and proliferation in vitro and
enhanced tumor LNmetastasis and growth in vivo. Mechanistic
investigations revealed that DANCR activated IL-11-STAT3
signaling and increased cyclin D1 and PLAU expression via
guiding leucine-rich pentatricopeptide repeat containing
(LRPPRC) to stabilize mRNA. Moreover, oncogenesis facili-
tated by DANCR was attenuated by anti-IL-11 antibody or a
STAT3 inhibitor (BP-1-102). In conclusion, our findings indi-
cate that DANCR induces BCa LN metastasis and proliferation
via an LRPPRC-mediated mRNA stabilization mechanism.
DANCR may serve as a multi-potency target for clinical inter-
vention in LN-metastatic BCa.

INTRODUCTION
Bladder cancer (BCa) is the most common malignancy of the urinary
system in China1 and worldwide,2 and it is the number one cause of
death in patients with urinary tract disease.3 Muscle-invasive BCa
(MIBC) represents 25%–40% of all BCa, and it can spread from the
bladder to the pelvic lymph nodes (LNs) and then to visceral organs.4

The probability of death from MIBC with LN metastasis is signifi-
cantly higher than that fromMIBC without LN metastasis. The death
rate increases from 18.6% to 77.6% within 5 years, even when the
MIBC is treated with radical cystectomy.5,6 LN metastasis is a com-
plex multistep process that involves dissemination of cancer cells to
lymphatic vessels, transport, settlement, and colonization expansion
of cancer cells in the LNs.7,8 However, the biological character and
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molecular mechanism of BCa cell invasion and metastasis to the
LNs remain largely unknown.

Long noncoding RNAs (lncRNAs) are transcripts longer than 200 nt
with no or weak protein-coding capacity.9 Accumulating evidence in-
dicates that lncRNAs play diverse roles in the initiation and progres-
sion of human cancers.10,11 For example, lncRNAsHOTAIR, CYTOR,
and SNHG14 participate in the metastatic cascade by regulating cell
migration and invasion,12–14 and lncRNAs ATB and CILA1 promote
metastasis by inducing the epithelial-mesenchymal transition
(EMT).15,16 Our recent study discovered that lncRNA LBCS inhibits
self-renewal and chemoresistance of BCa stem cells through the
epigenetic silencing of SOX2.17 Our previous study found that
lncRNA BLACAT2 promoted BCa-associated lymphangiogenesis
and lymphatic metastasis by enhancing vascular endothelial growth
factor C (VEGF-C) signaling.18 However, the biological function
and molecular mechanism of lncRNAs in BCa LN metastasis remain
to be fully clarified.

Recently, the lncRNA DANCR was reported to play critical roles in
diverse biological processes, including stem cell differentiation, cell
proliferation, and cancer progression.19–21 DANCR regulates the dif-
ferentiation of mesenchymal tissues, such as in chondrogenic and
osteogenic differentiation.22,23 In addition, DANCR increased the
an Society of Gene and Cell Therapy.
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Table 1. Univariate and Multivariate Analysis of Factors Associated with Overall Survival in Bladder Cancer

Variable

Univariate Multivariate

HR 95% CI p Value HR 95% CI p Value

Age, years (>65/%65) 1.980 1.090–3.597 0.025* 1.283 0.676–2.437 0.446

Gender (female/male) 0.478 0.188–1.215 0.121 – – NA

Histological grade (high/low) 3.352 1.194–9.409 0.022* 1.640 0.515–5.225 0.403

Tumor stage (T2–T4/Ta–T1) 5.156 2.392–11.113 <0.001* 1.603 0.539–4.770 0.396

Nodal metastasis (N1–N2/N0) 3.802 2.009–7.194 <0.001* 2.175 1.042–4.542 0.039*

Tumor size (>3 cm/%3 cm) 1.287 0.705–2.353 0.411 – – NA

Tumor number (multiple/single) 0.780 0.412–1.476 0.445 – – NA

DANCR (high/low) 5.290 2.589–10.809 <0.001* 2.945 1.200–7.232 0.018*

Univariate and multivariate analysis. Cox proportional hazards regression model. Variables associated with survival by univariate analyses were adopted as covariates in multivariate
analyses. HR > 1, risk for death increased; HR < 1, risk for death reduced. *Significant p value.
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stemness features of hepatocellular carcinoma cells and promoted the
invasion of prostate cancer cells.21,24 Moreover, DANCR is associated
with tumor progression and poor prognosis in colorectal cancer.25

However, whether DANCR has a functional role in BCa and, if so,
what is the underlying molecular mechanism are unknown.

In the present study, we identified that DANCR was significantly
overexpressed in LN-metastatic BCa and correlated closely with
poor prognosis. Through gain or loss of function, we demonstrated
that DANCR promoted migration, invasion, and proliferation in
BCa cells in vitro and enhanced tumor LN metastasis and growth
in vivo. Mechanistically, DANCR guided leucine-rich pentatricopep-
tide repeat containing (LRPPRC) to stabilize mRNA of interleukin 11
(IL-11), CCND1, and plasminogen activator urokinase (PLAU),
contributing to activate IL-11-STAT3 signaling and increase
CCND1 and PLAU expression. Therefore, targeting DANCR could
be a potential therapeutic strategy leading to less metastasis and pro-
liferation in BCa.

