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Quantitative proteomics reveals that long non-coding
RNA MALAT1 interacts with DBC1 to regulate p53
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ABSTRACT

Metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) is a broadly expressed IncRNA
involved in many aspects of cellular processes. To
further delineate the underlying molecular mecha-
nism, we employed a high-throughput strategy to
characterize the interacting proteins of MALAT1 by
combining RNA pull-down, quantitative proteomics,
bioinformatics, and experimental validation. Our ap-
proach identified 127 potential MALAT1-interacting
proteins and established a highly connected MALAT1
interactome network consisting of 788 connections.
Gene ontology annotation and network analysis
showed that MALAT1 was highly involved in five
biological processes: RNA processing; gene tran-
scription; ribosomal proteins; protein degradation;
and metabolism regulation. The interaction between
MALAT1 and depleted in breast cancer 1 (DBC1) was
validated using RNA pull-down and RNA immuno-
precipitation. Further mechanistic studies reveal that
MALAT1 binding competes with the interaction be-
tween sirtuin1 (SIRT1) and DBC1, which then re-
leases SIRT1 and enhances its deacetylation activ-
ity. Consequently, the deacetylation of p53 reduces
the transcription of a spectrum of its downstream
target genes, promotes cell proliferation and inhibits

cell apoptosis. Our results uncover a novel mecha-
nism by which MALAT1 regulates the activity of p53
through the IncRNA—protein interaction.

INTRODUCTION

Over the last decade, transcriptome analysis revealed that
only 1-2% of the genome serves as a template for protein
biogenesis, whereas up to 80% of the genome is transcribed
(1-3). The vast majority of the human genome is perva-
sively transcribed into non-coding RNAs. Long non-coding
RNAs (IncRNAs) are defined as transcripts of more than
200 nucleotides without evident protein coding functional-
ity (4). Increasing numbers of studies have shown that IncR-
NAs are actively involved in a large spectrum of biologi-
cal processes. For example, IncRNAs are believed to reg-
ulate protein expression at epigenetic, transcriptional, and
post-transcriptional levels (5); they also participate in chro-
matin modification, X-chromosome inactivation, and ge-
nomic imprinting (6, 7). Furthermore, alterations in the ex-
pression levels of IncRNAs as well as their interactions with
other biological molecules clearly regulate a diverse set of
physiological and pathological processes, including prolif-
eration (8), apoptosis (9), metastasis (10, 11), metabolism
(12), drug-resistance (13), and cancer-related inflammation
(14).

Metastasis-associated lung adenocarcinoma transcript 1
(MALATT1) is a broadly expressed IncRNA with a length of
~8000 nt. MALAT]1 was initially discovered as a prognos-
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tic marker for cancer metastasis in non-small cell lung can-
cer (15). In addition to being involved in regulating cellu-
lar differentiation in endothelial cells (16), MALAT]1 is up-
regulated in various cancer cell types, including hepatocel-
lular carcinoma (HCC) (17-19). MALAT1 overexpression
promotes cell proliferation, invasion and migration in vitro
and in vivo (17, 20). Moreover, the injection of an antisense
oligonucleotide targeting MALAT1 inhibits cancer metas-
tasis in a xenograft mouse model of human lung cancer
(21). MALAT]1 is believed to act by regulating RNA pro-
cessing and gene transcription. MALAT1 has been impli-
cated in regulating RNA splicing through interacting with
several splicing factors, such as serine/arginine-rich splic-
ing factor 1 (SRSF1) and serine/arginine-rich splicing fac-
tor 3(SRSF3)(22,23). Furthermore, MALATI can interact
with unmethylated polycomb 2 (Pc2) protein to control the
expression of cell cycle genes in HeLa cells (24). In dediffer-
entiating breast cancer cells, MALATI binds with ELAV-
like protein 1 (ELAVL1) and forms a chromatin regulatory
complex to repress CD133 expression (25). Therefore, to es-
tablish a large-scale IncRNA-protein interaction network
associated with MALAT1 would help illuminate its func-
tions and uncover the underlying molecular mechanisms.
In this study, we employed a quantitative proteomics
strategy to characterize the IncRNA MALATI interac-
tome. The IncRNA-protein complexes were first isolated
through RNA pull-down using an in vitro-transcribed
MALATI RNA chain. Quantitative proteomics, based
on stable isotope labeling by amino acids in cell culture
(SILAC), was applied to distinguish non-specific binding
proteins in the RNA pull-down samples. Next, sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) separation and LC-MS/MS analyses were used to
identify and quantify the isolated proteins. Bioinformat-
ics analysis was performed to further analyze the mass
spectrometry data. Using this approach, we successfully
identified 127 potential interacting proteins and established
a highly connected interactome network associated with
IncRNA MALATI1. We identified and verified a novel
MALAT I-interacting protein, depleted in breast cancer 1
(DBC1), and investigated its molecular mechanism.

MATERIALS AND METHODS
Antibodies and reagents

Dithiothreitol (DTT), iodoacetamide (IAA), urea, recom-
binant His-tagged sirtuin 1 (rSIRT1), and mouse mon-
oclonal against Flag were from Sigma (St. Louis, MO,
USA); mouse monoclonal against GAPDH were from
Santa Cruz (Santa Cruz, CA, USA); Rabbit polyclonal
antibodies against DBCI1, heterogeneous nuclear ribonu-
cleoprotein H1 (hnRNP HI), insulin-like growth factor
2 mRNA-binding protein 2 (IGF2BP2), splicing factor
3B subunit 3 (SF3B3), transcriptional activator protein
Pur-alpha (PURA), and SIRT1 were from Proteintech
(Chicago, IL, USA). Rabbit polyclonal antibody against
acetyl-p53 (K382) and p53 were from Cell Signaling Tech-
nology (Danvers, MA, USA). His-tagged recombinant
DBC1 (rDBCI1), DBCI-N3 (aa55-120), and DBCI1-N4
(aal120-280) were purified from Escherichia coli by Gen-
Script (Nanjin, China). Recombinant lactate dehydroge-

nase B (rLDHB) was bought from Abcam (Cambridge,
MA, USA). Dynabeads® His-tag isolation kit, Lipofec-
tamine 2000, BCA reagents, Protein A and G magnetic
beads were purchased from Invitrogen (Grand Island,
NY, USA). Enhanced chemiluminescence (ECL) reagents
were purchased from Pierce Biotechnology (Rockford, IL,
USA). Protease Inhibitor Cocktail tablets were purchased
from Roche Diagnostics (Indianapolis, IN, USA). Sequenc-
ing grade modified trypsin was purchased from Promega
(Madison, WI, USA). LC-MS grade acetonitrile was from
Merck (White-house Station, NJ, USA). Water used in this
study was deionized using a Milli-Q purification system
(Millipore, Billerica, MA,USA).

