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Abstract

Recently, long noncoding RNAs (IncRNA) have emerged as new
gene regulators and prognostic markers in several cancers, includ-
ing renal cell carcinoma (RCC). In this study, we investigated the
contributions of the IncRNA MALAT1 in RCC with a specific focus
on its transcriptional regulation and its interactions with Ezh2 and
miR-205. We found that MALAT1 expression was higher in human
RCC tissues, where it was associated with reduced patient survival.
MALATT1 silencing decreased RCC cell proliferation and invasion
and increased apoptosis. Mechanistic investigations showed that
MALAT1 was transcriptionally activated by c-Fos and that it

Introduction

Renal cell carcinoma (RCC) is one of the ten most common
cancers, and it is estimated that there were 63,920 new cases of
RCC in the United States in 2013 (1). The incidence of RCC has
increased for over two decades (2), and patients with advanced
RCC (stage IV) have a significantly reduced 5-year survival rate
(less than 30%; ref. 3). Compared with other cancers, there are
very few tumor and biomarkers for renal cancer (4). Also, patients
with renal cancer respond poorly to conventional chemotherapy
and radiotherapy treatment (5); thus, early detection and treat-
ment are very important for patients with RCC.

Human genome sequence data indicate that more than 90% of
the DNA sequence is actively transcribed, but only 2% of it
encodes protein, thus the majority of transcripts are referred to
as noncoding RNAs (ncRNA; refs. 6, 7). Based on size, ncRNAs are
divided into two groups, small noncoding RNAs and long non-
coding RNAs (IncRNA) greater than 200 nt. Small noncoding
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interacted with Ezh2. After MALAT1 silencing, E-cadherin expres-
sion was increased, whereas (3-catenin expression was decreased
through Ezh2. Reciprocal interaction between MALAT1 and miR-
205 was also observed. Lastly, MALAT1 bound Ezh2 and onco-
genesis facilitated by MALAT1 was inhibited by Ezh2 depletion,
thereby blocking epithelial-mesenchymal transition via E-cadherin
recovery and -catenin downregulation. Overall, our findings illu-
minate how overexpression of MALAT1 confers an oncogenic
function in RCC that may offer a novel theranostic marker in this
disease. Cancer Res; 75(7); 1322-31. ©2015 AACR.

RNAs, such as miRNAs, have been studied extensively, and their
roles in gene regulation and cell function have been elucidated in
numerous cancers (7). Recent studies have shown that IncRNAs
play important roles in both normal development and diseases
including cancer (8). LncRNAs participate in several different
biologic processes, including epigenetic regulation, nuclear
import, cell cycle control, nuclear and cytoplasmic trafficking,
imprinting, cell differentiation, alternative splicing, RNA decay,
transcription, and translation (9, 10). Thus, IncRNAs have
emerged as new players in cancer research, and several studies
have shown that some IncRNAs function as oncogenes, tumor
suppressor genes, or both, depending on the circumstance (11).

Several IncRNAs [GAS5, MEG3 (= GTL2), HIF1a-AS1, H19,
KCQN10T1, MALAT1 (alpha gene), and HOTAIR] have been
reported to be involved in renal cancer (12-19). MALAT1 (alter-
native name "alpha gene") is located on chromosome 11q13,
and the expression of MALAT1 has been reported to be upregu-
lated in several cancers, including lung, breast, pancreas, liver,
colon, uterus, cervix, and prostate (10). Previous articles showed
that MALAT1 expression is an independent prognostic parameter
forsurvival in several cancers (10). Davis and colleagues (17) have
reported that chromosomal translocation of t (6; 11)(p21; q13)
was observed in pediatric renal cancer, resulting in the fusion of
the alpha gene (MALAT1) with TFEB, a basic helix-loop-helix
leucine zipper (bHLH-LZ) transcription factor. Kuiper and col-
leagues (18) have reported that the bHLH-LZ transcription factor
TFEB gene on chromosome 6 is fused to the anonymous non
protein encoding alpha gene (MALAT1) on chromosome 11
through chromosomal translocation, t(6;11)(p21;q13) in papil-
lary RCC.

In this study, we focused on IncRNA MALATT1 in clear cell RCC
because the majority of adult renal cancers are of the clear cell
type, and many studies have focused on clear cell RCC. The aim of
this study was to (i) determine the role of MALAT1 in renal cancer,
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(ii) determine the reason for MALAT1 overexpression in renal
cancer tissues, (iii) determine the downstream effects of MALAT1
in renal cancer, and (iv) determine the association between
MAIAT1 and miR-205 in renal cancer.