RESULTS
DANCROverexpressionCorrelateswith LNMetastasis andPoor

Prognosis in BCa

To evaluate whetherDANCR is involved in BCa progression,DANCR
expression was investigated in a large 120-case cohort of BCas using
qRT-PCR. The results showed thatDANCRwas overexpressed in BCa
tissues compared with normal adjacent tissues and in LN-positive
Figure 1. DANCR Expression Correlates with Bladder Cancer LN Metastasis an

Cells In Vitro

(A) DANCR expression was detected by qRT-PCR in 120 cases of BCa tissues paired

negative and LN-positive BCa tissues. (C) DANCR expression was detected in NMIBC a

grade bladder cancer. (E and F) Kaplan-Meier curves for OS (E) and DFS (F) of patients

divided into DANCR-low (n = 60) and DANCR-high groups (n = 60). (G) qRT-PCR anal

cells, and control cells. (H) A histogram analysis of cell migration distances is shown.

showing cell motility after knockdown or overexpression of DANCR. (J and K) Represen

(left panels), showing cell migration and invasion after knockdown or overexpression o

panels). Statistical significance was assessed using two-tailed t tests or ANOVA. *p < 0
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bladder tumors compared with LN-negative tumors (Figures 1A
and 1B). Additionally, DANCR was upregulated in MIBC compared
with non-MIBC (NMIBC), as well as in high-grade BCa compared
with lower-grade tumors (Figures 1C and 1D). Moreover, clinico-
pathological correlation analysis revealed that DANCR expression
correlated strongly with pathological stage, grade, and LN metastasis
status of BCa (Table S1). Furthermore, patients with high DANCR-
expressing BCas had shorter overall survival (OS) and disease-free
survival (DFS) (Figures 1E and 1F), suggesting a potential link be-
tween highDANCR expression and human BCa progression. In addi-
tion, univariate analysis indicated that DANCR expression was
significantly associated with OS and DFS (Table 1; Table S2). The
multivariate Cox regression analysis demonstrated that high DANCR
expression in BCa tissues was an independent prognostic factor for
shorter OS (Table 1). Collectively, these data demonstrate that
DANCR is associated with LNmetastasis status, tumor stage, and his-
tological grade and may serve as a marker of poor prognosis in BCa.

DANCR Enhances the Metastatic Behavior of Bladder Cancer

Cells In Vitro and LN Metastasis In Vivo

To investigate the role of DANCR in BCa progression, we silenced or
overexpressed DANCR in BCa cells using two small interfering RNAs
(siRNAs) or lentiviral infection, respectively. qRT-PCR showed that
DANCR was remarkably downregulated or increased in UM-UC-3
and T24 cells (Figure 1G). Overexpression of DANCR was signifi-
cantly associated with tumor invasion and LN metastasis in patients
d Predicts Poor Prognosis, and It Promotes Metastasis of Bladder Cancer

with normal adjacent tissues (NAT). (B) DANCR expression was detected in LN-

nd MIBC. (D) DANCR expression was detected in high-grade compared with lower-

with bladder cancer with high versus low expression of DANCR. The patients were

ysis of DANCR expression levels in DANCR-silenced cells, DANCR-overexpressing

(I) Representative images of wound-healing assays using UM-UC-3 and T24 cells,

tative images of migration (J) and invasion (K) assays using UM-UC-3 and T24 cells

f DANCR. A histogram analysis of migrated or invaded cell counts is shown (right

.05 and **p < 0.01.
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with BCa; therefore, the effects of DANCR on cell motility and tumor
metastasis were studied using wound-healing, cell migration, and in-
vasion assays.Wound-healing assays showed that the downregulation
ofDANCR decreased, whereas the upregulation ofDANCR increased,
the migratory speed of T24 and UM-UC-3 cells (Figures 1H and 1I).
Moreover, DANCR knockdown inhibited migration and invasion of
BCa cells, whereas the opposite outcome was observed after DANCR
overexpression (Figures 1J and 1K). Taken together, our results indi-
cated that DANCR is required for the migration and invasiveness of
BCa cells in vitro.

To further evaluate the effects of DANCR in LN metastasis of BCa, an
in vivo nude mouse popliteal LN metastasis model was constructed
(Figure 2A). UM-UC-3/luc BCa cell lines, which stably expressed a
short hairpin RNA (shRNA) targeting DANCR or overexpressed
DANCR, were inoculated into the footpads of nude mice (n = 10/
group) (Figure 2B). The primary footpad tumors and popliteal LNs
were dissected after 6 weeks. Strikingly, DANCR knockdown signifi-
cantly inhibited metastasis of BCa cells to the LNs. In contrast, over-
expression of DANCR promoted LN metastasis, as determined by
in vivo imaging systems (IVISs) (Figures 2C and 2D). Additionally,
the mice bearingDANCR-overexpressing tumors had shorter survival
times, while mice bearing DANCR-knockdown tumors had longer
survival times compared with those in the corresponding control
groups (Figure 2E). Moreover, the volumes of the popliteal LNs
were markedly smaller in the DANCR shRNA mice but larger in
the DANCR-overexpressing mice than in the corresponding control
mice (Figures 2F and 2G). BCa cell metastatic LNs were confirmed
by H&E staining and immunostaining (immunohistochemistry
[IHC]) for luciferase (Figure 2H; Table S3). Collectively, these results
indicate that DANCR promotes BCa cells’ LN metastasis in vivo via
augmenting their invasive ability, suggesting that DANCR is a prom-
ising target for preventing LN metastasis in BCa.

DANCR Promotes the Proliferation of Bladder Cancer Cells

In Vitro and Tumor Growth In Vivo

We next investigated the function of DANCR on the proliferation of
BCa cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and colony formation assays.We found thatDANCR
knockdown significantly reduced the viability and colony formation
ability of UM-UC-3 and T24 cells (Figures 3A and 3C). In contrast,
overexpression of DANCR enhanced BCa cell viability and colony
formation ability (Figures 3B and 3C). However, DANCR had no
obvious effect on the apoptosis of BCa cells (Figure S1A). To charac-
terize whetherDANCR is involved in the cell cycle, we performed flow
cytometry and ethynyl deoxyuridine (EdU) assays. Interestingly,
DANCR silencing dramatically increased the cell population in the
G0/G1 phase, whereas it reduced the cell population in the S phase;
DANCR overexpression had the opposite effect (Figures 3D and 3E;
Figure S1B). Similarly, the EdU assay showed that DANCR knock-
down significantly decreased the cell population in the S phase,
whereas DANCR overexpression had the opposite effect (Figure 3F;
Figure S1C). Moreover, DANCR knockdown markedly reduced,
but DANCR overexpression increased, the Ki67 expression in vitro
(Figure S1D). Therefore, these data show that DANCR promotes
BCa cell proliferation via regulating the G1/S phase transition.

