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In Brief
Here we investigate how long
noncoding RNA MALAT1
regulates gene expression in
liver cancer cell line using an
integrated transcriptomics and
proteomics strategy. We show
that MALAT1 modulates the
expression of multiple genes in
the AMP-activated protein
kinase signaling and lipid
metabolism pathways.
Additionally, MALAT1
knockdown inhibits lipogenesis
and thereby reduces cancer cell
proliferation and invasion. This
study uncovers the role of
MALAT1 in regulating lipid
metabolism and further supports
the potential therapeutic
opportunities by targeting
MALAT1.
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RESEARCH
An Integrated Transcriptomics and Proteomics
Analysis Implicates lncRNA MALAT1 in the
Regulation of Lipid Metabolism
Hao Wang1,2,‡, Yali Zhang3,‡, Xinyu Guan2,4,‡, Xing Li5, Zhenwen Zhao5, Yan Gao2,
Xiangyang Zhang2, and Ruibing Chen2,*
Long noncoding RNA metastasis-associated lung adeno-
carcinoma transcript 1 (MALAT1) is upregulated in various
cancers, and its overexpression is associated with tumor
growth and metastasis. MALAT1 has been recognized as a
key player in the regulation of RNA splicing and tran-
scription; however, the landscape of gene expression
regulated by MALAT1 remains unclear. In this study, we
employed an integrated transcriptomics and proteomics
strategy to characterize the alterations in gene expression
induced by MALAT1 knockdown in hepatocellular carci-
noma (HCC) cells and identified 2662 differentially
expressed transcripts and 1149 differentially expressed
proteins. Interestingly, downregulation of MALAT1
reduced the abundances of multiple genes in the AMP-
activated protein kinase (AMPK) signaling and biosyn-
thesis of unsaturated fatty acids pathways. Further
investigation showed that MALAT1 knockdown inhibited
glucose uptake and lipogenesis by reducing the expres-
sion levels of these lipid metabolism related genes, which
contributes to the oncogenic role of MALAT1 in tumor cell
proliferation and invasion. This study uncovers the func-
tion of MALAT1 in the modulation of cancer lipid meta-
bolism, reveals the underlying molecular mechanism, and
further supports the potential therapeutic opportunities for
targeting MALAT1 in HCC treatment.

Aberrant lipid metabolism is emerging as a critical hallmark
of cancer (1). The multiple functions of lipids in cell signaling,
membrane components, and energy storage are essential for
cancer cells (2, 3). Substantial evidence has implicated that
the dysregulation of cellular lipid metabolism is highly asso-
ciated with the development and progression of cancer,
including hepatocellular carcinoma (HCC) (4, 5). HCC is typi-
cally characterized by elevated lipogenesis, accompanied by
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increased de novo synthesized saturated and mono-
unsaturated fatty acids (SFAs and MUFAs), and reduced
polyunsaturated FAs (PUFAs) obtained from circulating lipids
(6, 7). Lipid dysregulation has also been described in viral
hepatitis and other liver diseases that are closely associated
with the carcinogenesis of HCC (8, 9). Although the high
lipogenic phenotype of cancer cells is now widely recognized,
the underlying mechanism remains unclear.
Multiple lipogenesis-related genes are found to be upre-

gulated in various cancers, such as acetyl-CoA carboxylase
(ACC), fatty acid synthase (FASN), and stearoyl-CoA desa-
turase (SCD). SCD catalyzes the desaturation of long chain
fatty acids, especially stearoyl-CoA, to form 18:1 MUFAs,
which are then converted to triglycerides (TG) for energy
storage or phospholipids for constructing cell membrane. The
expression of SCD is controlled by transcription factor sterol
regulatory element-binding protein 1 (SREBF1) (10). SCD has
emerged as a key player in lipogenesis, and its overexpression
is associated with poor prognosis in various cancer types,
such as prostate, breast, kidney, and liver cancer (11–14).
Studies have shown that SCD inhibitors could reduce growth
of xenografts in mice, suggesting the potential therapeutic
benefits of targeting SCD in cancer treatment (15).
Long noncoding RNAs (lncRNAs) are a class of mRNA-like

transcripts, longer than 200 nucleotides without protein cod-
ing capability (16). LncRNAs play key roles in the regulation of
gene expression at multiple levels, such as chromatin
remodeling, transcriptional regulation, posttranscriptional
processing, RNA translation, and protein stability (17). The
dysregulation of lncRNA has been associated with tumori-
genesis and development of malignant tumors by regulating
various biological processes in cancer cells, such as cell
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lncRNA MALAT1 Regulates Lipid Metabolism
growth, invasion, differentiation, proliferation, apoptosis, and
cell cycle (18, 19).
Metastasis-associated lung adenocarcinoma transcript 1

