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1 | INTRODUCTION

Long noncoding RNA (IncRNA) DLEU2 has been shown to be dysregulated in several
type of tumor. However, the potential biological roles and molecular mechanisms of
DLEU2 in pancreatic cancer (PC) progression are poorly understood. In this study, we
found that the DLEU2 level was substantially upregulated in PC tissues and PC cell
lines, and significantly associated with poor clinical outcomes in PC patients.
Overexpression of DLEU2 significantly induced PC cell proliferation and invasion,
whereas knockdown of DLEU2 impaired cell proliferation and invasion in vitro.
Furthermore, bioinformatics analysis, luciferase reporter assay, and RNA immuno-
precipitation assay revealed that DLEU2 directly bond to microRNA-455 (miR-455)
and functioned as an endogenous sponge for miR-455, which could remarkably sup-
press cell growth and invasion. We also determined that SMAD2 was a direct target
of miR-455, and the restoration of SMAD2 rescued cell growth and invasion that
were reduced by DLEU2 knockdown or miR-455 overexpression. In addition, low
miR-455 expression and high SMAD2 expression was correlated with poor patient
survival. These results indicate that DLEUZ2 is an important promoter of PC develop-
ment, and targeting the DLEU2/miR-455/SMAD2 pathway could be a promising
therapeutic approach in the treatment of PC.
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Long noncoding RNAs refer to noncoding RNAs that are more than

200 nt in length. They have received considerable attention in recent

Pancreatic cancer is one of the most lethal malignancies, with a 5-
year survival of 8%.' There is currently no effective treatment for
metastatic PC.} Investigating the genetic and epigenetic landscape
of PC would improve our understanding of the molecular mecha-
nisms underlying its initiation, aggressive progression, and therapy
resistance and would lead to better prevention, diagnosis, and treat-
ment of PC.

Abbreviations: Ago2, Argonaute2; IncRNA, long noncoding RNA; miRNA, microRNA; PC,
pancreatic cancer; qRT-PCR, quantitative real-time PCR; RIP, RNA immunoprecipitation
assay.

years because of their potential to regulate diverse biological processes
such as tumor progression and metastasis.? According to regulatory
mechanisms on the expression of target genes, IncRNAs can work as
signals, decoys, scaffolds, guides, and competing endogenous RNAs.®
The IncRNA DLEU2 is transcribed from chromosome 13q14.3;4
it is highly expressed in PC samples compared to normal tissues.”®
However, the role and the molecular mechanisms of DLEU2 in PC re-
main elusive. In this study, we aimed to explore the role and the under-
lying mechanisms of DLEU2 during PC progression. We showed that
DLEU2 was overexpressed in PC, and it promoted cancer cell prolifer-
ation and invasion through modulating the miR-455/SMAD?2 pathway.
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2 | MATERIALS AND METHODS

2.1 | Celllines and transfection

Human PC cell lines AsPC-1 and PaCa-2 and human pancreatic duct
epithelial cell line HPDE6-C7 were obtained from ATCC (Rockville,
MD, USA). The cells were cultured in RPMI-1640 or DMEM (Gibco,
Waltham, MA, USA) supplemented with 10% FBS. The DLEU2 ex-
pression plasmid (pcDNA3.1-DLEU2) containing DLEU2 (variant
uc001vdy.3), and the SMAD2 expression plasmid pcDNA3.1-SMAD2
were constructed by GenePharma (Shanghai, China). In addition, siR-
NAs targeting DLEU2, siRNAs targeting SMAD2, control siRNA, miR-
455 mimic, miR-15a mimic, miR-16 mimic, control mimic, miR-455
inhibitor, and control inhibitor were prepared by RiboBio (Guangzhou,
China). Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used
for cell transfection following the manufacturer's instructions.

2.2 | RNA extraction and qRT-PCR assay

Total RNA was extracted using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer's instructions. RNA was reverse transcribed
using the PrimeScript RT reagent Kit (Takara Japan, Tokyo, Japan).
The gPCR analysis was carried out using SYBR Premix EX Taq (Takara
China, Dalian, China). GAPDH was used as an internal control for
IncRNA. The primers for DLEU2 and GAPDH have been reported.”
The mirVana gRT-PCR microRNA Detection Kit (Ambion, Austin,
TX, USA) was used for miR-455 detection according to the manu-
facturer's instructions. The primers for miR-455 were obtained from
RiboBio. Human U6 RNA was used as an internal control for miRNA.
The results were analyzed and expressed relative to threshold cycle
values and converted to fold changes. Experiments were repeated at
least 3 times.