To further explore the effects of DANCR in BCa tumorigenesis
in vivo, stable DANCR-silenced, DANCR-overexpressing, or control
UM-UC-3 cells were subcutaneously injected into BALB/c nude
mice, and the tumor growth activity was measured (Figures 3G
and 3H). Strikingly, the growth, size, and weight of tumors derived
from the DANCR-knockdown group were markedly reduced
compared with those in the control group (Figures 3I and 3J).
Conversely, DANCR overexpression promoted tumor growth of
BCa cells (Figures 3I and 3J). Moreover, the tumors derived from
the DANCR-knockdown group exhibited lower expression of the
proliferation marker Ki67 than the control group. However, the up-
regulation of DANCR was associated with a higher Ki67 expression
in the DANCR-overexpressing group compared with that in the
control group (Figures 3K and 3L). Interestingly, we observed that
the tumors formed by the DANCR-overexpressing BCa cells grown
in the nude mice displayed spike-like structures that invaded the
surrounding muscle tissues, while the control tumors exhibited
sharp edges (Figure S2), further supporting that DANCR enhanced
BCa cell invasion. Collectively, these data strongly suggest that tar-
geting DANCR could inhibit tumorigenesis and tumor growth of
BCa cells in vivo.

DANCRDirectly Interacts with LRPPRC to Play Key Roles in BCa

The subcellular localization of an lncRNA is associated closely with its
biological mechanism. Cellular fractionation assays and RNA fluores-
cence in situ hybridization (RNA-FISH) showed that DANCR was
distributed mainly in the cytoplasm in BCa cells (Figures 4A and
4B). lncRNAs located in the cytoplasm are usually associated with
post-transcriptional regulation.20,26 To identify DANCR-interacting
proteins in BCa cells, we performed RNA pull-down assays using
in vitro-transcribed biotinylated DANCR. One overtly differential
band between 130 and 150 kDa appeared after silver staining, and
it was identified as LRPPRC by mass spectrometry (Figure 4C; Fig-
ure S3A). Consistent with DANCR localization, LRPPRC was also
distributed mainly in the cytoplasm in BCa cells (Figure S3B). We
confirmed the special interaction between DANCR and LRPPRC
using western blotting (Figure 4D). We also verified this result using
RNA immunoprecipitation (RIP), and we found thatDANCR, but not
U6, was enriched in LRPPRC precipitates (Figure 4E). Moreover, a
serial deletion analysis revealed that 350–670 nt in the DANCR tran-
script, forming a stem-loop structure, are critical for the interaction
with LRPPRC (Figure 4F; Figure S3C).

To explore the role of the DANCR-LRPPRC association in DANCR’s
function, we overexpressed DANCR, and then we knocked down
LRPPRC in BCa cells. Interestingly, knockdown of LRPPRC elimi-
nated the DANCR-mediated enhancement of the metastasis and
proliferation of BCa cells in vitro (Figures 4G–4J; Figures S4A–
S4C). Therefore, these data strongly suggest that DANCR regulates
metastasis and proliferation of BCa cells in an LRPPRC-dependent
manner.
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Figure 2. DANCR Facilitates LN Metastasis of Bladder Cancer Cells In Vivo

(A) Representative images of the nude mouse model of popliteal LN metastasis. The indicated UM-UC-3 cells were injected into the footpads of the nude mice, and the

popliteal LNs were enucleated and analyzed. (B) qRT-PCR analysis of DANCR expression levels in stably DANCR-silenced or DANCR-overexpressing cells and control cells.

(C and D) Histogram analysis of popliteal LN metastasis (C) and representative images of bioluminescence (D) (popliteal LNs) in the indicated cell groups (n = 10 per group).

(E) Kaplan-Meier survival analysis of the mice (n = 10 per group) that were inoculated with DANCR-knockdown or -overexpressing UM-UC-3 cells compared with the

corresponding control cells. (F and G) Representative images of dissected popliteal LNs (F) and histogram analysis (H) of the LN volume. (H) Representative images of H&E

and IHC staining confirming the LN status (n = 10). Scale bars, 500 mm (black) and 50 mm (red). *p < 0.05 and **p < 0.01.

Molecular Therapy
DANCR Regulates CCND1, PLAU, and IL-11 Expression

To explore the molecular mechanism underlying DANCR-induced
metastasis and proliferation in BCa, a genome-wide mRNA expres-
sion profile screen was used to compare gene expression profiles
between DANCR-silenced UM-UC-3 cells and their control cells.
330 Molecular Therapy Vol. 27 No 2 February 2019
Among 236 genes that were regulated by DANCR (fold change >2.0),
many genes that play critical roles in cell metastasis and proliferation,
such as IL-11, PLAU, Matrix metalloproteinase 9 (MMP9), and
CCND1,27–29 were significantly downregulated in DANCR-silenced
cells (Figure 5A). Furthermore, qRT-PCR, western blotting, and
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ELISAs revealed that the expression levels of CCND1, PLAU, MMP9,
and IL-11, at both the mRNA and protein levels, were decreased in
DANCR-silenced cells and increased in DANCR-overexpressing cells
(Figures 5B–5D). Importantly, IL-11, PLAU, and MMP9 were upre-
gulated in BCa tissues compared with normal tissues, and they corre-
lated positively with poor OS in BCa from The Cancer Genome Atlas
(TCGA) cohort (Figures S5A and S5B). Moreover, positive correla-
tions between DANCR expression and the CCND1, PLAU, MMP9,
and IL-11 levels were also observed in a 31-case cohort of BCa spec-
imens (Figure 5E). Additionally, the protein expression levels of
PLAU and CCND1 were markedly decreased in the DANCR-silenced
xenograft tumors, but they were markedly increased in the DANCR-
overexpressing xenograft tumors (Figures 5F and 5G). Taken
together, these results suggest thatDANCR upregulates the expression
levels of IL-11, PLAU, MMP9, and CCND1, which contribute to can-
cer cell lymphatic metastasis and proliferation in BCa.