(MALAT1) is one of the first lncRNAs discovered with desig-
nated roles in cancers (20, 21). The MALAT1 transcript is
approximately 8700 nt in length, and unlike many other
lncRNAs, MALAT1 exhibits a high level of evolutionary con-
servation (22). Accumulating evidence has shown that
MALAT1 is upregulated in many cancers, including HCC (23,
24). MALAT1 overexpression promotes tumor cell progression
and metastasis (20, 25–28). MALAT1 may exert its biological
roles by regulating gene expression via multiple mechanisms.
For example, MALAT1 has been implicated in regulating pre-
mRNA splicing through interacting with various splicing fac-
tors, such as serine/arginine-rich splicing factor 1 and serine/
arginine-rich splicing factor 3 (29, 30). Our previous study also
showed that MALAT1 could bind with various spliceosome
components and RNA splicing related proteins (31). Further-
more, MALAT1 can also interact with transcription factors and
epigenetic regulators, e.g., polycomb 2 protein and cell cycle
and apoptosis regulator protein 2, to modulate gene tran-
scription (31, 32). However, a comprehensive understanding
of the full spectrum of gene expression regulated by MALAT1
is still missing.
In this study, we first systematically investigated the impact

of MALAT1 knockdown on gene expression in HCC cells by
integrating transcriptomics and proteomics. We found that
downregulation of MALAT1 reduced the abundances of mul-
tiple molecules from the fatty acid metabolism pathway and
the upstream AMP-activated protein kinase (AMPK) signaling
pathway, such as SCD, SREBF1, two subunits of AMPK, and
Ras-related protein Rab-14 (RAB14). Further investigation
suggested that MALAT1 may regulate the expression of these
genes through RNA splicing or transcription. This study un-
covers a previously unknown role of MALAT1 in the modula-
tion of cellular lipid metabolism and reveals the underlying
molecular mechanism.
EXPERIMENTAL PROCEDURES

Cell Culture and Transfection

Hep3B, HepG2, and PLC HCCcell lines were obtained from the
American Type Culture Collection (ATCC). Huh7 HCC cell line was
purchased from Japanese Collection of Research Bioresources
(JCRB). MHCC97L, MHCC97H, and HCCLM3 HCC cell lines were
purchased from the Cell Bank of Type Culture Collection (Chinese
Academy of Sciences). Cells were cultured in Dulbecco’s modified
Eagle’s high glucose medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin (100 μg/ml) at 37
◦C in a humidified incubator in the presence of 5% CO2. For siRNA-
mediated gene knockdown, cells were transfected with siRNA tar-
geting MALAT1 (siMALAT1) or a negative control siRNA (siNC) using
the X-tremeGENE siRNA Transfection Reagent (Roche Diagnostics),
according to the manufacturer’s instructions. siRNAs were synthe-
sized by RiboBio Co Ltd, and the sequences were listed in
supplemental Table S1. For overexpression, cDNA of the fragment
2 Mol Cell Proteomics (2021) 20 100141
6918 to 8441 nt of MALAT1 was amplified via PCR using the Premix
Taq DNA Polymerase (TaKaRa) and cloned into the pcDNA3.1(+)
vector (Invitrogen). The MALAT1 and empty vector plasmids were then
transfected into HCCLM3 cells using Lipofectamine 2000 (Invitrogen).

RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the cells using TRIzol reagent (Invi-
trogen), and complementary DNA (cDNA) was synthesized using the
FastQuant RT kit (TianGen) according to the manufacturer’s in-
structions. Quantitative RNA expression analysis was performed on a
7500 Fast Real-Time PCR System (ABI) using the SuperReal SYBR
Green PreMix (TianGen) following the manufacturer’s protocol. Each
sample was analyzed in triplicate, and the relative RNA expression fold
changes were calculated with 2−ΔΔCT and normalized to a house-
keeping gene, GAPDH. The primer sequences used in this study were
listed in supplemental Table S2.

Protein Extraction and Western Blotting

Adherent cells were washed with cold PBS and lysed with SDS lysis
buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerinum) sup-
plemented with 1× protease inhibitor cocktail (Roche Diagnostics).
Protein concentration was quantitated using the BCA Protein Assay
Kit (Thermo Fisher Scientific). Proteins were resolved by SDS-PAGE
and transferred to the Immobilon-P membrane (0.25 μm pore size,
Millipore). Rabbit anti-SCD, rabbit anti-PRKAB1, and rabbit anti-
PRKAG1 primary antibodies were purchased from Abcam. Rabbit
anti-SREBF1 and mouse anti-GAPDH primary antibodies were pur-
chased from Proteintech. Mouse anti-RAB14 primary antibody was
purchased from Santa Cruz Biotechnology. Primary antibodies were
incubated with the membranes at 4 ◦C overnight in 5% skim milk (BD
Biosciences). Blots were later developed by enhanced chem-
iluminescence by using horseradish-peroxidase-conjugated second-
ary antibodies (Santa Cruz Biotechnology).