Cell culture and SILAC labelling

HepG?2 cells were maintained in our laboratory using the
SILAC Dulbecco’s modified Eagle’s medium (DMEM) cell
culture kit (ThermoFisher Scientific, Waltham, MA,USA).
The cells were cultured in SILAC DMEM supplemented
with 10% dialyzed fetal bovine serum and 1% penicillin—
streptomycin (100 pg/ml, Invitrogen, NY, USA) at 37°C in
a humidified atmosphere with 5% CO,. The light labeled
cells were cultured in normal lysine and arginine contain-
ing medium, whereas the heavy labeled cells were cultured
in medium containing both [*C6]-L-lysine and ['*C6]-L-
arginine. The cells were cultured for more than seven gener-
ations, and the same amount of proteins from light labeled
and heavy labeled cells were mixed and analyzed by mass
spectrometry to evaluate the labeling efficiency.

Plasmids and cloning

Total RNA was isolated from the HepG2 cells using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA) and comple-
mentary DNA (cDNA) was synthesized using a FastQuant
RT kit (TianGen, Beijing, China) according to the manu-
facturer’s instructions. The cDNA of the fragment 6918—
8441 nt of MALATI1 was amplified via PCR using the
Premix Taq DNA Polymerase (TaKaRa, Otsu, Japan) and
cloned into the pcDNA3.1(+) vector (Invitrogen, Carls-
bad, CA, USA). The MALATI1 and empty vector plas-
mids were then transfected into HepG2 cells using Lipo-
fectamine 2000. MALAT]1 expression was detected by the
quantitative real-time polymerase chain reaction (qRT-
PCR). For MALAT1 knockdown, plasmid containing two
interfering sequences against human MALATI1 was con-
structed by GeneSil (Wuhan, China) (sequences as shown
in Supplementary Table S1) and transfected into HepG2
cells using Lipofectamine 2000. For experiments using siR-
NAs, two human MALATI1-siRNA duplexes and non-
targeting siRNA were designed and synthesized by Ribo-
Bio (Guangzhou, China), and the sequences were shown in
Supplementary Table S1. MALAT1 knockdown was con-
firmed by qRT-PCR.

DNA fragments encoding the complete coding sequence
of human DBCI1 were amplified by PCR using the Premix
Taq DNA Polymerase. The flanking EcoRI and NotI re-
striction sites were created; then, the DNA fragment was
cloned in the pCDH lentivector expression vector (System
Biosciences, Palo Alto, CA, USA). The primer sequences



used for cloning the full-length DBCI1 and its fragments are
listed in Supplementary Table S2. Lentiviruses were pro-
duced and cells were transfected according to the manufac-
turer’s protocol.

RNA isolation and qRT-PCR

Quantitative mRNA expression analysis targeting gene and
the reference gene was performed on a 7500 Fast Real-Time
PCR System (ABI, Foster City, CA, USA) using the Super-
Real SYBR Green PreMix (TianGen, Beijing, China) fol-
lowing the manufacturer’s protocols. The Mean Ct for each
sample was normalized using 18s-rRNA as the reference
gene (for primer sequences, see Supplementary Table S3).

In vitro transcription

The templates for in vitro transcription were obtained by
PCR, and the MALATI primers containing the T7 pro-
moter sequence (TAATACGACTCACTATAGGG) were
purchased from Invitrogen (Carlsbad, CA, USA). The se-
quences of the primers for the amplification of MALAT1
sense and antisense chains are shown in Supplementary
Table S4. The PCR products were examined with 1%
agarose gel electrophoresis. The target bands were removed
and purified with an Agarose Gel DNA Extraction Kit
Ver.4.0 (TaKaRa, Otsu, Japan). Biotin-labeled sense and
antisense chains of MALAT1 were transcribed in vitro us-
ing biotin-16-UTP (Epicentre, Madison, WI, USA) with a
MEGAscript Kit (Invitrogen, Carlsbad, CA, USA). The
synthesized RNAs were purified using a MEGAclear Kit
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturers’ instructions. The integrity and size of the synthe-
sized RNAs were evaluated using agarose gel electrophore-
sis, and the incorporation of biotin was detected by biotin-
HRP dot blot with a chemiluminescent biotin-labeled nu-
cleic acid detection kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions.

RNA pull-down

For the proteomics analysis, cellular proteins were extracted
from SILAC-labeled HepG?2 cells with lysis buffer (40 mM
Tris, 120 mM NaCl, 1% Triton X-100, 1 mM NaF, and 1
mM Na;VOy) supplemented with 1 x protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany) and 1
U/mL RNase inhibitor (Promega, Madison, WI, USA).
The total protein concentration of the extract was mea-
sured with a BCA assay. Next, 1 mg of SILAC light-
labeled HepG?2 cellular proteins were mixed with 50 pmol
of biotinylated MALAT1 RNA. Sixty microliters of M-280
Streptavidin Dynabeads (Invitrogen, Carlsbad, CA, USA)
were washed with lysis buffer and added to each binding re-
action; the beads were incubated at room temperature for
1 h. Then, the beads were washed five times, mixed with
SDS-PAGE sample loading buffer, and boiled for 10 min to
elute the binding proteins. The same amount of antisense
MALATI1 RNA was incubated with the heavy labeled cell
extract and processed in parallel as the negative control.
Then, the purified interacting proteins were mixed, sepa-
rated on a 10% SDS-PAGE and visualized using silver stain-
ing. Each gel lane was diced into 10 slices and in-gel tryptic

Nucleic Acids Research, 2017, Vol. 45, No. 17 9949

digestion was conducted, as previously reported (26). Three
biological replicates and two technical replicates were ana-
lyzed using mass spectrometry.