2.3 | Western blot analysis

The entire protein lysates were split by 10% SDS-PAGE. The split
protein was transferred into a PVDF membrane (Millipore, Bedford,
MA, USA). The above membranes were incubated with the primary
Abs SMAD2 (1:1000 dilution; Abcam, Cambridge, UK) and GAPDH
(1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
overnight. The membranes were then treated with secondary Ab con-
jugated to HRP for 2 hours at room temperature. Detection was un-
dertaken using an ECL western blotting kit (Amersham Biosciences,
Little Chalfont, UK). GAPDH was used as the loading control. The
intensities of protein bands were quantitated using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

2.4 | Proliferation assay

The CCK-8 assay (Beyotime Institute of Biotechnology, Jiangsu,
China) was applied to evaluate cell proliferation. Pancreatic cancer
cells (5 x 108 cells per well in 96-well plates) were transfected and

cell proliferation was recorded 72 hours after transfection following
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the manufacturer's instructions. The absorbance was measured at
450 nm by a microplate reader (Bio-Rad, Hercules, CA, USA).

2.5 | Invasion assay

The invasion assay was carried out using Transwell chambers (24
wells; Corning, Tewksbury, MA, USA) and a previously described pro-
tocol.2? Cells (2 x 10% were seeded on the top side of the Transwell
filter coated with Matrigel in the chamber. Cells were suspended in
the serum-free medium. The medium supplemented with 10% FBS
was added into the lower chamber. After culturing for 24 hours, cells
that had invaded the membrane were fixed with 75% methanol and
stained with 0.1% crystal violet. The number of invaded cells was
observed using an inverted microscope and calculated by counting 5

random views. All experiments were carried out in triplicate.

2.6 | Luciferase assay

The fragment of WT DLEU2 (DLEU2-WT) containing the predicted po-
tentialmiR-455bindingsitewereamplifiedby PCR. Theforwardprimer
was 5-CGGCGATCGCCCCCAGAGTTTGCCTGTTT-3". The reverse
primer was 5'- CGGCGGCCGCGCTTTCTCAATTATGGGACAACA-3".
DLEU2-WT was then cloned into the luciferase reporter vector
pMIR-REPORT (Promega, Madison, WI, USA) between the Sgfl and
Notl sites. To produce mutant DLEU2 (DLEU2-MUT), the mutation
was generated using QuikChange Il XL Site-Directed Mutagenesis
Kit (Stratagene, San Diego, CA, USA). The WT SMAD2 3'-UTR
(SMAD2-WT) carrying the complementary site for miR-455 was am-
plified by PCR. The forward primer was 5-CGGCGATCGCTTGCATT
CTTGCATATTCTGGAGTT-3'. The reverse primer was 5'-CGGCGGC
CGCGCACCGTGTGCAAACATCTC-3". SMAD2-WT was cloned into
the luciferase reporter vector pMIR-REPORT (Promega) between
the Sgfl and Notl sites. The mutant SMAD2 3’-UTR (SMAD2-MUT)
was generated using a QuikChange Il XL Site-Directed Mutagenesis
Kit (Stratagene). Pancreatic cancer cells were placed in a 24-well
plate and transfected with luciferase plasmids together with miR-
455 mimic, miR-455 inhibitor, or their respective controls, using
Lipofectamine 3000 (Invitrogen). After 48 hours of transfection,
firefly and Renilla luciferase activities were detected using the Dual-
Luciferase Reporter Assay System (Promega, Beijing, China). Firefly
luciferase activity was normalized to that of Renilla luciferase.

2.7 | RNA immunoprecipitation assay

Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore)
was utilized in RIP experiments in accordance with the manufacturer's
suggestions. Pancreatic cancer cells were transfected with miR-455
mimic or control mimic. After 48 hours, PC cells were harvested and
lysed in complete RIP lysis buffer. Then the whole cell extract was
immunoprecipitated with RIP buffer containing magnetic beads con-
jugated with anti-Ago2 Ab (Millipore) or normal mouse 1gG (Millipore)
as a negative control. Samples were digested with proteinase K,
and RNAs were isolated from the immunoprecipitation products.
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Ultimately, the gRT-PCR assay was utilized to detect the expression of
DLEU2 and GAPDH. GAPDH mRNA was used as the negative control.