DANCRRegulatesmRNA Stability by Guiding LRPPRC to Target

Genes

LRPPRC was reported to regulate mRNA stability;30,31 therefore, we
investigated whether DANCR guided LRPPRC to stabilize target gene
mRNAs. First, we found that CCND1, PLAU, and IL-11, but not
MMP9, mRNAs were enriched in LRPPRC precipitates using a RIP
assay (Figure 6A). However, the enrichment of IL-11, PLAU, and
CCND1 mRNAs in LRPPRC precipitates was markedly decreased
in DANCR-knockdown cells compared with control cells (Figure 6A),
suggesting that LRPPRC interacted with these mRNAs in a DANCR-
dependent manner. In addition, knockdown of LRPPRC eliminated
the DANCR-mediated increase in the target genes’ mRNA and pro-
tein expression levels in BCa cells (Figures 6B and 6C; Figure S6A).
Furthermore, we treated BCa cells with actinomycin D, which allowed
us to measure the decay of pre-existing mRNA. The data showed that
knockdown of DANCR or LRPPRC resulted in decreased half-lives of
CCND1, PLAU, and IL-11 mRNAs in BCa cells, whereas overexpres-
sion of DANCR increased their half-lives, but not that of MMP9
mRNA (Figure 6E; Figures S6C and S6E). Furthermore, knockdown
of LRPPRC eliminated the enhanced effect of DANCR onmRNA sta-
bility, indicating that DANCR stabilizes IL-11, PLAU, and CCND1
mRNAs in an LRPPRC-dependent manner (Figures 6D and 6E; Fig-
ures S6B–S6E).

To determine whether DANCR directly interacted with CCND1,
PLAU, and IL-11 mRNAs, we performed a biotinylated oligonucleo-
tide pull-down assay. We found that endogenous CCND1, PLAU,
Figure 3. DANCR Enhances the Proliferation of Bladder Cancer Cells In Vitro a

(A and B) Cell viability was evaluated in DANCR-knockdown (A) or -overexpressing (B)

knockdown or -overexpressing UM-UC-3 and T24 cells. (D and E) Flow cytometry analy

overexpressing (E) cells, compared with the corresponding control cells. The percentag

(F) EdU assay measurement of the cell population in the S phase and a histogram analy

bars, 100 mm (white). (G and H) Tumor growth curves of DANCR knockdown (G) or overe

expressed as the mean ± SD of five mice. (I) Representative images of the tumors of DAN

weights were measured after the tumors were surgically dissected. (K) IHC examination

knockdown or -overexpression groups and the control group. Scale bars, 50 mm (red).
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and IL-11 mRNAs, but not MMP9 mRNA, co-precipitated with
DANCR (Figure 6F), indicating an association between DANCR
and these mRNAs. In addition, we found there were some comple-
mentary base pairings between DANCR and CCND1, PLAU, and
IL-11 mRNAs (Figure 6G). For further validation, the probable bind-
ing sites of CCND1, PLAU, and IL-11 were cloned into psiCHECK2
vectors for luciferase reporter assays. We found that knockdown of
DANCR or LRPPRC decreased the luciferase activity of wild-type
4,135–4,163 nt CCND1. Similar results were observed for 357–382
nt PLAU and 479–497 nt IL-11 (Figure 6G). Moreover, the luciferase
activity of mutated binding sites of these genes remained unaltered
between control and DANCR- or LRPPRC-knockdown cells (Fig-
ure 6G). Taken together, these data indicate that DANCR guides
LRPPRC to stabilize CCND1, PLAU, and IL-11mRNAs, contributing
to their increased expression.

DANCR Activates the IL-11-STAT3-Signaling Pathway to

Promote BCa Metastasis

To investigate whether DANCR activated STAT3 signaling in
BCa cells by increasing IL-11 secretion, we detected total and phos-
phorylated JAK2 and STAT3 in DANCR-knockdown and -overex-
pressing BCa cells using western blotting. As shown in Figure 7A,
p-JAK2(Tyr1007) and p-STAT3(Tyr705) levels were decreased in
DANCR-knockdown cells, whereas they were increased in DANCR-
overexpressing cells. Furthermore, knockdown of LRPPRC attenu-
ated the STAT3 signaling activated by DANCR overexpression in
BCa cells (Figure 7B).

To verify that IL-11-STAT3 signaling activation was critical to BCa
metastasis, we used anti-IL-11 antibody and a STAT3 inhibitor
(BP-1-102) to block STAT3 signaling in DANCR-overexpression
BCa cells. Interestingly, either the anti-IL-11 antibody or the
STAT3 inhibitor (BP-1-102) not only suppressed BCa cell migration
and invasion in control BCa cells but also eliminated the majority of
DANCR overexpression-mediated enhancements in BCa cells (Fig-
ures 7C and 7D; Figure S7A). Furthermore, the anti-IL-11 antibody
reduced p-JAK2, p-STAT3, and MMP9 levels, but not total JAK2
and STAT3 levels (Figure 7E). Similarly, the STAT3 inhibitor
downregulated p-STAT3 and MMP9 levels (Figure 7F). Either the
anti-IL-11 antibody or the STAT3 inhibitor attenuated STAT3
signaling and MMP9 activation by DANCR overexpression in BCa
cells (Figures 7E and 7F). Overall, the data indicate that DANCR pro-
moted metastasis and increased MMP9 expression in an IL-11-JAK-
STAT3 signaling-dependent manner in BCa cells, suggesting that the
nd Tumor Growth In Vivo

UM-UC-3 and T24 cells. (C) Colony formation assays were performed in DANCR-

sis of UM-UC-3 and T24 cells transfected with DANCR siRNA (D) or stable DANCR-

es (%) of cell populations at different stages of the cell cycle are listed in the panels.

sis of EdU-positive cell counts are shown. Blue, nucleus; red, S-phase cells. Scale

xpression groups (H) are summarized in the line chart. The average tumor volume is

CR-knockdown or -overexpression groups and their respective controls. (J) Tumor

of xenograft tumor Ki67 expression. (L) Histogram shows the H-score in DANCR-

*p < 0.05 and **p < 0.01.