Patients and Methods

Clinical samples

A total of 50 patients (34 male and 16 female) with patholog-
ically confirmed clear cell RCC (cc-RCC) were enrolled in this
study (Toho University Hospital, Tokyo, Japan). The mean age of
the patients was 60.2 (range, 37-77). They were classified accord-
ing to the WHO criteria and staged according to the tumor-node-
metastasis classification. Information about the patients is shown
in Supplementary Table S1. Samples were obtained from the
patients after written informed consent was obtained at Toho
University Hospital.

Cell culture

Normal renal epithelial cells (HK-2; ATCC number: CRL-2190)
and renal cancer cell lines (A-498, ATCC number: HTB-44; 786-O,
ATCC number: CRL-1932; Caki-2, ATCC number: HTB-47; Caki-
1, ATCC number: HTB-46) were purchased from the ATCC. The
cell lines were cultured in RPMI 1640 medium supplemented
with 10% FBS. HK-2 cells were cultured in keratinocyte-SFM
(GIBCO/Invitrogen). When purchased, permanent stocks of cells
were prepared and all cells were stored at -80°C until use. Cells
were used for experiments within 6 months.

Total RNA, DNA, and protein extraction

RNA (miRNA and total RNA) was extracted from formalin-
fixed, paraffin-embedded (FFPE) human renal cancer and adja-
cent noncancerous normal kidney tissues using a miRNeasy FFPE
kit (QIAGEN) after microdissection based on a pathologist's
reviews. To digest DNA, the Qiagen RNase-Free DNase Kit was
used. RNA (miRNA and total RNA) was also extracted from
human cell lines using an miRNeasy mini kit (QIAGEN). Geno-
mic DNA was extracted from cell lines using a QIAamp DNA mini
kit (QIAGEN). Cells were lysed with RIPA buffer (Thermo Fisher
Scientific) containing protease inhibitors (Sigma-Aldrich). Pro-
tein quantification was done using a BCA protein assay kit
(Thermo Fisher Scientific).

Knockdown of MALAT1 mRNA in renal cancer cells

Of four renal cancer cell lines, the expression of MALAT1 was
higher in 786-O and A-498 than Caki-2 and Caki-1 cells. Thus,
we used 786-O and A-498 cells for further experiments in this
study. Renal cancer cells (786-O and A-498) were transfected
with two MALAT1 siRNAs [si-MALAT1 (No.1 and No.2); Life
Technologies| or negative control siRNA [si-negative control
(si-NC); Life Technologies] according to the manufacturer's
instructions. Briefly, cells were grown in 6-well plates and
transfected individually with two si-MALAT1 siRNAs [No.1
(custom order) and No.2 (product#n272234)] at a concentra-
tion of 50 pmol per well. Knockdown effect of si-MALAT1 was
examined by real-time RT-PCR using RNA extracted 48 hours
after transfection (si-NC, si-MALAT) in two RCC cell lines (A-
498 and 786-0). Cell viability (24, 48, and 72 hours after
transfection), invasion (48 hours after transfection), and apo-
ptosis analysis (48 hours after transfection) were performed
using si-NC or si-MALAT1-transfected RCC cells. The two
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siRNA sequences are shown in Supplementary Table S2. Trans-
fection was performed with Lipofectamine RNAiMAX Transfec-
tion Reagent (Life Technologies) accordingly.

Cell viability, cell invasion, and apoptosis assay

Cell viability was measured 72 hours after transfection with
MTS (CellTiter 96 Aqueous One Solution Cell Proliferation
Assay; Promega). Cell invasion assays were performed with the
CytoSelect 24-well cell invasion assay Kit (Cell BioLab) accord-
ing to the manufacturer's instructions. FACS analysis for apo-
ptosis was done using Annexin V-FITC solution and 7-AAD kit
after 48-hour transfection according to the manufacturer's
protocol (Beckman Coulter). All experiments were performed
in triplicate.