2.8 | Statistical analysis

We used the SPSS 20.0 statistical software (IBM, Armonk, NY, USA)
to statistically analyze the results. Data are presented as the mean +
SD from at least 3 experiments. The significant differences were
analyzed using Student's t test or one-way ANOVA. P-value < .05
was regarded as significant.

3 | RESULTS
3.1 | DLEU2 is upregulated in PC cell lines and PC
tissues

First, we examined DLEUZ2 expression in PC tissues and normal pancre-
atic tissues using the web-based Oncomine microarray database (https://
www.oncomine.org), and found that DLEU2 expression is elevated in PC

—_

A)

tissues in comparison to normal pancreatic tissues (Figure 1A). Then
the expression levels of DLEU2 were examined in PC tissues and nor-
mal pancreatic tissues using The Cancer Genome Atlas data through the
web portal of UALCAN (http://ualcan.path.uab.edu/). We found that
the DLEUZ2 expression was significantly higher in PC than corresponding
normal tissues (Figure 1B). Then we measured the expression of DLEU2
in PC cell lines (AsPC-1 and PaCa-2) compared with normal pancreatic
cell line HPDE6-C7 using qRT-PCR analysis. Our results indicated that
AsPC-1 and PaCa-2 cells had higher levels of DLEU2 expression than the
normal cell line HPDE6-C7 (Figure 1C). We also used the UALCAN portal
to investigate the relationship between DLEU2 expression and patient
survival.!® Kaplan-Meier analysis revealed that higher DLEU2 expression

was associated with poor survival of patients with PC (Figure 1F).

3.2 | DLEU2 promotes PC cell proliferation and
invasion in vitro

We analyzed the expression of DLEU2 transcript variants in 178
patients with PC using RNA sequencing data available from the
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FIGURE 1 DLEU2 was upregulated in pancreatic cancer (PC) cell lines and tissues. A, Comparison of DLEU2 (left and middle panel) and
SMAD?2 (right panel) expression in normal pancreatic tissues and PC tissues based on Oncomine datasets. B, Expression of DLEU2 in human
PC samples and normal pancreatic tissues. The Cancer Genome Atlas datasets were obtained from the UALCAN web server (http://ualcan.
path.uab.edu/). C,D, Expression levels of DLEU2 (C) and microRNA-455 (miR-455) (D) in PC cell lines and normal pancreatic epithelial cell line
HPDE6-C7 were examined using quantitative real-time PCR analysis. E, Images and quantification of SMAD2 protein expression levels in PC
cell lines and normal cell line HPDE6-C7 by western blot analysis. GAPDH was used as a normalization control. F, Survival curve for patients
with high or low DLEU2 expression using the online tool UALCAN. *P < .05
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FIGURE 2 DLEU2 promotes proliferation and invasion of pancreatic cancer (PC) cells in vitro. A, Median expression levels in transcripts
per million reads for all DLEU2 variants across 178 PC patient samples were obtained from the ISOexpresso platform. B, Quantitative real-
time PCR analysis of DLEU2 expression in PaCa-2 cells after DLEU2 knockdown and in AsPC-1 cells after DLEU2 overexpression. C, PC cells
were transfected with DLEU2 siRNAs or control siRNA, DLEU2 vector or control vector, and cell proliferation was measured using a CCK-8
assay. D, Invasion of PaCa-2 cells was investigated after DLEU2 knockdown. Scale bar = 100 pm. E, Invasion of AsPC-1 cells was measured

after overexpression of DLEU2. Scale bar = 100 pm. *P < .05

ISOexpresso database.* We found that 9 DLEU2 transcript variants
and a short variant of DLEU2 (uc001vdy.3, hg19; chr13:50,618,048-
50,656,139) are predominantly expressed in PC tissues (Figure 2A).
These results suggested that ucO01vdy.3 is the major variant among
all variants in PC samples, and we focused on this variant in this
study.