LC-MS/MS and data analysis

Samples were desalted using C18 ziptip and loaded on a
nanoUPLC system (Waters, Milford, MA, USA) equipped
with a self-packed C18 column (C18, 150 x 0.075 mm, 1.7
wm). The peptides were eluted using a 5-40% B gradient
(0.1% formic acid in acetonitrile) over 90 min into a nano-
electrospray ionization (nESI) Q Exactive mass spectrom-
eter (ThermoFisher Scientific, Waltham, MA, USA). The
mass spectrometer was operated in data-dependent mode
in which an initial FT scan recorded the mass range of m/z
350-1500. The spray voltage was set between 1.8 and 2.0
kV, and the mass resolution used for MS scan is 70,000.
The dynamic exclusion was set to 45 s. The top 20 most in-
tense masses were selected for higher-energy collision disso-
ciation (HCD) with an isolation window of 1.5 m/z and a
normalized collision energy of 30 eV. MS/MS spectra were
acquired starting at m/z 200 with a resolution of 17,500.
The AGC target value and maximum injection time were
set as 1E6 and 100 ms respectively for MS scans, as well as
5E4 and 110 ms for MS/MS scans.

Raw data was searched against the Uniprot human pro-
tein database containing 129499 sequence entries using the
SEQUEST algorithm embedded in the Protein Discov-
erer 1.4 Software (ThermoFisher Scientific, Waltham, MA,
USA). The following parameters were applied during the
database search: 10 ppm precursor and fragment mass er-
ror tolerance, Arg/Lys (+6.0201 Da, SILAC heavy amino
acid) as variable modifications, static modifications of car-
bamidomethylation for all cysteine residues, flexible modi-
fication of oxidation modifications for methionine residues,
and one missed cleavage site of trypsin was allowed. False
discovery rate (FDR) <0.01 was used as filtering criteria for
all identified peptides. In addition, only proteins identified
with two or more peptides were considered, and proteins
identified with the same set of peptides were grouped and
treated as one. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via
the PRIDE (27) partner repository with the dataset iden-
tifier PXD005154.

Quantitation analysis was conducted by the Protein Dis-
coverer 1.4 software (ThermoFisher Scientific, Waltham,
MA, USA). Three biological replicates and two techni-
cal replicates were analyzed. Ratios between control and
MALAT]1 pull-down samples were calculated based on the
extract ion chromatography areas. Identified proteins with
ratiocontrolyMarLaT1 < 0.5 (2-fold enrichment) and standard
deviation (SD) <0.2 were considered as potential MALAT1
interacting proteins. Gene ontology annotation informa-
tion was acquired through Panther database analysis (http:
/Iwww.pantherdb.org). Protein domain and signaling path-
way analyses were performed using DAVID (https://david.
nciferf.gov/). Known protein—protein interactions (PPIs)
were retrieved from the String 9.0 (http://string90.embl.de/)
and GeneMANIA (http://genemania.org/) databases, and
integrated in the Cytoscape 3.1.1 for visualization.
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RNA immunoprecipitation (RIP)

Cellular proteins from 10® cells were extracted with lysis
buffer (40 mM Tris, 120 mM NaCl, 1% Triton X-100, 1
mM NaF, and 1 mM Na3;VO,) supplemented with 1 x
protease inhibitor cocktail and 1 U/ml RNasin inhibitor.
Then, the total protein concentration of the extract was
measured with the BCA assay. The proteins of interest,
along with the binding RNAs, were isolated with the cor-
responding primary antibodies using Protein A/G Mag-
netic Beads. Cellular extract with the same amount of to-
tal proteins was simultaneously assayed for the IgG con-
trol. Then, the co-precipitated RNAs were extracted with
the TRIzol reagent, and the copy number of MALATI in
the RNA elute was analyzed by absolute quantification via
gRT-PCR using the standard-curve quantitation method
(28). 18S rRNA and IncRNA nuclear paraspeckle assembly
transcript 1 (NEAT1) were investigated as irrelevant RNA
controls.

Co-immunoprecipitation (Co-IP) and western blot

Cell lysates were prepared with 1% Tris-Triton cell lysis
buffer (Cell Signaling Technology) pre-mixed with pro-
tease inhibitor cocktail on ice for 30 min and centrifuged
at 12 000 g for 30 min. The supernatants were incubated
overnight with 30 wl of protein A/G magnetic beads pre-
coated with the corresponding primary antibodies. The im-
munocomplexes were subjected to western blot analysis.
The normal corresponding IgG control was simultaneously
assayed. For western blot analysis, the proteins were re-
solved by SDS-PAGE, and transferred to the Immobilon-
P membrane (0.45um pore size, Millipore, Billerica, MA,
USA). Primary antibodies were incubated with the mem-
branes at 4°C overnight in 5% skim milk (BD Biosciences,
San Jose, CA, USA). Then, the blots were incubated with
the horseradish peroxidase—conjugated secondary antibody
(Santa Cruz Biotechnology, CA, USA) and developed by
enhanced chemiluminescence (Millipore, Billerica, MA,
USA). GAPDH was used as internal standard. The intensi-
ties of the protein bands were measured by the ImageJ soft-
ware (http://rsb.info.nih.gov/ij/).

SIRT]1 activity assay

The decetylase activity of SIRT1 was determined by us-
ing a SIRT Activity Assay Kit (Abcam, Cambridge, MA,
USA) as recommended by the manufacturer. Briefly, cells
were washed with cold PBS and lysed in 1% Tris-Triton cell
lysis buffer supplemented with protease inhibitor cocktail.
Cell lysates were incubated with protein A magnetic beads
pre-coated with anti-SIRT1 antibody for 2 h at 4°C. Im-
munoprecipitates were incubated with Assay Buffer, SIRT
substrate, co-factor and HDAC inhibitor at 37°C for 90
min. The solution was removed, and the detection antibody
was added to each well and incubated at 37°C for 60 min.
Next, developing solution was added followed by the stop
solution. Absorbance at 450 nm was measured using a mi-
croplate reader to calculate the activity of SIRT1.

Cell proliferation assays

For the growth curve assay, cells were plated in a 6-well
plate with a density of 2 x 10° cells/well, counted man-
ually and replated every other day. The growth curve was
plotted based on the fold increase of cell number. For the
assessment of colony formation, cells were seeded evenly
in a six-well plate (500 cells/well) and cultured for 14 days.
The medium was replaced every 3 days. Next, the cells were
fixed in methanol for 10 min, and the colonies were visu-
alized by 0.01% crystal violet staining for an additional 10
min. Colonies larger than 0.5 mm in diameter were counted
manually.