Search for transcription factors binding to the MALAT1
promoter

To determine why MALAT1 is overexpressed in renal cancer
tissues, we focused on transcription factors binding to the
MALAT1 promoter. Based on several computer algorithms (PRO-
MO, http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoi-
nit.cgi?dirDB=TF_8.3; ChlIPbase, http://deepbase.sysu.edu.cn/
chipbase; and TFSEARCH, http://www.cbrc.jp/research/db/
TFSEARCH.html), we identified 22 transcription factors involved
in cancer pathways as potential transcription activators for
MALAT1 (Supplementary Table S3). Of the 22 transcription
factors, we selected c-Fos because An and colleagues (20) found
that inactivation of the von Hippel-Lindau (VHL) tumor suppres-
sor gene induces activation of JNK via phosphorylation of mem-
bers of the AP1 family of transcription factors such as c-Jun and
c-Fos, and Twist expression is upregulated, resulting in induced
epithelial-mesenchymal transition (EMT) in RCC. Clear cell RCC
is the major histologic subtype (about 80% of RCC cases), and
inactivation of the VHL tumor suppressor gene is typical in ccRCC
(20). We also found that high c-Fos overexpression was associated
with shorter overall survival of patients with RCC (data not
shown). Thus, we focused on c-Fos as a potentially important
transcription factor in MALAT1 activation.

Construction of luciferase-expressing plasmid vector
containing the MALAT1 promoter region

Based on several computer algorithms as described above, we
identified potential binding sites for transcription factor c-Fos in
the promoter region of MALATI gene. Using 786-O genomic
DNA, the identified MALAT1 promoter DNA region was ampli-
fied, and the PCR products were cloned into the pGEM-T easy
vector System (Promega; Supplementary Table S2). Then the
MALAT1 promoter DNA region was incorporated into the pGL4
luciferase expression vector (Promega). Luciferase activity was
assessed using the Dual-Luciferase Reporter Assay System (Pro-
mega; 48 hours after their transfection), and the ratio of Firefly/
Renilla luciferase activity was determined.

Overexpression of transcription factor genes

To construct transcription factor gene (c-Fos) over expres-
sing plasmids, the gene was amplified with total RNA from
human adult normal kidney tissues (catalog#: R1234142-50;
Biochain Institute) by RT-PCR as described previously (21).
The sequences of primers for cloning are shown in Supple-
mentary Table S2.
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TCF/LEF reporter assay (TOPflash luciferase assay)

TOPflash luciferase assays were performed to assess the knock-
down effect of MALAT1 on the Wnt/B-catenin signaling pathway
as described previously (21).

RNA immunoprecipitation assay

RNA immunoprecipitation was performed to investigate
whether ribonucleoprotein complex contained IncRNA MALAT1
and its potential binding protein (Ezh2) in renal cancer cells. We
used an Imprint RNA Immunoprecipitation Kit according to the
manufacturer's instructions (Sigma-Aldrich). The RNA immuno-
precipitation fraction was digested by DNase, and cDNA was
generated using the PrimeScript 1st strand cDNA Synthesis Kit
(Takara Bio Company). Final analysis was performed using qRT-
PCR and shown as fold enrichment of MALAT1. The RNA immu-
noprecipitation fraction C, value was normalized to the input
RNA fraction C, value.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed on cell line DNA using an Imprint Chromatin Immuno-
precipitation Kit (Sigma-Aldrich). Antibody for trimethyl-Histone
H3 (Lys27) (H3K27me3; catalog#07-449, EMD Millipore) was
obtained from vendors. The immunoprecipitated DNA was ana-
lyzed using quantitative real-time PCR with SYBR Green PCR
Master Mix (Applied Biosystems). Quantitative PCR was per-
formed in triplicate with an Applied Biosystems Prism 7500
Fast Sequence Detection System (Applied Biosystems) using the
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following conditions: 10 minutes, 95°C; followed by 40 cycles of
30 seconds; 95°C, 60 seconds; 60°C. Delta-A cycle threshold (C,)
method was used to calculate real-time PCR results. The fold
changes related to 10% input AC, were calculated as 2~ (*2Y_All
experiments were performed in triplicate. The primer pairs used
for ChIP assays are shown in supporting information of Supple-
mentary Table S2.