To elucidate the biological functions of DLEU2 in PC tumor-
igenesis and progression, we silenced DLEU2 expression by trans-
fection with 2 specific siRNAs targeting DLEU2 in PaCa-2 cells that
expresses the highest level of DLEU2. Upon transfection, DLEU2
expression decreased in the PaCa-2 cells as measured by qRT-PCR
analysis (Figure 2B). Next, we transiently overexpressed DLEU2 in
another PC line AsPC-1 and confirmed that DLEU2 expression was
significantly elevated in AsPC-1 cells transfected with DLEU2 ex-
pression vector compared to control cells transfected with control
vector (Figure 2B). Data from CCK-8 assays and invasion assays
showed that, compared to the control cells transfected with control
siRNA, knockdown of DLEUZ significantly suppressed cell prolifera-
tion and invasion of PaCa-2 cells (Figure 2C,D). Conversely, ectopic
expression of DLEU2 accelerated the proliferative and invasive ca-
pacity of AsPC-1 cells (Figure 2C,E). Together, these findings show
that DLEU2 exerts an oncogenic role in stimulating PC cell prolifer-
ation and invasion.

MicroRNA-15a and miR-16 are encoded within the intronic
region of DLEU2.*? The expression of miR-15a and miR-16 were
reduced in PC samples and they were shown to act as tumor sup-
pressors in PC.2>1> We explored the roles of miR-15a and miR-16

in PC cell lines used in this study. The levels of miR-15a and miR-16
were measured in PC cells compared to normal pancreatic cell line
HPDE6-C7. Our gRT-PCR analysis suggested that both of them were
downregulated in PC cells (Figure 3A). Moreover, cell proliferation
and invasion assays showed that transient overexpression of miR-
15a and miR-16 significantly inhibited cell proliferation and invasion
of AsPC-1 and PaCa-2 cells (Figure 3B,C).

Recent studies have proposed that the expression and func-
tion of some intronic miRNAs could be the opposite to that of their
host genes.16 Intronic miRNAs can potentially influence the ex-
pression and function of their host genes.17 Therefore, we investi-
gated whether miR-15a and miR-16 could influence the expression
of DLEU2 in PC cells. The qRT-PCR results suggested that overex-
pression of miR-15a and miR-16 resulted in significant reduction
of DLEU2 levels (Figure 3D). Collectively, these data indicated that
miR-15a and miR-16 inhibit cell proliferation and invasion and might
regulate the expression of their host gene DLEU2 in PC cells.

3.3 | DLEU2 promotes PC cell proliferation and
invasion by acting as a sponge of miR-455

Many IncRNAs are known to contain motifs with sequences com-
plementary to miRNAs and can inhibit miRNA expression and activ-
ity.!® To determine whether DLEU2 affects the behavior of PC cells
by functioning as a molecular sponge of miRNA, we used the public
prediction algorithm StarBase V2.0 to predict the potential miRNA
binding sites in DLEU2.Y We identified a miR-455-binding site in
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FIGURE 3 MicroRNA-15a (miR-15a) and miR-16 inhibit the proliferation and invasion of pancreatic cancer (PC) cells. A, The expression of
miR-15a (left) and miR-16 (right) in PC cell lines and normal pancreatic epithelial cell line HPDE6-C7 was measured by quantitative real-time
PCR analysis. B,C, Proliferation (B) and invasion (C) of PaCa-2 and AsPC-1 cells was measured after overexpression of miR-15a or miR-16. D,
Quantitative real-time PCR analysis of DLEU2 expression in PaCa-2 and AsPC-1 cells after miR-15a or miR-16 overexpression. *P < .05

DLEU2 (Figure 4A). The expression of miR-455 was examined in
AsPC-1 and PaCa-2 cells and normal pancreatic cell line HPDE6-C7
using qRT-PCR analysis. AsPC-1 and PaCa-2 cells had lower levels of
miR-455 expression than the normal pancreatic cell line HPDE6-C7
(Figure 1D), suggesting a negative correlation between miR-455 and
DLEU2 expression.

To examine the impact of DLEU2 on miR-455 expression, we un-
dertook the gRT-PCR analysis and found that miR-455 expression
was upregulated in PaCa-2 cells with DLEU2 knockdown (Figure 4B).
Conversely, overexpression of DLEU2 decreased miR-455 expres-
sion in AsPC-1 cells (Figure 4B).