Cell proliferation capacity was also measured with the
cell counting kit-8 (CCKS8) assay (Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. Briefly,
cells were seeded at a density of 1 x 10° cells/well in a 96-
well plate and cultured for 48 h. Ten microliter of CCK8
solution was added to each well, and the samples were in-
cubated at 37°C for 3 h before the absorbance was measured
at 450 nm.

The 5-bromo-2’'-deoxyuridine (5-BrdU) incorporation
assay was performed according to the manufacturer’s pro-
tocol (BD Biosciences, San Jose, CA, USA). Briefly, cells
were seeded on glass coverslips in the 12-well plate with a
density of 2 x 10*/well. Then, 20 pM of BrdU was added
to each well and the samples were incubated at 37°C for 1
h. The cells were washed by PBS three times and fixed with
methanol for 10 min at room temperature. Next, the cells
were incubated with 0.3% hydrogen peroxide in methanol
for 30 min. The cells were then washed twice with PBS and
blocked with 5% BSA in PBS for 1 h; then, the cells were
incubated with formamide at 100°C for 5Smin. After cooled,
cells were incubated with the anti-BrdU antibody (1:100) at
4°C overnight. After washed with PBS and incubated with
the Alexa 546-conjugated secondary anti-mouse IgG an-
tibody (1:400) for 1 h and counter strained with Hoechst
33258 dye, the cells were examined using confocal laser
scanning microscopy (Leica, Buffalo Grove, IL, USA). The
percentage of 5-BrdU positive cells was calculated as (BrdU
add-in cells/Hoechst stained cells) x 100%.

Apoptosis analysis

To assess cell apoptosis, cells were planted at a density of 1
x 10° cells/well in a 12-well plate. After cultured for 24 h,
a PE-Annexin V apoptosis detection kit (Sanjian, Tianjin,
China) was applied to analyze the cell apoptosis according
to the manufacturer’s protocol. The data were collected on
a BD FACSVerse flow cytometer (BD Biosciences, San Jose,
CA, USA), processed with the BD FACSuite software and
analyzed by the BD Flow Jo software.

Statistical evaluation

SPSS version 17.0 software were performed for statistical
analyses and Prism version 5.0 (GraphPad) were used to
plotted to show mean and standard deviation of mean (SD).
For the comparisons, Student’s ¢ test was performed be-
tween two groups and analysis of variance (ANOVA) were
performed among multiple groups, and growth curve results
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Figure 1. Overview of the experimental workflow. Cells were cultured in
the SILAC medium. Sense and antisense MALAT 1 chains were randomly
incorporated with biotin-16-UTP using in vitro transcription. The syn-
thesized MALAT1 was incubated with cellular proteins extracted from
SILAC-labeled HepG?2 cells. The antisense MALAT1 was used as a nega-
tive control and processed in parallel. The MALAT I-interacting proteins
were pulled down using streptavidin-conjugated magnetic beads. Then, the
beads were mixed and separated using SDS-PAGE. Each gel lane was di-
vided into ten bands and digested with trypsin for LC-MS/MS analyses.

were compared by repeated measures ANOVA. All statisti-
cal tests were two-sided and P values were considered sta-
tistically significant for P < 0.05.

RESULTS

The quantitative proteomics workflow for identifying
IncRNA-interacting proteins

To characterize the interacting proteins of MALATI, a
quantitative proteomics strategy was employed by combin-
ing SILAC labeling, RNA pull-down, SDS-PAGE separa-
tion and LC-MS/MS analyses. As shown in Figure 1, the
HCC cell line HepG2 cells used for the control experiment
were labeled using SILAC medium containing both 3C6
lysine and '*C6 arginine to ensure quantification coverage
for the detected tryptic peptides, while the cells used for
MALAT]I pull-down were cultured in cell medium contain-
ing normal lysine and arginine. To purify the MALATI1-
interacting proteins, we first synthesized MALAT1 with in
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vitro transcription (Supplementary Figure S1). MALATI1
is highly conserved among different species, and the ho-
mologous sequence of MALATTI is located at the 3’ end
region (29). The 6918-8441 nt region from the 3’ end of
MALAT]I gene is reported to be an important functional
motif of MALAT! (30). Therefore, we chose to investi-
gate the 6918-8441 nt fragment of MALATI in this study.
The MALATI1 template was amplified from the HepG2
cDNA via PCR. Biotin-16-UTP was randomly incorpo-
rated into the MALAT1 RNA during in vitro transcription.
Agarose gel electrophoresis and dot blot analysis confirmed
that both sense and antisense MALAT1 RNA chains were
successfully synthesized and incorporated with biotin-UTP
(Supplementary Figure S1C and D).

The synthesized MALAT1 was incubated with cellular
proteins extracted from SILAC light-labeled HepG2 cells.
To distinguish non-specific binding proteins, the antisense
MALAT1 was used as a negative control in this step and in-
cubated with the same amount of cellular proteins extracted
from SILAC heavy-labeled HepG?2 cells. After incubation,
the MALAT 1-interacting proteins were pulled down using
streptavidin-conjugated magnetic beads. Then, the beads
were mixed, and the eluted proteins were separated using
SDS-PAGE. Each gel lane was divided into ten bands and
digested with trypsin for downstream LC-MS/MS analy-
ses.

Identification of the MALATI1-interacting proteins using
quantitative proteomics

The MALATI-interacting proteins were analyzed using
the quantitative proteomics strategy as described above.
As a result, 1584 proteins were detected, and 939 pro-
teins were identified with two or more unique peptides.
Within these 939 proteins, 929 proteins were quantified
and 127 proteins were detected with ratiocontrol/MALATI
< 0.5 (2-fold enrichment) with SD < 0.2 in the SILAC
quantification experiment (Supplementary Table S5). Thus
far, only approximately twenty MALAT 1-interacting pro-
teins have been reported in the literature (20). The major-
ity of these proteins relate to RNA processing and gene
transcription. For example, pre-mR NA-processing factor 6
(PRPF6) is known to bind to MALAT1 and influence its
nuclear localization (31). PRPF6 was also identified in this
study as a potential MALATl-interacting protein, along
with several other members from the same family, includ-
ing pre-mRNA-processing factor 6 (PRPF8) and PRP40
pre-mRNA processing factor 40 homolog A (PRPF40A).
MALAT1 is also known to interact with serine/arginine-
rich splicing factors (22,23). In this study, we detected many
splicing factors, including SF3Al, SF3B3, and SRSF7.
Another known MALAT-interacting protein, ELAVLI
(25,32), was also observed in this study. Intriguingly, many
novel MALAT l-interacting proteins were discovered, in-
cluding several isoforms of the heterogeneous nuclear ri-
bonucleoproteins (hnRNPs), transcriptional activator pro-
tein Pur-alpha (PURA), etc.
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The bioinformatics analysis of MALATI1-interacting pro-
teins