Immunohistochemistry study

Immunostaining of E-cadherin was performed on FFPE speci-
mens using rabbit polyclonal antibody against human E-cadherin
(#3195; Cell Signaling Technology). The staining procedure was
according to a commercial kit (Lab vision). The sections were
counterstained with Harris' hematoxylin. Immunohistochemical
staining was evaluated by visually assessing staining intensity
(0-3) using a microscope at 200x. The criteria of intensity are
as follows: 0, negative expression; 1+, weakly positive expression;
2+, moderately positive expression; 3+, strongly positive expres-
sion. All specimens were scored blindly by two observers.

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed in triplicate with
an Applied Biosystems Prism 7500 Fast Sequence Detection Sys-
tem using TagMan Universal PCR Master Mix according to the
manufacture's protocol (Applied Biosystems Inc.). The TagMan
probes and primers were purchased from Applied Biosystems.
Human GAPDH and RNU48 were used as endogenous controls.
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Figure 1.

MALATI1 expression and association with clinical
parameters in renal cancer tissues. A, comparison of
MALAT1 expression in paired human clinical samples
(each normal expression is "1"). B, MALAT1 expression
in clinical samples and renal cancer cell lines

(786-0, A-498, Caki-1, Caki-2). C, association of
MALATI1 expression with overall survival (Kaplan-
Meier plot).
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Levels of RNA expression were determined using the 7500 Fast
System SDS software version 1.3.1 (Applied Biosystems).

Western blot analysis

Western blot was performed as described previously. The
antibodies used were specific for c-Myc (#551101; BD Bios-
ciences), Ezh2 (#5246; Cell Signaling Technology), E-Cadherin
(#3195; Cell Signaling Technology), B-catenin (#9562; Cell
Signaling Technology), PCNA (#13110; Cell Signaling Tech-
nology), and B-tubulin (#2128; Cell Signaling Technology).
Proteins were enhanced by chemiluminescence (Amersham
ECL Plus Western Blotting Detection System or SuperSignal
West Pico chemiluminescent substrate; Thermo Scientific) for
visualization. The ChemiDoc XRS+ system was used for chemi-
luminescent detection (BIO-RAD Laboratories). The protein
expression levels were expressed relative to -tubulin or PCNA
levels.

Statistical analysis

All statistical analyses were performed using StatView (version
5; SAS Institute Inc.). Error bars in figures represent SD. The
Mann-Whitney U test was used to compare median value
between two groups. The Fisher exact test or % test was used to
determine whether there is significant difference between two
groups. Correlation between cFos mRNA expression and MALAT1

A
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mRNA or MALAT1 mRNA and Ezh2 mRNA in human renal cancer
tissues was examined with two-sided Pearson correlation (22).
Statistical significance was determined using the Student ¢ test or
ANOVA for functional analysis. A Pvalue of < 0.05 was regarded as
statistically significant.

Results

Relationship between MALAT1 expression and clinical
characteristics

Initially, we compared MALAT1 expression in 16 matched
normal kidney and renal cancer tissues (all cc-RCC) using real-
time RT-PCR. MALAT1 expression was significantly higher in all
renal cancer tissues compared with matched normal kidney
tissues (Fig. 1A). We then used 50 renal cancer samples and
divided the patients with RCC into two groups using a median
MALAT1 274 “*value of 0.1485 (Fig. 1B). Next, we investigated the
association of MALAT1 expression with several clinical para-
meters, including grade, pathologic tumor dassification (pT),
pathologic lymph node status (pN), pathologic metastatic status
(pmol/L), stage, and outcome (overall survival). The expression of
MALAT1 was significantly higher in pT (pT3+pT4), pN (+),
pmol/L (+), and high-stage (3+4) patients compared with low-
er-stage patients (Supplementary Table S1). Overall survival was
also significantly shorter in the high MALAT1 expression group
compared with the low MALAT1 group (Fig. 1C).
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Figure 2.

Effect of MALAT1 knockdown on renal cancer cell function (A-498, 786-0). Two renal cancer cell lines (A-498 and 786-0) were transiently transfected with
either si-MALAT1 (No. 1, No. 2) or control (si-NC). A, validation of si-MALATT knockdown in RCC cell lines. B, cell viability assay. C, invasion assay. D, flow cytometric
analysis of apoptosis in si-NC or si-MALATI1-transfected renal cancer cells. Error bars, 4-SD.
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Effect of MALAT1 on renal cancer cell viability, invasion, and
apoptosis

As shown in Fig. 2A, the knockdown effect was best using si-
MAIAT1 (No. 1) compared with si-MALAT1 (No. 2). Thus, we
used si-MALAT1 (No. 1) for further experiments. As shown in Fig.
2, we observed significantly decreased cell viability (Fig. 2B) and
invasion (Fig. 2C) in si-MALAT1-transfected renal cancer cells
compared with si-NC-transfected cells. The percentage of apo-
ptotic cells was significantly increased in si-MALAT1-transfected
cells (Fig. 2D).

c-Fos expression in normal kidney and renal cancer tissues

Expression of transcription factor c-Fos mRNA was significantly
higher in renal cancer tissues compared with those in matched
normal kidney tissues (Fig. 3A).