To further explore the relationship between DLEU2 and miR-455,
dual-luciferase assays were carried out. As shown in Figure 4C, the
transfection with miR-455 mimic reduced the luciferase activity of
WT DLEU2 in PaCa-2 cells, but not that of mutant DLEU2. Consistent
with these findings, the transfection with miR-455 inhibitor resulted
in a significant increase in the luciferase activity of WT DLEU2 in
AsPC-1 cells, whereas miR-455 did not influence the luciferase ac-
tivity of mutant DLEU2 (Figure 4C), suggesting that DLEU2 interacts
with miR-455 in PC cells.

To test whether DLEU2 associates with miR-455, RIP exper-
iments were undertaken in PaCa-2 and AsPC-1 cells transiently
overexpressing miR-455. We found that, compared with the control
mimic-transfected cells, DLEUZ2, but not GAPDH, was specifically en-
riched in Ago2 pellets of AsPC-1 and PaCa-2 cells overexpressing
miR-455 (Figure 4D). Taken together, these results suggested that
DLEU2 is a target of miR-455.

To determine the biological function of miR-455, cell prolif-

eration, and invasion were measured in PaCa-2 cells transfected

with DLEU2 siRNAs in combination with miR-455 inhibitor, or in
AsPC-1 cells transfected with DLEU2 vector in combination with
miR-455 mimic. We observed that knockdown of DLEU2 signifi-
cantly impeded cell proliferation and invasion of PaCa-2 cells, and
the inhibition of miR-455 rescued the effects of DLEU2 on PaCa-2
cell proliferation and invasion (Fig. 4E). We also found that overex-
pression of miR-455 overcame the effects of DLEU2 overexpres-
sion in AsPC-1 cells (Figure 4F). The above results suggested that
DLEU2 could sponge miR-455, which serves as a tumor suppressor
in PC cells.

3.4 | MicroRNA-455 directly targets SMAD2 in
PC cells

To further explore the mechanism through which miR-455 exerts
its tumor suppressive role in PC, we predicted the potential targets
of miR-455 using multiple algorisms (including TargetScan, http://
www.targetscan.org/vert_72/; DIANA-TarBase, http://diana.imis.
athena-innovation.gr/DianaTools/index.php?r=tarbase/index; and
microRNA.org, http://www.microrna.org/microrna/home.do), and
narrowed the predicted targets of miR-455 down to 23 common
genes, including ADD3, MYLIP, DYNC1LI2, PPP1R12A, CCDC174, and
SMAD?2 (Figure 5A). Among these, SMAD2 has the binding sequence
of miR-455 in its 3"-UTR region (Figure 5B).

Considering the relationship between DLEU2 and miR-455,
and miR-455 and SMAD2, we speculated that DLEU2 can regulate
SMAD?2 expression via miR-455. Our western blot analysis demon-
strated that knockdown of DLEU2 reduced the protein level of
SMAD?2 in PaCa-2 cells, while the introduction of miR-455 inhibitor
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assayed for cell proliferation (left) and invasion (right). *P < .05

partly abolished this effect (Fig. 5E). The induction of SMAD2 ex-
pression caused by DLEU2 overexpression could be largely reversed
by the transfection of miR-455 mimic in AsPC-1 cells (Fig. 5E).
Altogether, these results suggested that DLEU2 could promote the
expression of oncogene SMAD2 by competitively binding to tumor
suppressor miR-455.

We investigated the mRNA expression of SMAD2 between PC
and normal tissues using the Oncomine database. This analysis re-
vealed that SMAD2 was up-regulated in PC samples (Figure 1A, right
panel). Consistent with this result, our gqRT-PCR analysis supported
that AsPC-1 and PaCa-2 cells expressed higher levels of SMAD2
protein compared to the normal pancreatic cell line HPDE6-C7

(Figure 1E). We also examined the levels of miR-455 in PC samples
using the dbDEMC 2.0 database (http://www.picb.ac.cn/dbDEMC/).
As expected, miR-455 was downregulated in PC tissues compared
to normal tissues, suggesting that SMAD2 expression was positively
correlated with DLEU2 levels and negatively correlated with miR-
455 expression in PC cells.