Figure 4. DANCR Directly Interacts with LRPPRC to Play Key Roles in Bladder Cancer

(A) Nuclear fraction experiment and qRT-PCR detected the abundance of DANCR in the nucleus and cytoplasm. GAPDH was the positive control for cytoplasm, and

MALAT1 and U6 were the positive controls for the nucleus. (B) The subcellular distribution of DANCR was visualized by RNA fluorescence in situ hybridization (RNA-FISH) in

UM-UC-3 cells. 18S was the positive control for the cytoplasm, and U6 was the positive control for the nucleus. Scale bars, 10 mm (white). (C) RNA pull-down assay was

performed usingDANCR sense and antisense RNAs incubated with cytoplasm extracts of UM-UC-3 cells, followed by silver staining. A red arrow indicates LRPPRC. (D) The

interaction between DANCR and LRPPRC was confirmed by RNA pull-down and western blotting. GAPDH served as the negative control. (E) RIP was performed using anti-

LRPPRC and control IgG antibodies, followed by qRT-PCR to examine the enrichment of DANCR and U6. U6 served as the negative control. (F) Serial deletions of DANCR

were used in the RNA pull-down assays to identify the core regions of DANCR that were required for the physical interaction with LRPPRC. (G and H) Cell migration (G) and

invasion (H) were analyzed using DANCR overexpression or control cells combined with LRPPRC knockdown. (I and J) Cell viability (I) and colony formation (J) were analyzed

using DANCR overexpression or control cells combined with LRPPRC knockdown. *p < 0.05 and **p < 0.01.
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Figure 5. DANCR Regulates CCND1, PLAU, and IL-11 Expression Levels

(A) A heatmap representing mRNA expression levels in the UM-UC-3 cells transfected with control or DANCR siRNA for 48 h. (B) The differentially expressed genes in the

microarray were verified in UM-UC-3 and T24 cells by qRT-PCR. (C) The expression of DANCR target genes was detected by western blotting. GAPDH was used as the

internal control. (D) The secreted IL-11 expression was detected using ELISA. (E) Pearson correlations between the expression levels ofDANCR and CCND1, PLAU, MMP9,

and IL-11, as assessed by qRT-PCR analysis, from 31 bladder cancer patients. (F and G) The PLAU expression in xenograft footpad tumor (F) and CCND1 expression in

xenograft subcutaneous tumor (G) were detected by IHC. Histogram shows the H-score in DANCR-knockdown or -overexpression groups and control group. Scale bars,

50 mm (red). *p < 0.05 and **p < 0.01.
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anti-IL-11 antibody and STAT3 inhibitor could be promising tar-
geted therapies to block metastasis in patients with BCa that overex-
presses DANCR.

DISCUSSION
LN metastasis leads to a poor prognosis for patients with BCa, and
currently it has limited treatment options in the clinic.32,33 Our pre-
vious studies established an effective method to diagnose LN metas-
tasis in BCa.34 However, determination of the molecular mechanisms
underlying LN metastasis and the identification of novel targets are
334 Molecular Therapy Vol. 27 No 2 February 2019
urgently needed for prevention and therapy. Accumulating evidence
indicates that lncRNAs play critical roles in the initiation and pro-
gression of human cancers.35–38 However, the biological function
and molecular mechanisms of lncRNAs in BCa LN metastasis are
largely unknown. To the best of our knowledge, this is the first study
to systematically evaluate the role ofDANCR in LNmetastasis of BCa.
In this study, we reported that DANCR is overexpressed in LN-met-
astatic BCa and is associated with poor clinical prognosis. Moreover,
overexpression of DANCR promoted metastasis and proliferation
of BCa cells in vitro and in vivo. Mechanistically, DANCR activates



Figure 6. DANCR Regulates mRNA Stability by Guiding LRPPRC to Target Genes

(A) RIP was performed using anti-LRPPRC and control IgG antibodies in DANCR-knockdown or control cells, followed by qRT-PCR to examine the enrichment of CCND1,

PLAU, IL-11, and MMP9 mRNA and U6. (B and C) The mRNA (B) and protein (C) expression levels of DANCR target genes were detected in DANCR-overexpression

or control cells combined with LRPPRC knockdown. (D) UM-UC-3 cells expressing control siRNA, DANCR siRNA-1, or LRPPRC siRNA were treated with actinomycin D

(5 mg/mL) for the indicated periods of time. (E) UM-UC-3 cells stably expressing control, DANCR, or DANCR + LRPPRC siRNA were treated with actinomycin D (5 mg/mL) for

the indicated periods of time. Total RNA was purified and then analyzed using qRT-PCR to examine the mRNA half-lives of CCND1, PLAU, and IL-11. (F) UM-UC-3 cell

lysates were incubated with in vitro-synthesized, biotin-labeled control LacZ DNA probes or antisense DNA probes against DANCR for the biotinylated oligonucleotide pull-

down assay. The precipitates from the pull-down were analyzed by qRT-PCR to detect the interacting mRNAs. (G) The putative CCND1-, PLAU-, and IL-11-binding sites

were identified in DANCR. Indicated CCND1, PLAU, and IL-11 wild-type or mutated DANCR-binding sites were constructed in the psiCHECK2 vector and subjected to

luciferase reporter assays in DANCR- or LRPPRC-silenced and control cells. *p < 0.05 and **p < 0.01.
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IL-11-STAT3 signaling and increases CCND1 and PLAU expression
levels by guiding LRPPRC to stabilize their mRNAs.