Positive correlation between c-Fos and MALAT1 expression
As shown, there was significant positive correlation between
c-Fos mRNA and MALAT1 mRNA expression (two-sided Pearson
correlation, r = 0.6643, P < 0.0001; Fig. 3B). MALAT1 expression
was also significantly increased after c-Fos overexpression in
786-0 cells (Fig. 3C and D). To investigate the direct binding of
c-Fos to the MALAT1 promoter, we constructed luciferase vectors
containing potential c-Fos bindingsites (clone 1; clone 2; Fig. 3E).
The clone 1 luciferase vector contained two potential c-Fos bind-
ing sites, and clone 2 contains one binding site. As shown in Fig.
3F, luciferase activity was significantly increased in c-Fos-trans-

>
w

fected cells compared with control vector with the two constructs
(Fig. 3F).

Signaling cross-contribution of transcription factors, MALAT1,
and Ezh2 in RCC

Some IncRNAs are activated transcriptionally (23-26), and
several reports have shown that IncRNA HOTAIR binds to poly-
comb repressive complex2 (PRC2; Ezh2, Suz12, EED) enhancing
methylation of H3K27me3, resulting in gene silencing (27).
Several IncRNAs, such as H19 and EBIC, have been found to
bind to Ezh2 in other cancers (28, 29). MALAT1 has been reported
to bind to Suz12, a component of PRC2 in bladder cancer cell
lines (30). These articles indicated that the interaction between
MALAT1 and Ezh2 might be important for this study. We have
made a schematic diagram illustrating MALAT1 signaling, tran-
scription factor activator, and downstream effectors via Ezh2 in
promoting renal cancer growth (Fig. 4A).

Ezh2 expression in renal cancer and normal kidney tissues
Ezh2 mRNA expression was significantly higher in renal cancer
tissues compared with normal kidney tissues (Fig. 4B).

Positive correlation between MALAT1 mRNA and Ezh2 mRNA
expression

We compared the mRNA expression levels for both MALAT1
and Ezh2 in renal cancer tissues and found that there was
significant positive correlation between the two groups (two-
sided Pearson correlation, r = 0.595, P < 0.0001; Fig. 4C).

Cc D

—_ 0.454 X
g 11 s P <0.0001 ° 80 7860
g 5 047 r=0.6643 ® I e =
z = on oL
g 3 0.35 o o5
< L ot ° 8310, 82 2.0
S < 037 So sG
[} - x
2 Z 0.254 b 3 © 2
o 3 =}
g E 0.2 ° s £
o C o€ <3 1.04
2 0.5 ° oE g
3 >0 =
i < - [ 4 ®E © &
) < 0.1 .0 P o= R
2 005] 848 % o <3 1 S3
g A *" o [ ) = § %
®© | 2
o« : —
Northat ey Matheciee 0.03 0.050.08 0.1 0.130.150.17 02 0.23 Powe- POy PG Polve:
c-Fos mRNA (2-delta G)
786-0 [] pCMV6-empty
c-Fos c-Fos +1 B pCMV6-c-Fos
3520 \l/ \llfsoeo 5760 \l/ 5231 MALAT1 2 20-
(binding site 1) (binding site 2) =
_ g
Luciferase (+) °
Clone 1 a
[Grargse T ] ]
(containing site 1) (binding site 1) >
Luciferase (+) 5 1.04
Clone 2 3
[Grangses a
(containing site 2) {Binding site 2)
Clone 1 Clone 2

Figure 3.