To further understand the potential biological functions of
MALATI, gene ontology analysis was performed on the
identified proteins using the Panther database. As shown in
Supplementary Figure S2, molecular function analysis re-
vealed that most of the identified proteins related with cat-
alytic activity (40.0%), binding (37.2%), structural molecule
activity (6.2%) and enzyme regulator activity (5.5%). Bio-
logical process analysis showed that MALAT 1-interacting
proteins were involved in metabolic processes (38.8%), cel-
lular processes (14.5%), and localization (7.9%). Protein do-
main analysis was performed using DAVID, and 18 pro-
teins of the detected MALAT 1-interacting proteins contain
an RNA recognition motif (P = 1.52E-13) (Supplementary
Figure S2C). Other enriched domains include the DZF do-
main, double-stranded RNA binding domain and the 26S
proteasome subunit P45. The identified interacting proteins
were searched against the KEGG database using DAVID to
reveal the related signaling pathways (Supplementary Fig-
ure S2D). Four pathways were significantly enriched with P
values < 0.05. MALATI was significantly involved with the
spliceosome (P = 5.28E~13) and proteasome (P = 9.07E-4)
pathways. Two amino acid metabolism pathways were also
enriched, including the valine, leucine and isoleucine degra-
dation pathway (P = 0.01) as well as the alanine, aspartate
and glutamate metabolism pathway (P = 0.04).

For network construction, the identification data were in-
tegrated with interaction information obtained through the
PPI database search and imported to Cytoscape for visual-
ization. A highly connected network consisting of 127 pro-
teins and 788 connections was mapped (Figure 2A). These
proteins can be divided into five major sub-clusters based on
their biological functions: RNA processing; transcription
regulation; ribosomal proteins; protein degradation; and
metabolism regulation. Some of these proteins are highly
connected in the constructed network (the degree of con-
nection is indicated by the node size), such as polyubiquitin-
C (UBC) and certain hnRNP proteins. Taken together, the
protein interactome analysis provided a more complete pic-
ture of the biological functions of MALAT1, suggesting its
potential roles in diverse biological processes.

To evaluate the results from the quantitative proteomics
analysis, the interactions between MALAT1 and four newly
identified proteins were validated using RIP assay and ex-
amined by qRT-PCR. We observed significant enrichment
of MALATT in the immunoprecipitates of PURA, hnRNP
H1, IGF2BP2, and SF3B3 compared with the normal IgG
control (Figure 2B and Supplementary Figure S2E). 18S
rRNA, an abundant RNA in the cell, was used as sample
loading control. An irrelevant nuclear-localized IncRNA,
nuclear paraspeckle assembly transcript 1 (NEAT1) was
also examined to evaluate the specificity of the identified
interactions (33). No enrichment of NEAT1 was observed
in the immunoprecipitates of the selected proteins (Supple-
mentary Figure S2E).

MALAT1 physically interacts with the aa120-280 region of
DBC1

Among all the interacting proteins identified by the SILAC
quantitative proteomic analysis in our study, we chose
DBCI1 for further investigation. Human DBCI (also named
CCAR2 or KIAA1967) is a nuclear protein that plays an
important role in gene expression regulation (34). The RIP
assay was performed to confirm the interaction between
MALATI1 and DBCI. The results show that MALAT1 was
enriched with the DBCI1 antibody with greater than 30-fold
enrichment compared with the IgG control (Figure 3A). Re-
ciprocally, RNA pull-down and western blot showed that
DBCI could bind with MALAT1 (Figure 3B). These results
suggest that MALATT is physically associated with DBC1.

To identify the regions of DBCI that are responsible
for binding with MALAT1, we generated five fragments of
DBCI1 (Figure 3C and Supplementary Figure S3). DBCI1
has five major functional domains: an Sl-like domain
(R1) on the N-terminus; a nuclear location signal domain
(NLS); a centrally located leucine zipper (LZ) domain;
an EF-Hand domain; and a coiled tail region on the C-
terminus (35-37). The N-terminal region of DBCI (aal-
264) is required for its binding to epigenetic modifiers, such
as deacetylases sirtuin 1 (SIRT1), histone deacetylase 3
(HADC3), and methyltransferase SUV39H1 (34,38). The
R1 domain near the N terminus has been reported to bind
with RNAs (37,39). The results from the RIP assay showed
that DBCI1 fragments containing residues aal-264 (N1),
residues aal20-280 (N4) and the full-length DBC1 could
interact with MALAT1 (Figure 3C and D). Interestingly,
aa55-120 (N3) containing the R1 region showed no en-
richment of MALATI, while aal20-280 (N4) showed the
highest enrichment of MALATI. To investigate whether
MALATI could directly bind to DBCI, in vitro His-tag
pull-down assay was performed by using recombinant pro-
teins purified from E. coli. Both of the full-length DBC1 and
DBCI1-N4 fragment can bind to MALAT1 in vitro (Figure
3E and Figure S3C). Overall, these results suggest that the
aal20-280 region of DBCI, containing the NLS and LZ
motifs, is required for its direct interaction with MALAT1.

The interaction between MALAT1 and DBCI1 regulates the
activities of SIRT1 and p53

Next, we sought to determine whether the association be-
tween MALAT1 and DBC1 had functional significance. Be-
cause the LZ motif of DBC1 is responsible for its binding
to the catalytic domain of epigenetic modifier SIRT1, and
the binding of DBC1 suppress the deacetylation activity of
SIRT1 (38,40), we investigated whether the interaction be-
tween MALAT1 and DBCI1 could regulate the functions of
SIRT1. MALAT1 downregulation with siRNAs increased
the interaction between DBC1 and SIRT1 (Figure 4A and
Supplementary Figure S4A), suggesting that MALATI1
may compete with SIRT1 for DBCI binding. In addition,
incubation of MALATT instead of the antisense MALAT1
with rDBC1 and rSIRT1 reduced the interactions of these
two proteins in vitro (Figure 4B). Moreover, we observed
that SIRT1 activity was enhanced with MALAT1 over-
expression and decreased with MALAT1 downregulation
(Figure 4C and Supplementary Figure S4A, B). In addition,
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Figure 2. Network representation of the MALAT l-interacting proteins and validation of selected identified MALAT l-interacting proteins using RIP.
(A) The PPI information was obtained through a database search using String 9.0 and GeneMANIA, incorporated with IncRNA-protein interactions
identified in this study, and imported into Cytoscape 3.1.1 for network construction. Proteins and their interactions are shown as nodes and edges. The
node size reflects the interaction degree. The proteins are grouped based on their biological functions, as represented by the node color. (B) RIP enrichment
was determined as the relative levels of MALAT] in the immunoprecipitates of PURA, hnRNP H1, IGF2BP2, and SF3B3 compared with the IgG control,
and 18S rRNA was used as internal standard. Data represent the means &+ SD of triplicate independent analyses (***P < 0.001, by Student’s 7-test).