RNA Sequencing

A total amount of 3 μg RNA per sample was used as input material
for the RNA sample preparations. Sequencing libraries were generated
using UltraTM RNA Library Prep Kit for Illumina (New England Biolabs)
following manufacturer’s recommendations, and index codes were
added to attribute sequences to each sample. The clustering of the
index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according
to the manufacturer’s instructions. After cluster generation, the li-
braries were sequenced on an Illumina HiSeq X 10 platform (Illumina),
and 150-bp paired ends were generated.

Protein Extraction and Digestion

HCCLM3 cells were disrupted using 8 M urea solution in 50 mM
NH4HCO3 supplemented with 1 mM NaF, 1 mM Na3VO4, and protease
inhibitor cocktail, and the cell debris was removed by centrifugation at
16,000g for 30 min at 4 ◦C. Cellular proteins were quantified using
BCA assay. The proteins were reduced by 10 mM DTT (Promega) for
30 min at 37 ◦C and alkylated by 40 mM IAA (Sigma-Aldrich) for 45 min
at room temperature in the dark, then the 8 M urea was removed by
filter-aided sample preparation (FASP) with 10 Kd filter (Millipore). The
proteins were digested by incubating with trypsin at a protease: pro-
tein ratio of 1:50 at 37 ◦C overnight. The digested peptides were
further quantified using Pierce Quantitative Colorimetric Peptide
Assay (Thermo Fisher Scientific). For proteomics analysis, 100 ug
peptides of each sample were fractionated into eight fractions by a
high pH reversed-phase peptide fractionation kit (Thermo Fisher Sci-
entific) following the manufacturer’s instructions. Then the peptides
were dried with Savant SpeedVac (Thermo Fisher Scientific) and
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resuspended in 0.1% formic acid (FA) before mass spectrometric
analyses.

Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/
MS)

Peptides from each fraction were analyzed by nano-LC-MS/MS
using an Easy-nLC 1000 system (Thermo Fisher Scientific) coupled
to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) with a nanoelectrospray ion source (Thermo Fisher Scien-
tific). In brief, peptides were loaded onto a 2-cm self-packed trap
column (150 μm inner diameter, ReproSil-Pur C18-AQ, 3 μm; Dr
Maisch) using buffer A and separated on a self-packed 150-μm-inner-
diameter column with a length of 30 cm (ReproSil-Pur C18-AQ,
1.9 μm; Dr Maisch) over a 120-min gradient (buffer A, 0.1% FA in
water; buffer B, 0.1% FA in 80% ACN) at a flow rate of 500 nl/min
(0–10 min, 8–12% B; 10–79 min, 12–27% B;79–107 min, 27–45% B;
107–110 min, 45–95% B; and 110–120 min, 95% B). The Orbitrap
Fusion Lumos was set to OT-IT mode. For a full mass spectrometry
survey scan, the target value was 5E5 and the scan ranged from 350
to 1800 m/z at a resolution of 120,000 and a maximum injection time
of 50 ms. For the MS2 scan, a duty cycle of 3 s was set with the top-
speed mode. Ions with a charge state of 2 to 8 were selected for
fragmentation by higher-energy collision dissociation with a normal-
ized collision energy of 35%. The MS2 spectra were acquired in the
ion trap in rapid mode with an AGC target of 5E3 and a maximum
injection time of 50 ms.

Quantification of Gene Expression

Raw data (raw reads) of fastq format were first processed through
the in-house perl scripts to remove reads containing adaptor, reads
containing ploy-N, and low-quality reads. The clean reads per sample
were mapped to the reference using STAR (version: 2.7.3a) aligner
(33). The reference consists of the human reference genome and the
Ensembl annotated human transcriptome (GRCh38 assembly,
Ensembl release 94). FeatureCounts (version: 1.6.4) was used to
calculate the number of aligned reads per gene (34). RSEM (version
1.3.3) was used to quantify genes and transcripts expression levels
(35). The genes with total count >10 in all samples were considered as
stably expressed.

Protein Identification and Quantification

The tandem mass spectra were searched against the reviewed
human UniProt database (version: 20180820, 20,325 sequences) us-
ing MaxQuant (version: 1.6.3.4) (36). Trypsin was selected as the
proteolytic enzyme, and two missed cleavages sites were allowed.
Cysteine carbamidomethylation was set as a fixed modification. The
oxidation of M and acetylation of the protein N-terminal were set as
variable modifications. Peptides with the minimum of seven amino
acid length were considered and the required FDR was set to 1% at
the peptide and protein level. Match between run was applied with
default parameters. The first search mass tolerance was 20 ppm, and
the main search peptide tolerance was 4.5 ppm. Quantification in
MaxQuant was performed using the Label-Free Quantification algo-
rithm. Proteins with at least two identifications were used for subse-
quent quantitative analysis. Missing values were imputed with the
minimum value across the proteome data set for algorithms that could
not handle missing values.