Transcriptional activation of MALAT1 by c-Fos in 786-0 cells. A, c-Fos expression level in renal cancer and matched normal kidney tissues. B, Pearson
correlation between c-Fos MRNA and MALATT mRNA. C, validation of c-Fos overexpression in 786-0 cells after c-Fos vector transfection. D, MALATT mRNA
expression level after transfection of c-Fos overexpressing vector plasmid and control. E, potential c-Fos binding region in the promoter region of MALAT1 used
for construction of luciferase vector containing the binding region. F, luciferase reporter assay (pCMV6-empty vs. pCMV6-c-Fos). Error bars, +SD.
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Figure 4.

MALATT1 interacts with Ezh2 in renal cancer. A, schematic diagram illustrating signaling of MALAT1 and its upstream activator and its downstream effectors in
RCC. B, Ezh2 mRNA expression in normal kidney and matched renal cancer tissues. C, Pearson correlation between MALATI mRNA and Ezh2 mRNA. D, high
Ezh2 was associated with shorter overall survival of patients with RCC. E, expression of MALAT1 (left) and Ezh2 (right) mRNAin cell lines (HK-2, A-498, 786-0). F, RNA
immunoprecipitation (A-498 and 786-0). F, top, Western blot (input, rabbit 19G, anti-Ezh2 antibody; immunoprecipitation followed by Western blot with

Ezh2 antibody). Bottom, gPCR showing MALATT1 is significantly enriched with the Ezh2 antibody compared with IgG (control antibody) in two renal cancer

cell lines (A-498 and 786-0).

Association of Ezh2 with clinicopathologic parameters in RCC
tissues

The expression of Ezh2 was significantly higher in pT
(pT3+pT4) and pN (+) patients compared with those in
pT1+pT2 and pN (-) patients (Supplementary Table S4). Overall
survival was also significantly shorter in the high Ezh2 expression
group compared with the low Ezh2 group (Fig. 4D).

MALAT1 and Ezh2 expression in renal cancer cells and a normal
kidney cell line

MALAT1 expression was significantly higher in renal cancer cell
lines (A-498 and 786-O) compared with that in normal kidney
cell line HK-2 (Fig. 4E). Ezh2 mRNA expression was also signif-
icantly higher in renal cancer cell lines (Fig. 4E) compared with
normal kidney cells.

RNA immunoprecipitation

Some IncRNAs affect expression of protein coding genes by
interacting with PRC2 subunit Ezh2 (27). To investigate potential
interaction between IncRNA MALAT1 and Ezh2, RNA immuno-
precipitation was performed. We found that MALAT1 was signif-
icantly enriched with the Ezh2 antibody compared with IgG
(control antibody) in two renal cancer cell lines (A-498 and
786-0; Fig. 4F).
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Effect of MALAT1 on downstream effectors in renal cancer cell

After knockdown of MALAT1, expression of Ezh2, B-catenin,
and c-Myc protein was significantly decreased in RCC cell lines,
whereas in contrast E-cadherin protein expression was signif-
icantly increased (Fig. 5A). E-Cadherin mRNA expression was
low in renal cancer cells (A-498 and 786-O) compared with
HK-2 cells (Supplementary Fig. S1), and E-cadherin protein
expression was also significantly lower in renal cancer tissues
(Fig. 5B). There was also inverse correlation between E-cad-
herin protein and MALAT1 mRNA expression in renal cancer
tissues (Fig. 5C). Because Ezh2 is an enhancer of H3K27
methylation, we used ChIP analysis using anti-H3K27me3
antibody to determine the effect of si-MALAT1 on histone
modification in the E-Cadherin gene promoter. The histone-
associated DNAs that were immunoprecipitated with antibody
against H3K27me3 were individually amplified with primers
sets covering the E-Cadherin gene promoter regions. The level
of H3K27me3 was significantly decreased by MALAT1 knock-
down compared with control cells (Fig. 5D). Because total
B-catenin expression was significantly decreased by knockdown
of MALAT1, we looked at the nuclear fraction and found that
nuclear B-catenin was also significantly decreased (Fig. 5E).
TCF reporter activity (TOPflash) was also significantly
decreased by MALAT1 knockdown in both renal cancer cell
lines (Fig. 5F).
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Interaction between MALAT1 and miR-205 in renal cancer
We also investigated the potential relationship between
IncRNA MALAT1 and miRNA. Using miRcode (http://www.
mircode.org/mircode), a computer algorithm to identify miRNA
target genes including IncRNAs (31), we identified several miR-
NAs MALAT1 binding sites. Of these miRNAs, our laboratory has
previously reported that miR-205 functions as tumor suppressor
gene in renal cancer (32). Thus, we focused on miR-205 and
investigated the interaction between MALAT1 and miR-205 in
renal cancer cell lines. Although the expression of MALAT1 was
high in renal cancer cell lines compared with normal HK-2 cells,
miR-205 expression was significantly lower in renal cancer cell
lines (Fig. 6A). Knockdown of MALAT1 significantly increased
miR-205 expression in renal cancer cells (Fig. 6B); however, after
overexpression of miR-205 (Fig. 6C), MALAT1 expression was
significantly decreased (Fig. 6D). These results suggest that inter-
action between MALAT1 and miR-205 has reciprocal effects.