lncRNAs are reported to regulate biological functions via diverse
mechanisms: guider; decoy; scaffold effect on DNA, RNA, or protein;
and post-transcriptional effects.39 Previous studies showed that
DANCR mainly exerted oncogenic roles in cancers by serving as a
microRNA (miRNA) sponge.20,40,41 DANCR contributes to lung
adenocarcinoma progression by sponging miR-496 to modulate
mammalian target of rapamycin (mTOR) expression.20 DANCR pro-
motes rho-associated coiled-coil-containing protein kinase 1
(ROCK1)-mediated proliferation and metastasis via decoying of
Molecular Therapy Vol. 27 No 2 February 2019 335
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Figure 7. DANCR Activates IL-11-STAT3-Signaling Pathway to Promote BCa Metastasis

(A) The expression levels of total and phosphorylated JAK2 and STAT3 were detected by western blotting inDANCR-knockdown or -overexpression groups. (B) The levels of

total and phosphorylated JAK2 and STAT3 were detected by western blotting in DANCR overexpression combined with knockdown of LRPPRC cells. (C and D) Cell

migration and invasion were analyzed using DANCR-overexpression or control cells combined with anti-IL-11 antibody (C) and STAT3 inhibitor (BP-1-102) (D). (E) The levels

of total and phosphorylated JAK2 and STAT3 and MMP9 were detected by western blotting in DANCR overexpression combined with anti-IL-11 antibody. (F) The levels of

total and phosphorylated STAT3 and MMP9 were detected by western blotting in DANCR-overexpressing cells combined with STAT3 inhibitor (BP-1-102). The mRNA

expression of MMP9 was detected by qRT-PCR in DANCR-overexpressing or control cells combined with anti-IL-11 antibody and STAT3 inhibitor (BP-1-102). (G) A

schematic model of the mechanism underlying the role of DANCR in BCa metastasis and proliferation. *p < 0.05 and **p < 0.01.
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miR-335-5p and miR-1972 in osteosarcoma.40 However, some re-
ports showed that DANCR could directly bind to some proteins or
mRNAs. Yuan et al.21 found that DANCR could bind to CTNNB1
mRNA and then block the repressing effect of microRNA miR-
336 Molecular Therapy Vol. 27 No 2 February 2019
2214, miR-320a, and miR-199a on CTNNB1. Li et al.42 found that
DANCR interacted with EZH2 and then modulated the stability of
EZH2. Additionally, one study showed that DANCR recruited the
PRC2 complex to inhibit TIMP2/3 expression.24
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In this study, we found thatDANCR directly interacted with LRPPRC.
LRPPRC, an RNA-binding protein, regulates mRNA stability and
polyadenylation mainly in mitochondria but also in the cytoplasm
and nucleus.30,31,43,44 We found that both DANCR and LRPPRC
were distributed mainly in the cytoplasm in BCa cells. Knockdown
of DANCR or LRPPRC resulted in decreases in the half-lives of IL-
11, PLAU, and CCND1 mRNAs in BCa cells. Furthermore, we found
that DANCR directly interacted with IL-11, PLAU, and CCND1
mRNAs. Knockdown of DANCR attenuated the interaction between
LRPPRC and its target mRNAs. Overall, we identified a novel mech-
anism by which DANCR guides LRPPRC to stabilize IL-11, PLAU,
and CCND1mRNAs, which activates IL-11-STAT3 signaling and en-
hances CCND1 and PLAU expression levels.

LN metastasis is a complex multistep process, in which enhanced
migration and invasion are key initial steps of cancer metastasis.7,8

We found that DANCR was necessary for BCa cell migration and in-
vasion in vitro and LN metastasis in vivo. Further investigations re-
vealed that DANCR increased IL-11 expression. IL-11 is implicated
in various malignancies, including gastric, colorectal, pancreatic,
and prostate cancers.45–47 Many of the pro-oncogenic effects of IL-
11 have been shown to be associated with the JAK-STAT3-signaling
pathway.27,45 We observed that JAK-STAT3 signaling was activated
in DANCR-overexpressing cells, whereas it was decreased in
DANCR-silenced cells. JAK-STAT3 signaling acts to drive the prolif-
eration, survival, invasiveness, and metastasis of tumor cells while
strongly suppressing the anti-tumor immune response in many can-
cers.48,49 In this study, blocking STAT3 signaling using anti-IL-11
antibody or a STAT3 inhibitor (BP-1-102) showed promising anti-tu-
mor effects in DANCR-overexpressing BCa by inhibiting migration
and invasion. Recently, treatments that target the JAK-STAT3
pathway have shown promising therapeutic benefit in mice and pa-
tients with cancer by directly inhibiting tumor cell growth and metas-
tasis.50–52 Taken together, DANCR is critical for IL-11-JAK-STAT3
signaling activation and metastasis in BCa, suggesting that an anti-
IL-11 antibody or STAT3 inhibitor would serve as an effective thera-
peutic approach for patients with BCa that overexpresses DANCR.

In this study, we found that DANCR upregulated PLAU, MMP9, and
CCND1 expression levels in BCa. PLAU, urokinase-type plasmin-
ogen activator protease (uPA), is a secreted factor that binds to
the outer cell surface, remodels the extracellular matrix, and then
allows cells to move inside tissues.53,54 Furthermore, PLAU is over-
expressed in many cancer cells and is important for cancer cell
metastatic spread.28,55 MMP9 is involved in the breakdown of the
extracellular matrix and promotes cancer cell metastasis.56 Impor-
tantly, PLAU and MMP9 were upregulated in BCa tissues compared
with normal tissues, and they are positively correlated with poor OS
in BCa from TCGA cohort, suggesting their important roles in BCa.
CCND1, a key regulator in G1-to-S phase transition, is overex-
pressed in BCa and is associated with poor prognosis.29,57,58 Collec-
tively, these results indicated that DANCR has great potential as a
multi-potency therapeutic target to inhibit metastasis and prolifera-
tion in BCa.
Recently, small molecules designed to target the folded structure of
oncogenic noncoding RNA have shown significant anti-tumor effects
in vivo by selectively modulating noncoding RNAs in cancer cells,
with no effects in normal cells.59 Additionally, siRNA or locked nu-
cleic acids can serve as therapeutic agents that specifically target
lncRNAs in vivo.60 In the future, the inhibition of cancer invasiveness
and proliferation via small molecules that specifically target DANCR
might represent potential therapeutics for human cancer.