the level of MALATTI doesn’t affect the expressions of both
DBCI1 and SIRT1 (Supplementary Figure S4C). These re-
sults indicate that MALAT1 regulates the SIRT1 activity
through binding DBCI.

p53 has been reported as one of the deacetylation sub-
strates of SIRT1 (38), we further examined whether p53
acetylation is regulated by MALATI. Indeed, the p53
acetylation level was increased in MALAT1-knockdown
cells and decreased with MALAT1 overexpression com-
pared with the corresponding control cells (Figure 4D and
E). Moreover, the co-transfection of full-length DBCI1 or
DBC1-N4 fragment reversed the decrease in p53 acetylation

in response to MALAT1 overexpression, suggesting that
MALATI regulates p53 acetylation through DBCI (Figure
4E and Supplementary Figure S4D). Furthermore, we in-
vestigated the role of MALATT in p53-regulated transcrip-
tion. Six canonical target genes of p53, p21, Bax, Puma,
Stat3, Cyclin D and Cyclin E, were examined using qRT-
PCR. The results showed that the mRNA levels of those se-
lected genes were increased in MALAT 1-knockdown cells,
and knockdown of DBC1 reduced the transcription level of
the studied genes in the siMALATTI cells (Figure 4F and
Supplementary Figure S4E). On the other hand, p53 reg-
ulated transcription was reduced with the overexpression
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Figure 3. MALAT! directly interacts with the aal20-280 region of DBC1. (A) qRT-PCR analysis of MALATI! in the immunoprecipitates of DBCI as
compared to the IgG control, and 18S rRNA was used as internal standard (left panel). Data represent the means £ SD of triplicate independent analyses
(*P < 0.05, by Student’s z-test). Agarose gel electrophoresis analysis of the qRT-PCR products of MALATI, 18S rRNA and NEAT]1 in the cell lysates
and immunoprecipitates of DBCI (right panel). (B) RNA pull-down experiment showed the interaction between DBC1 and MALAT1. Biotin-labeled
MALATI fragment (6918-8441 nt) was incubated with HepG2 cell lysates, and the enriched DBC1 was detected by western blot. The antisense MALAT1
was used as control. The right panel shows the relative intensities of DBC1 in the immunoblots of MALAT1 pull-down as compared to the antisense
control (*P < 0.05, by Student’s 7-test). (C) Schematic diagram of the plasmids encoding Flag-tagged full-length or the fragments of DBC1 (upper panel).
Lower panel: plasmids encoding Flag-tagged full-length or fragments of DBC1 were transfected in the HepG?2 cells, and their expression levels were
detected by western blot. RIP of each fragment was performed using the anti-Flag antibody, and qRT-PCR was used to determine the enriched levels of
MALAT]I, 18S rRNA, and NEAT1 in the immunoprecipitates. Normal HepG?2 cells were used as control. (D) Histogram represents the fold enrichment
of MALATTI in the Flag immunoprecipitates as measured by qRT-PCR. Data represent the means + SD of triplicate independent analyses (**P < 0.01;
***P < 0.001, by one-way ANOVA). (E) In vitro His-tag pull-down assay using rDBC1, DBC1-N3, and DBC1-N4. 2 g of recombinant protein purified
from E. coli was incubated with 1 pg of in vitro transcribed sense MALAT1 or antisense MALAT1 for 1 h at 4 °C. The recombinant proteins were isolated
using Dynabeads® His-tag isolation magnetic beads. The enriched MALATI was examined using qRT-PCR. An irrelevant protein rLDHB was used as
negative control. Data represent the means + SD of triplicate independent experiments (***P < 0.001, by Student’s 7-test).

of the 6918-8441 nt fragment of MALAT, and DBC1-N4
overexpression increased the mRNA levels of the studied
genes in the MALAT 1-overexpression cells to similar levels
as compared to the control cells (Figure 4G and Supple-
mentary Figure S4F). Taken together, the results suggest
that MALAT1 decreases the acetylation of p53 and regu-
lates the transcription activities of p53 by interacting with
DBCI.

MALAT1 regulates cell proliferation and apoptosis through
DBC1

To further understand the cellular functions of MALATI,
we performed a set of in vitro experiments to investigate
its roles in HepG2 cell proliferation and apoptosis. The
roles of MALATT1 in cell growth and viability were first
evaluated using a growth curve assay. MALAT1 down-
regulation greatly decreased cell viability over 9 days in
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Figure 4. MALAT]I regulates the activities of p53 via DBC1. (A) Co-IP of SIRT1 in control and MALAT 1-knockdown HepG2 cells. SIRT1 and DBCI
were detected by western blot analysis. (B) Co-IP of SIRT1 and DBCI in vitro. 2 g of rDBC1 and rSIRT1 were incubated with 1 pg of in vitro transcribed
sense MALAT1 or antisense MALAT] for 1 hat 4°C. Next, DBC1 was isolated with anti-DBC1 antibody, and SIRT1 and DBCI in the immunoprecipitates
were analyzed by western blot. (C) The deacetylation activity of SIRT1 in MALAT1-knockdown (left panel) and MALAT 1-overexpressing (right panel)
HepG2 cells. The data are means + SD of triplicate independent experiments (* P < 0.05, by Student’s z-test). (D) Western blot of acetyl-p53 and p53 in
MALATI-downregulated cells (left panel). The histogram shows the relative intensities of p53 acetylation verses total p53 levels (right panel) measured by
the ImagelJ software (http://rsb.info.nih.gov/ij/index.html). Data represent the means &+ SD (***P < 0.001, by one-way ANOVA). (E) Western blot analysis
of acetyl-p53 and p53 in the HepG2 cells transfected with MALAT]1 expression plasmid, co-transfected with expression plasmids encoding MALAT1
and full-length DBC1 or DBC1-N4 fragment (left panel). Histogram shows the relative intensities of p53 acetylation verses total p53 levels measured by
Imagel (right panel). Data represent the means + SD (*P < 0.05; ***P < 0.001, by one-way ANOVA). qRT-PCR analysis of p53 target genes in MALAT1-
knockdown cells (F) and MALAT l-overexpressing cells (G). Data represent means & SD of four independent experiments (*P < 0.05 and ***P < 0.001,
by one-way ANOVA).