Discussion

LncRNA MAILAT1 (metastasis associated in lung adenocarci-
noma transcript 1) has been reported to be upregulated in many
cancers (33). Initially, we looked at MALAT1 mRNA expression in
matched normal human kidney and renal cancer tissues and
found that MALAT1 expression was significantly higher in renal

1328 Cancer Res; 75(7) April 1, 2015

cancer tissues (all samples: ccRCC). High MALAT1 expression was
also associated with high stage, metastasis, and shorter overall
survival after radical nephrectomy in patients with RCC. After
siRNA knockdown of MALAT1I, cell proliferation and invasion
were significantly decreased, whereas the percentage of apoptotic
cells was significantly increased in renal cancer cells. These results
suggest that MALAT1 functions as an oncogene in renal cancer.
Based on previous reports, many transcription factors are
highly expressed in cancer tissues and several (c-Myc, B-MYB,
E2F, PU.1) induce upregulation of IncRNAs (23-26). To deter-
mine the reason for high MALAT1 expression in renal cancer
tissues, we focused on the proto-oncogenic transcription factor,
c-Fos (34) because inactivation of the VHL tumor suppressor gene
induces activation of JNK via phosphorylation of members of the
AP1 family of transcription factors, such as c-Jun and c-Fos, and
Twist expression is upregulated, resulting in induced EMT in RCC
(20). We also found that c-Fos expression was significantly higher
in renal cancer compared with normal kidney tissues, and high
c-Fos expression was associated with shorter overall survival in
patients with RCC (data not shown). We observed significant
positive correlation between c-Fos and MALAT mRNA expression
in renal cancer tissues and found c-Fos binding sites in the
MALAT1 promoter region. Luciferase assay showed that c-Fos
directly binds to IncRNA MALAT1 in 786-O cells, suggesting that
c-Fos regulates MALAT1 expression in renal cancer. Future studies
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will be essential to understand the role of other transcription
factors in the activation of MALAT1.

We sought to determine the underlying molecular mechanisms
by which MALAT1 regulated downstream effectors in renal cancer.
To examine this, we focused on Ezh2, a PRC2 subunit, because
some IncRNAs regulate downstream effectors via Ezh2-driven
H3K27 methylation (27). It was first discovered that IncRNA
HOTAIR mediates its effect by interacting with PRC2, enhancing
methylation of histone H3 lysine 27 (H3K27), leading to silenc-
ing of tumor suppressor genes (35). Previous reports have shown
that Ezh2 expression is high in renal cancer tissues (36) promoting
renal cancer progression, invasion, and metastasis (37). Ezh2
expression is also associated with metastasis and adverse clinical
outcome in patients with RCC (37). Thus, we investigated Ezh2
expression in renal cancer and normal kidney tissues as well as cell
lines (HK-2, A-498, 786-0). Similar to a previous report (38), we
observed that Ezh2 mRNA expression was significantly higher in
renal cancer cell lines and renal cancer tissues compared with
normal cells and tissues. Also, Ezh2 expression in patients with
kidney cancer was associated with higher stage and shorter overall
survival. Other IncRNAs (IncRNA EBIC, IncRNA H19) have been
shown to interact with Ezh2 in cancer cells based on RNA
immunoprecipitation experiments (28, 29). Our RNA immuno-
precipitation results also showed that MALAT1 interacts with
Ezh2 in renal cancer cell lines, and there was significant positive
correlation between MALAT1 and Ezh2 mRNA in renal cancer

www.aacrjournals.org

tissues. Together, these results indicate that MALAT1 regulates
downstream effectors through Ezh2 in renal cancer cells.