In summary, we report the discovery thatDANCR clinically and func-
tionally participates in LN metastasis and proliferation of BCa via
IL-11-mediated activation of JAK-STAT3 signaling (Figure 7G). Un-
covering the precise role ofDANCR in the progression of BCa will not
only increase our knowledge of lncRNA-induced LN metastasis and
proliferation but also enable the development of novel therapeutic
strategies to treat BCa LN metastasis.

MATERIALS AND METHODS
Human Tissue Samples

A total of 120 snap-frozen fresh BCa tissues and 120 normal adjacent
tissues (NATs) were obtained with the written consent of patients
who underwent surgery at Sun Yat-sen Memorial Hospital, Sun
Yat-sen University (Guangzhou, China) between January 2010 and
January 2017. All samples were pathologically confirmed as BCa by
two independent pathologists. Ethical approval was obtained from
Sun Yat-sen University’s Committees for Ethical Review of Research
Involving Human Subjects. Table S1 lists the patient and tumor
demographics.

Cell Culture

The cell lines used in this study included the human BCa cells UM-
UC-3 and T24 and SV40-transformed kidney cell line 293T
(ATCC, Manassas, VA, USA). UM-UC-3 and 293T cells were
cultured in DMEM (Gibco, Shanghai, China), whereas T24 cells
were cultured in RPMI 1640 (Gibco). All media were supplemented
with 10% FBS (fetal bovine serum; Shanghai ExCell Biology,
Shanghai, China) and 1% penicillin and streptomycin. The STAT3 in-
hibitor (BP-1-102) was purchased from Selleck (Houston, TX, USA)
and used at 15 mM for 48 h. The anti-IL-11 antibody was purchased
from R&D Systems (Minneapolis, MN, USA; catalog MAB218) and
used at 15 mg/mL for 48 h. Cells were grown in a humidified atmo-
sphere of 5% CO2 at 37�C. The cell lines used in this study were
not contaminated by mycoplasma.

RNA Isolation and qRT-PCR

RNA isolation and qRT-PCR analysis were performed following stan-
dard protocols, as previously reported.61 The transcription level of
GAPDH was used as an internal control. The specific primers used
are listed in Table S4.

RNAi

siRNA oligonucleotides targeting DANCR, LRPPRC, and negative
control siRNAs were purchased from GenePharma (Shanghai,
China). The siRNA sequence is listed in Table S4. siRNA transfections
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were performed using 75 nM siRNA and Lipofectamine RNAimax
(Life Technologies, Waltham, MA, USA), as described previously.57

Lentivirus Transduction

To establish stable overexpression and knockdown cell lines, full-
length DANCR or shRNA sequences that specifically target DANCR
were cloned into vectors pCDH-CMV-MCS-EF1-Puro or pLKO.1-
Puro. Bidirectional sequencing was performed to verify the correct
sequences. The sequences of the shRNAs are listed in Table S5.
Lentivirus production and infection were conducted as described
previously.62

In Vitro Cell Wound-Healing, Migration, and Invasion Assays

Wound-healing assays and Transwell assays were performed to detect
cell migration and invasion. The details were described in our previ-
ous study.63

Cell Proliferation Assay

The MTT assay and the colony formation assay were performed to
detect cell viability. Cell cycle analysis and EdU assays were used to
detect cell populations at different phases. The details were described
in our previous study.57,62

In Vivo Popliteal LN Metastasis and Tumorigenesis Assays

All procedures involving animals were approved by the Institute An-
imal Care and Use Committee of Sun Yat-sen University. Male
BALB/c nude mice (4–5 weeks old) were purchased from the Exper-
imental Animal Center of Sun Yat-sen University and housed in
specific pathogen-free (SPF) barrier facilities. The popliteal LNmetas-
tasis assay was described previously.18 Tenmice were included in each
group, and lentivirus-transduced UM-UC-3 cells (3 � 106 cells) that
stably expressed firefly luciferase were inoculated into the mice’s foot-
pads. Lymphatic metastasis was monitored and imaged using a biolu-
minescence imaging system (PerkinElmer, IVIS Spectrum Imaging
System, Waltham, MA, USA) 6 weeks after the injections. The
primary tumors and popliteal LNs were enucleated and embedded
in paraffin. The LN volumes were calculated using the following
formula: LN volume (mm3) = (length [mm]) � (width [mm])2 �
0.52. The formalin-fixed paraffin-embedded (FFPE) samples were
analyzed using IHC with anti-luciferase antibodies (Abcam, Cam-
bridge, MA, USA). Images were captured using a Nikon Eclipse 80i
system with NIS-Elements software (Nikon, Tokyo, Japan).

The tumorigenesis assay was performed as described previously.63,64

A total of 1 � 106 cells were injected subcutaneously into the
right or left side of the dorsum, and five mice were used. At
4 weeks post-implantation, the mice were euthanized and tumors
were surgically dissected. The tumor specimens were fixed in 4%
paraformaldehyde.

Microarray Analysis

Total RNAwas extracted using the Trizol reagent and further purified
using a QIAGEN RNeasy Mini Kit, according to the manufacturer’s
instructions (QIAGEN, Hilden, Germany). To detect the expression
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of genes after DANCR knockdown, the Human Genome U133 Plus
2.0 Array (Affymetrix, Santa Clara, CA, USA) was used, and the anal-
ysis was performed by CapitalBio (Beijing, China), according to the
manufacturer’s instructions. All primary data in the microarray anal-
ysis have been uploaded to GEO: GSE119639.