culture. Conversely, the proliferation ability was increased was significantly increased in shMALATI cells for both
by the overexpression of the 6918-8441 nt fragment of early- and late-stage apoptosis, and MALATI overexpres-
MALATI (Figure 5A). The colony-formation assay also in- sion greatly decreased cell apoptosis in HepG2 cells (Figure
dicated that MALAT1 overexpression promoted cell prolif- SE), suggesting that MALATTI plays an important role in

eration (Figure 5B). To explore the mechanism by which protecting the cells against apoptosis.

MALATI1 regulates cell proliferation, we performed a Furthermore, we investigated whether MALATT plays its
BrdU-incorporation assay. The results showed that the ra- role in regulating cell proliferation through binding with
tio of BrdU-positive cells was significantly reduced after DBCI. Firstly, we examined the functional significance of

MALATI knockdown and increased upon the transfection full-length and N4 fragment of DBC1 expression in HepG?2
of the 6918-8441 nt fragment of MALAT1 (Figure 5C and cells. The results showed that the overexpression of the full-
D), indicating that MALAT1 may play an important role length DBC1 and DBCI1-N4 can both impaired cell prolif-
in the entry of HepG?2 cells into the S phase of the cell eration and increased cell apoptosis (Supplementary Figure
cycle, promoting cell proliferation. To examine the role of S5). Rescue experiments were performed by using both full-
MALATI in regulating cell apoptosis, an Annexin V assay length DBC1 and DBC1-N4. The colony-formation assay
was performed and examined via flow cytometry analysis. showed that the co-transfection of DBC1 or DBC1-N4 sig-
The results showed that the percentage of apoptotic cells nificantly reduced the cell proliferation that was promoted
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Figure 5. MALATI regulates cell proliferation and apoptosis in HepG2 cells through binding with DBCI1. (A) The growth curve of MALATI-
downregulated cells (left panel) and MALAT 1-overexpressed cells (right panel) over 9 days. Cells (2 x 10°) were seeded in each well, and the cell numbers
were counted every 48 h. Data are from three independent assays. Bar, mean; error bar, SD (*P < 0.05, **P < 0.01, ***P < 0.001, by repeated measures
ANOVA). (B) Colony-formation assay of HepG2-MALAT1 and HepG?2 cells co-transfected with both MALAT1 and DBCI1 or DBC1-N4. Representa-
tive images show the results of the colony-formation assay (left panel). Histogram shows the relative colony numbers (right panel). Data are from three
independent assays. Bar, mean; error bar, SD (***P < 0.001, by one-way ANOVA). BrdU incorporation analysis of MALAT1-knockdown HepG2 cells
(C) and MALAT 1-overexpressing cells with or without the overexpression of full-length or N4 fragment of DBCI respectively (D). Representative images
showing alterations in S phase distribution (left panel). Histogram shows the percentage of BrdU staining (right panel). Data are from three independent
assays. Bar, mean; error bar, SD (**P < 0.01, ***P < 0.001, by Student’s 7-test or one-way ANOVA). (E) Annexin V assay for analyzing cell apoptosis in
HepG2 cells transfected with ssMALAT]1 plasmid (left panel) or MALAT 1-overexpressing plasmid with or without co-transfection of full-length or N4
fragment of DBCI respectively (right panel). Data are from three independent assays. Bar, mean; error bar, SD (*P < 0.05, **P < 0.01, ***P < 0.001, by
Student’s z-test or one-way ANOVA).

by MALATI1 overexpression (Figure 5B). In addition, cells

high-throughput and IncRNA-centric method that pro-
co-transfected with MALAT1 and DBC1 or DBC1-N4 had

vides comprehensive information regarding the IncRNA

a similar BrdU-positive rate as control cells (Figure 5D).
Moreover, co-transfection of DBC1 or DBC1-N4 increased
the apoptosis rates in MALAT 1-overexpression cells (Fig-
ure SE). Taken together, these results suggest that MALAT1
promotes cell proliferation and inhibits apoptosis via inter-
acting with DBCI.

DISCUSSION

MALATI and protein interactions in previous reports are
mostly discovered by using protein-centric methods, such
as RIP and crosslinking-immunoprecipitation (CLIP) com-
bined with RNA-sequencing (41), therefore, will not pro-
vide a comprehensive profile of the MALATI interac-
tome. To better understand the biological functions of
MALATI and the molecular mechanism, we applied a

protein interactome. Both known and novel potential inter-
acting proteins of MALAT1 were identified in this study.
Overall, the results greatly expand the current knowl-
edge of MALATI interacting proteins, laying the founda-
tion for further clarifying the biological functions and re-
lated molecular mechanism of MALAT1. However, several
known MALATI interacting proteins were not observed
here, such as TAR DNA-binding protein 43 (TDP-43), and
DGCRS microprocessor complex subunit (DGCRS) (20).
This is probably due to three reasons: first, as mentioned
above, different investigation methods were applied in the
earlier studies, such as CLIP, leading to differences in the
detected interactions; second, the 6918 -8441 nt region of
MALATI was investigated in this study, and some proteins
may interact with other regions of MALAT1. For exam-



ple, DGCRS8 was reported to bind to the 1-500 nt region
of MALAT]1 (42); finally, the molecular functions of ncR-
NAs are believed to be highly cell- and tissue-type specific.
All the known interacting proteins were identified in other
types of cells, but not in HCC cells. Of note, the MALAT1
interacting protein data obtained via the high throughput
quantitative proteomics analysis in this study may require
further validation via other techniques, such as RIP, elec-
trophoretic mobility shift assay (ESMA), surface plasmon
resonance (SPR), etc.