To find out whether SMAD2 is a real target of miR-455,
WT SMAD2 3'-UTR fragment containing the miR-455-binding
site and the mutant SMAD2 3’-UTR fragment were cloned
downstream of the pMIR-REPORT luciferase reporter vector.
Dual-luciferase assays showed that miR-455 mimic reduced
the luciferase activities of WT SMAD2 3'-UTR in PaCa-2 cells,


http://www.picb.ac.cn/dbDEMC/

1682 - XU ET AL.
W18 Cancer Science
(A) (B)
SMAD2 3-UTR §¥’ . CAAGGAAAACUUGAUGGCACAUG. . .
TargetScan MIm
miR-455 3 GCUACAUCAGGUUUCCGUGUAU
258
€) =3 Control mimic =3 Control inhibitor
== miR-455 mimic mm miR-455 inhibitor
23 o 1.2 3.0
DIANA: microRNA.org S T_‘ " *
TarBase . Q
= 2 087 . 2.0 ’*
589 5 B
182 28 04- 1.0 o L
1]
e
- 0.0~
0. WT  MUT WT  MUT
SMAD?2 SMAD2
) PaCa-2 AsPC-1 () PaCa2  PaCa-2 AsPC-1
SMADZ - s 50 kDa SMAD2 #% =« ™ o = 5oiDy ™ W& 50D
GAPDH " S a— -3/ kDa GAPDH epenes @ e e 34kDa @BESES 34 kDa
1.51 3.07
- 20 3.0 " c * *
£ o
@
£5 10 20 25 10 20 W
@ 8 ; ¢ ¢
Z 505 1.0 B X 051 1.0
W X ) (]
2° 00 0.0 =
T -+ -+ 0.0- 0.0
miR-455 miR-455 DLEUZ2 siRNA = 1 1 -2 2 DLEUZ2 vector = 4+ 4+
mimic inhibitor miR-455 inhibitor = =+ = =+ miR-455 mimic = = =+

FIGURE 5 MicroRNA-455 (miR-455) directly targets SMAD2 and represses its expression in pancreatic cancer (PC) cells. A, Venn
diagram depicting 23 genes (including SMAD2) that were predicted potential targets of miR-455. B, Schematic illustration of the predicted
miR-455 binding site in the 3'-UTR of SMAD2. C, Luciferase assays were used to verify the direct interaction between miR-455 and SMAD2
in PaCa-2 cells (left) and AsPc-1 cells (right). MUT, mutant. D, Western blot analysis of SMAD2 expression in PaCa-2 cells transfected with
miR-455 mimic or control mimic, and in AsPC-1 cells transfected with miR-455 inhibitor or control inhibitor. The intensities of protein bands
were quantitated using ImageJ software. GAPDH was used as a normalization control. E, Western blot analysis of SMAD2 expression in
PaCa-2 cells transfected with DLEU2 siRNAs or control siRNA, together with (or without) miR-455 inhibitor, and in AsPC-1 cells transfected
with DLEU2 vector or control vector, together with (or without) miR-455 mimic. The intensities of protein bands were quantitated using

ImageJ software. GAPDH was used as a normalization control. *P < .05

whereas miR-455 knockdown increased the luciferase activi-
ties of WT SMAD2 3'-UTR in AsPC-1 cells (Figure 5C). However,
miR-455 did not change the luciferase activities of mutant
SMAD2 3'-UTR (Figure 5C).
showed that miR-455 overexpression inhibited the protein level
of SMAD2 in PC cells, whereas miR-455 knockdown increased
it (Figure 5D).

We examined the association of miR-455 and SMAD2 expression

Moreover, western blot analysis

and overall survival rate in PC patients using the online survival anal-
ysis tool KM plotter (http://kmplot.com/analysis/). Lower miR-455
expression or higher SMAD2 expression correlates with reduced

overall survival in PC patients (Figure 6). These data showed that
SMAD2 was a downstream target of miR-455.

3.5 | Restoration of SMAD2 reversed the effects of
DLEU2 knockdown and miR-455 overexpression

To further confirm that the effects of DLEU2 and miR-455 on PC
cells were dependent on the expression of SMAD2, we restored
SMAD?2 expression in PaCa-2 cells transfected with DLEU2 siRNA
or in PaCa-2 cells transfected with miR-455 mimic. Both CCK-8 and
invasion assays suggested that knockdown of DLEU2 or miR-455
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overexpression significantly suppressed PaCa-2 cell proliferation
and invasion, whereas restoration of SMAD2 expression could par-
tially eliminate the inhibitory effects of DLEU2 knockdown or miR-

455 overexpression (Figure 7A-D). Conversely, the overexpression

of DLEU2 or miR-455 inhibition significantly induced prolifera-
tion and invasion in AsPC-1 cells, whereas the silencing of SMAD2
could significantly reverse the effects of DLEU2 overexpression or
miR-455 inhibition (Figure 7E-H). These data revealed that DLEU2
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enhances PC cell growth and invasion by enhancing SMAD2 expres-

sion by competitively interacting with miR-455.