Ezh2 enhances methylation of H3K27, leading to gene silenc-
ing involved in cancer progression and metastasis (35). Of the
various metastasis-related pathways, EMT has been extensively
studied in numerous cancers including renal cancer (39). EMT is
an important step in cancer progression and metastasis and
downregulation of tumor suppressor gene E-Cadherin (CDH1)
is typically observed during EMT in renal cancer (39). Recently,
Liu and colleagues (37) found that silencing of Ezh2 with sh-Ezh2
inhibited renal cancer cell invasion and migration as well as
upregulation of E-cadherin. Their ChIP assay results showed that
H3K27me3 binds to the CDH1 gene promoter, and knockdown
of Ezh2 significantly decreased the occupancy of H3K27me3 on
the CDH1 promoter in two RCC cell lines (ACHN and 786-O;
ref. 37). In the present study, Ezh2 protein expression was sig-
nificantly decreased, whereas E-cadherin protein expression was
significantly increased after knockdown of MALAT1. In addition,
E-cadherin protein expression was found to be significantly lower
in renal cancer cells and renal cancer tissues, and there was inverse
correlation between E-cadherin protein expression and MALAT1
mRNA expression. To determine the effect of H3K27me3 on
E-cadherin, we performed ChIP analysis and found that the level
of H3K27me3 was significantly decreased in si-MALAT1-trans-
fected cells compared with control cells, suggesting that MALAT1
may decrease E-cadherin expression through Ezh2-mediated
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H3K27me3 in renal cancer. Ezh2 also induces Wnt/B-catenin
signaling hyperactivation (40). The Wnt pathway is usually acti-
vated in cancer cells causing un-phosphorylated B-catenin to
accumulate in the cytoplasm, move to the nucleus, and bind to
TCF/LEF, thereby transcriptionally regulating Wnt target genes
such as c-Myc that drive tumor formation and promote tumor-
igenesis (41). Thus, we investigated -catenin protein expression
after knockdown of MALAT1. As expected, B-catenin expression
was significantly decreased in si-MALAT1-treated renal cancer
cells. In addition, the expression of c-Myc, a downstream effector
in the Wnt/B-catenin signaling pathway was also significantly
decreased in si-MALAT1-treated cells. -catenin in the nuclear
fraction was significantly decreased as was TCF reporter activity
(TOPflash activity) with MALAT1 knockdown in RCC cell lines
(A-498 and 786-0). Thus, MALAT1 exerts its oncogenic effect via
Ezh2, thereby regulating EMT and 3-catenin signaling pathways in
renal cancer cells.

Because MALAT1 and B-catenin exist mainly in nucleus, Ji and
colleagues (42) investigated the direct interaction between the
two. However, there was no direct interaction between MALAT1
and B-catenin based on an RNA-binding protein immunoprecip-
itation technique in a colon cancer cell line (42). Future study will
be needed to elucidate any direct interaction between MALAT1
and B-catenin.

Finally, we looked to see if MALAT1 interacts with other
ncRNAs such as miRNA. As a newly described regulatory mech-
anism, IncRNA can influence posttranscriptional regulation and
interfere with miRNA pathways by competing for shared miRNA
response elements (43). In some cases, IncRNAs have miRNA
response elements and act as a natural miRNA sponge to reduce
binding of endogenous miRNAs to target genes. Thus, IncRNA
may modulate derepression of miRNA's target gene expression
(10, 43-45). Liu and colleagues have shown that IncRNA HOTAIR
functions as a ceRNA to regulate expression of human epithelial
growth factor receptor 2 (HER2) through competition for miR-
331-3p (46). In contrast, miR-125b bound to IncRNA MALAT1
and decreased expression of MALAT1 (47). Our results showed
reciprocal repression of MALAT1 and miR-205, which may be a
new regulatory mechanism between two ncRNAs, a finding sim-
ilar to recent results (23).

In conclusion, this is the first report documenting that MALAT1
is highly expressed in clear cell renal cancer tissues and is asso-
ciated with clinicopathologic parameters including patient out-
come. After MALAT1 knockdown, cell invasion was decreased and
apoptosis increased in RCC cell lines, suggesting that MALAT1
functions as a renal cancer oncogene. Transcriptional activation of
MALAT1 by c-Fos contributed to oncogenesis, whereas knock-
down of MALAT1 inhibited oncogenic function and depleted
Ezh2, resulting in inhibition of EMT via recovery of E-cadherin
and downregulation of B-catenin.
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