Gene ontology analysis and network construction show
that MALAT l-interacting proteins are enriched for five ma-
jor biological functions. These sub-clusters are highly con-
nected with each other, suggesting that MALAT1 may reg-
ulate the crosstalk between different biological processes.
It is not surprising that the majority of the identified pro-
teins are involved in RNA processing and gene transcrip-
tion regulation because numerous studies have implicated
MALATTI in these two cellular processes (20,23,24). This
study further confirms this theory and provides a sub-
stantially more detailed picture regarding the mechanism
by which MALATI1 regulates protein biosynthesis from
transcription to translation. Interestingly, our results show
that MALAT1 may also regulate protein degradation. For
example, UBC, conjugated to target proteins undergoing
degradation via proteasome, was identified in this study
as a novel MALAT l-interacting protein (unique peptides
= 9, Ratiocontrolymarar = 0.12). UBC was connected with
117 proteins in the network of the MALAT] interactome,
suggesting it is very likely that MALAT1 can regulate
the degradation of its interacting proteins through UBC.
Furthermore, some MALAT -interacting proteins are in-
volved in regulating metabolism. For example, eight pro-
teins were enriched in the amino acid metabolism path-
ways, including hydroxyacyl-coenzyme A dehydrogenase
(HADH), methylcrotonoyl-CoA carboxylase subunit al-
pha (MCCC1), and succinate-semialdehyde dehydrogenase
(ALDHS5AT1). Several studies have implicated IncRNAs in
the regulation of several aspects of cellular metabolism. For
example, lincRNA-p21 was reported to interact with HIF-
la and modulate the Warburg effect (12). Li et al reported
that a liver-enriched long non-coding RNA (IncLSTR)
could regulate systemic lipid metabolism in mice (43). Our
results show that MALAT1 may also be involved in reg-
ulating cellular metabolism. Taken together, bioinformat-
ics analysis of the MALAT1 interactome suggests impor-
tant roles of MALATT in regulating metabolism and pro-
tein degradation. Further investigation is needed to con-
firm such observation and delineate the underlying molec-
ular mechanisms.

Among all interacting proteins identified by the SILAC
quantitative proteomic analysis in our study, DBC1 was se-
lected for further investigation. DBCI is a nuclear protein
involved in many biological processes, such as the DNA
damage response, apoptosis, metabolism, epigenetics, tu-
morigenesis and transcription regulation (34). DBCI1 has
been reported to play a crucial physiological role as a mod-
ulator of epigenetics through binding multiple epigenetic
modifiers, such as SIRT1, HDAC3 and the methyltrans-
ferase SUV39H1 (38,40,44,45). The interaction between
DBCI1 and SIRT1 has been extensively studied. Kim et al.
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Figure 6. The proposed mechanism of MALATI regulating p53 through
interacting with DBC1. MALAT]1 binds with DBC1, inhibits the interac-
tion between DBC1 and SIRT1, and enhances the deacetylation activity of
SIRT1. The upregulation of MALAT1 reduces p53 acetylation as well as
impairs its transcription activity, and thus inhibits the functions of p53.

observed a direct interaction between the LZ domain of
DBCI and the catalytic domain of SIRT1, and this inter-
action inhibits the ability of SIRT1 to deacetylate its sub-
strate p53 (38). Intriguingly, we find that MALAT1 binds
to the aal20-280 region of DBCI1 containing the LZ do-
main and blocks the interaction between SIRT1 and DBC1.
Moreover, MALAT]1 up-regulates the deacetylation activ-
ity of SIRT1, decreases the acetylation of p53, and reduces
the transcription levels of p53 target genes. It is well known
that p53 transcriptionally activates numerous genes and
induces cell cycle arrest, cellular senescence and apopto-
sis (46). Acetylation increases the stability of p53 and its
binding to low-affinity promoters, and it is required for its
checkpoint responses to DNA damage and activated anti-
oncogenes (47). Moreover, acetylation blocks the interac-
tion of p53 with its cognate repressors (Mdm?2 and Mdmx)
on DNA, which directly result in p53 activation regardless
of its phosphorylation status (47). Taken together, our re-
sults suggest that MALAT can regulate p53 acetylation and
modulate its transcription activity through inhibiting the in-
teraction between DBC1 and SIRT1 (Figure 6).

In this study, we mainly focused on the interaction be-
tween DBC1 and SIRT1 as well as their downstream sub-
strate p53. However, the biological roles of DBCI and
SIRT1 are extremely complex. For example, DBC1 also reg-
ulates nuclear receptors, such as estrogen receptor « (ERa),
estrogen receptor B (ERB), androgen receptor (AR), and
retinoic acid receptor (PAR), and DBCI can bind with these
receptors and regulate gene transcription (48-50). Depend-
ing on the binding partners, DBC1 may play many different
roles in diverse biological processes. It is only reasonable to
believe that the interaction between MALAT1 and DBCl1
has substantially broader biological impacts than described
in this study, which will be explored in future experiments.

Several previous studies have implicated IncRNAs in the
p53 pathway. For example, lincRNA-p21 is reported to re-
press the expression of many p53-targeted gene (9). As an-
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other IncRNA, PANDA, negatively regulates the expres-
sion of pro-apoptotic genes upon DNA damage as well
as controls apoptosis in a p53-dependent manner (51).
With regard to MALATI, a recent study demonstrated
that MALAT1 modulates the expression of cell cycle genes
and is required for G1/S and mitotic progression in nor-
mal human diploid fibroblasts (52). It is proposed that
MALATI1 and p53 share a synthetically lethal relationship,
where MALAT] silencing is lethal in the context of muta-
tion of the p53 gene (53). More interestingly, a recent re-
port showed that p53 could regulate MALAT1 expression
in erythroid myeloid lymphoid cells (31). There are two p53
binding motifs on the promoter region of MALATI, and
p53 could directly bind to the promoter of MALATI as a
transcription repressor (29,31). Therefore, it is very likely
that there is an inhibitory feedback loop between p53 and
MALATI1. MALATI promotes cell proliferation and in-
hibits cell apoptosis by inhibiting p53 activation through
decreasing its acetylation level. Conversely, the enforced ex-
pression of the p53 gene suppresses the transcription level of
MALATI, inhibits cell proliferation and induces cell apop-
tosis.

Taken together, this study greatly expands our knowl-
edge of the MALATI protein interactome. Many novel
MALATI-interacting proteins were identified, suggesting
novel biological functions of MALAT1, laying the founda-
tion for further clarifying the biological roles of MALATTI.
Furthermore, our study establishes MALATI as an epige-
netic regulator through interacting with DBCI as well as
reveals a new regulatory mechanism of p53.
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