Western Blotting

Western blotting was performed as previously described.64,65 Pri-
mary antibodies specific to MMP9, CCND1, STAT3, phospho
(p)-STAT3(Tyr705), JAK2, p-JAK2(Tyr1007), GAPDH (1:1,000,
Cell Signaling Technology, Danvers, MA, USA), PLAU, Ki-67
(1:1,000, Abcam,), and LRPPRC (1:200, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) were used. The blots were then incubated
with goat anti-rabbit or anti-mouse secondary antibody (Cell
Signaling Technology), and they were visualized using enhanced
chemiluminescence.

ELISA-Based Quantification of Secreted IL-11

The cell culture supernatant was collected, and the secreted IL-11 was
quantified using a Human IL-11 Quantikine ELISA Kit (D1100, R&D
Systems), according to the manufacturer’s instructions.

IHC Staining and Scoring Analyses

IHC staining and score calculation were conducted as described pre-
viously.57,62 Anti-Ki67 antibodies (1:500, Zhongshan Bio-Tech, Bei-
jing, China), CCND1 (1:100, Cell Signaling Technology), and
PLAU (1:100, Abcam) were used to detect their expression levels in
mouse tumors. Images were visualized using a Nikon ECLIPSE Ti
(Tokyo, Japan) microscope system and processed using Nikon
software.

Cytosolic and Nuclear Fraction and RNA-FISH

The cellular fraction was isolated as described previously.11 Briefly,
107 cells were harvested, resuspended in 1 mL ice-cold RNase-free
PBS, 1 mL buffer C1 (1.28 M Sucrose, 40 mM Tris-HCl [pH 7.5],
20 mM MgCl2, and 4% Triton X-100), and 3 mL RNase-free water;
and incubated for 15 min on ice. The cells were then centrifuged
for 15 min at 3,000 � g, and the supernatant containing the cyto-
plasmic constituents and the nuclear pellet was retained for RNA
extraction.

The FISH was performed as previously described.11 Briefly, UM-
UC-3 cells were seeded and fixed with 4% paraformaldehyde, treated
with 0.5% Triton in PBS, followed by pre-hybridization. They were
then hybridized with the probe (5 mM) overnight. The CY3-labeled
U6 and 18S probes were provided by Ribo Bio (Guangzhou, China),
and the DANCR probes were synthesized by Sangon (Shanghai,
China). The cells were visualized under a confocal microscope
(Zeiss, Munich, Germany). The sequences of the probes are listed
in Table S6.

RNA Pull-Down

DANCR full-length sense, antisense, and serial deletion sequences
were prepared via in vitro transcription using a TranscriptAid T7
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High Yield Transcription Kit (Thermo Scientific, Waltham, MA,
USA), treated with RNase-free DNase I, and purified using a GeneJET
RNA purification kit (Thermo Scientific). The RNA pull-down assay
was performed using a Magnetic RNA-Protein Pull-down Kit
(Thermo Scientific), according to the manufacturer’s instructions
and as described previously.17 The samples were separated by electro-
phoresis, andDANCR-specific bands were identified using mass spec-
trometry and retrieved from a human proteome library.

The method to pull down the RNAs interacting with DANCR is
shown below. Briefly, 30 end Biotin-TEG (15 atom triethylene glycol
spacer) modified-DNA probes against DANCR and LacZ were syn-
thesized by Sangon. The sequences of the probes are shown in Table
S6. UM-UC-3 and T24 cells (2 � 107) were cross-linked for each hy-
bridization reaction. The cell lysates were hybridized with a mixture
of biotinylated DNA probes for 4 h at 37�C. The binding complexes
were then recovered using streptavidin-conjugated magnetic beads.
Finally, RNA was eluted and purified from the beads for qRT-PCR
analyses. The LacZ probe set was provided along with the kit to serve
as a negative control probe.

RIP Assay

The RIP was performed using the EZ-Magna RIP kit (Millipore, Bur-
lington, MA, USA), according to the manufacturer’s instructions and
as described previously.11 Briefly, 107 cells were lysed with RIP lysis
buffer using one freeze-thaw cycle. Cell extracts were coimmunopre-
cipitated with anti-LRPPRC (Abcam) antibodies, and the retrieved
RNA was subjected to qRT-PCR analysis. Normal immunoglobulin
G (IgG) was used as a negative control. For qRT-PCR analysis, U6
was used as a non-specific control.

Actinomycin D Treatment for mRNA Stability Assay

BCa cells were treated with 5 mg/mL actinomycin D (Sigma-Aldrich,
St. Louis, MO, USA) to inhibit gene transcription, and cells were
collected at various time intervals. CCND1, PLAU, IL-11, and
MMP9 mRNA levels were assessed using qRT-PCR.

Luciferase Assay

The indicated regions of the IL-11, CCND1, and PLAU promoters
were cloned into psiCHECK2 luciferase reporter plasmid and trans-
fected into 293T cells, separately. The DANCR siRNA-1 or LRPPRC
siRNA was co-transfected into cells, separately. The luciferase activity
was detected according to themanual of the Dual-Luciferase Reporter
Assay system (Promega, Madison, WI, USA) at 48 h after transfec-
tion. The Renilla luciferase activity was normalized against the Firefly
luciferase activity.

Statistical Analyses

Quantitative data are presented as the means ± the SD of three in-
dependent experiments. Differences between two groups were
analyzed using the unpaired or paired Student’s t test (two-tailed
tests). When more than two groups were compared, one-way
ANOVA followed by Dunnett’s multiple comparison test were per-
formed. Data from the clinical analysis were shown as the median
with the interquartile range. The Mann-Whitney U test was used
for independent samples when the population could not be assumed
to be normally distributed. Pearson’s chi-square test was used to
analyze the clinical variables. Cumulative survival time was calcu-
lated using the Kaplan-Meier method and analyzed by the log-
rank test. A multivariate Cox proportional hazards model was
used to estimate the adjusted hazard ratios (HRs) and 95% confi-
dence intervals (CIs) and to identify independent prognostic factors.
Spearman’s correlation analysis was performed to determine the cor-
relation between two variables. All statistical analyses in this study
were performed using SPSS 19.0 software (SPSS, Armonk, NY,
USA) or GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA). A
p value < 0.05 was considered significant.
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