4 | DISCUSSION

Long noncoding RNA DLEU2 is downregulated in leukemia'? and
laryngeal carcinoma.?° However, it was found to be elevated in
renal cell carcinoma cells, and higher expression of DLEU2 was as-
sociated with a poor prognosis in patients with renal cell carci-
noma.?! These previous results indicated that DLEU2 might have
distinct functions in different tumors but did not provide enough
information about the biological activity and mechanism by which
DLEU2 regulates carcinogenesis and progression of human tumors
(including PC). In this study, our findings showed that upregula-
tion of DLEU2 was a frequent occurrence in PC tissues, and DLEU2
dramatically promoted the proliferation and invasion of PC cells in
vitro. These results suggest that DLEU2 plays a crucial role in the
growth and invasiveness potential of PC and could act as a thera-
peutic target for PC patients.

Previous studies showed that intronic miRNAs, such as miR-15a
and miR-16, could be regulated without any association with their
host gene, and the functions of intronic miRNAs might be the op-
posite to that of their host genes.???% Our results indicated that
miR-15a and miR-16 were downregulated and they acted as tumor
suppressors in PC cells, suggesting that miR-15a and miR-16 might
be regulated through mechanisms that are independent of their host
gene DLEU2, and miR-15a/16 and DLEU2 have opposite functions in
the regulation of PC cell proliferation and invasion.

Several previous reports described the possibility that some in-
tronic miRNAs can potentially influence the expression and func-
tion of their host genes through regulating the expression of the
host gene, or by modulating the expression of other genes that
are involved in the regulation of the host gene.’ In this study, we
reported that miR-15a and miR-16 could suppress the expression
of DLEU2 in PC cells, although the detailed mechanisms by which
miR-15a and miR-16 participate in the regulation of DLEU2 are still
unclear.

Recent studies have revealed that there is an interplay and
cross-regulation between IncRNAs and miRNAs.?* Long noncoding
RNAs might function as molecular sponges in modulating miRNAs.2*
Importantly, DLEU2 could act as an endogenous sponge by directly
binding to miR-30a in renal cell carcinoma.?! Here, we confirmed the
existence of an interaction between DLEU2 and miR-455 in PC cells.
We showed that DLEU2 directly binds to miR-455, resulting in an
induction of the mRNA targets of miR-455 (such as SMAD2) and fa-
cilitating the proliferation and invasion of PC cells.

Numerous studies have reported a tumor suppressive role for
miR-455 in many tumors, including melanoma,?” colorectal cancer,?®
lung cancer,?’ gastric cancer?® and prostate cancer.?’ MicroRNA-455
was reported to be downregulated in PC tissues and cell lines and
inhibits the proliferation of PC cells.?0 In the present study, we re-
ported that miR-455 could significantly suppress PC cell growth and

invasion. Furthermore, we showed that miR-455 overexpression
abrogated DLEU2-mediated PC cell proliferation and invasion, sug-
gesting that miR-455 could be an important downstream regulator
of DLEUZ2 function.

SMADs can integrate multiple signaling pathways and regulate
the expression of target genes in transforming growth factor-p-
activated cells.®! In PC cells, SMAD2 overexpression could increase
proliferation and invasion.3? Identification of the upstream regula-
tors of SMAD2 will help elucidate its critical role in tumorigenesis.
Our present study showed that miR-455 interacts with SMAD2 to
repress its expression in PC cells. Thus, interactions between DLEU2,
miR-455, and SMAD2 might be biologically significant in the net-
work regulating PC aggressiveness.

In conclusion, we show for the first time that upregulation of
DLEU2 acts as an oncogenic driver in PC through modulating the
miR-455/SMAD?2 axis. Therefore, our results provide the basis for
a novel therapeutic strategy to target the DLEU2/miR-455/SMAD2
axis in PC.
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