Bioinformatics Analysis

For the transcriptomics data, differential gene expression was
performed using the R/Bioconductor package DESeq2 (version:
1.28.1) (37). Gene symbols and transcript biotype were annotated
using R/bioconductor package biomaRt (version: 2.44.4). To identify
differently expressed proteins between siNC and siMALAT1 groups,
statistical significance was calculated by a simple linear model and
moderated t-statistics using an empirical Bayes shrinkage method
implemented in the R/Bioconductor package limma (version: 3.44.3)
(38). Functional enrichment analysis was performed using PANTHER
(39) (http://www.pantherdb.org/) for protein class classification and R/
bioconductor package clusterProfiler (version: 3.16.1) for Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
(40). Cytoscape (version: 3.8.0) application KEGGscape (version:
0.9.0) was used to visualize the KEGG pathway map. For the tran-
scription factor (TF) network construction, the differentially expressed
TFs and mRNAs were analyzed using the Chromatin immunoprecipi-
tation (ChIP) Enrichment Analysis (ChEA, version: 3) by searching
against three ChIP-seq databases, including ENCODE_ChIP-seq,
Literature_ChIP-seq, and ReMap_ChIP-seq (https://maayanlab.
cloud/chea3/) (41). Then, the gene expression network was con-
structed and visualized in Cytoscape (version: 3.8.0).

Measurement of Glucose Uptake

The fluorescent glucose analog 2-[N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG, Sigma-Aldrich) was
used to measure glucose uptake. Prestarved cells were incubated
with 2-NBDG (10 μM) for 15 min, washed twice by PBS, and analyzed
by flow cytometry (BD Biosciences).

Unsaturated Fatty Acid and Triacylglycerol Measurement

Cells were disrupted in methanol supplemented with 2% FA and
0.01 M butylated hydroxytoluene (Sigma-Aldrich) by repeated freeze–
thaw, and then the lipid content was extracted by ethyl acetate. The
concentration of unsaturated fatty acids was determined by the Lipid
Assay Kit (unsaturated fatty acids) (Abcam) following the manufac-
turer’s protocol. For the analysis of triacylglycerol, cells were disrupted
and the concentration of triacylglycerol was assayed using a triglyc-
eride assay kit according to the manufacturer's protocol (Applygen
Technologies Inc).

The Measurement of Lipids

The lipids of interest were analyzed by targeted LC-MS/MS using
an established protocol as reported previously (42). Briefly, the har-
vested cells were resuspended in 50 μl of water and then mixed with
450 μl of methanol containing 10 pmol of 14:0 lysophosphatidic acid,
100 pmol 12:0 lysophosphatidylcholine, and 50 pmol of 17:0 cer-
amide, which were used for quality control. The lipid standards were
purchased from Avanti Polar Lipids. After vortexing and centrifugation
at 10,000g for 5 min under room temperature, the supernatant was
examined by the negative ion multiple reaction monitoring (MRM)
mode for the analysis of negatively charged lipids, such as phos-
phatidic acids (PAs) and phosphatidylserines (PSs). The positive ion
MRM mode analyses were performed for the other lipids, such as
phosphatidylglycerols (PGs) and phosphatidylinositols (PIs).

MS analysis was performed using the API 4500 QTRAP mass
spectrometer (SCIEX) with the Analyst data acquisition system. Ni-
trogen was used as the nebulizer and desolvation gas. The operating
parameters were set as follows: curtain gas, 25; collision gas, medium;
ion source gas 1, 45; ion source gas 2, 50; electrospray voltage 5500 V
with positive ion MRM mode or 4500 V with negative ion MRM mode.
Information-dependent acquisition threshold was set at 200 counts
per second. The collision energy in the Enhanced Production Ion
mode was set at 35, and the collision energy spread was set at 15. The
dynamic fill time function was used to prevent the space charges ef-
fect. The peak areas of lipids were used for relative quantification.
Two-sided Student’s t test was performed for statistical analysis, and
p value <0.05 was considered to be statistically significant.
Mol Cell Proteomics (2021) 20 100141 3
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Fluorescence Recovery after Photobleaching (FRAP)

5 × 104 HCCLM3 cells transfected with siNC or siMALAT1 were
cultured in confocal dishes for 24 h. Then the cells were washed three
times with PBS and incubated for 10 min at 37 ◦C with 1 ml of 10 mM
Dil perchlorate (Beyotime). Olympus FV1000 confocal microscope
system was used to acquire images with the following parameters:
excitation wavelength, 549 nm; receive wavelength, 565 nm; photo-
bleaching wavelength, 488 nm; photobleaching time, 15 s.

RNA Antisense Purification (RAP)

Cultured adherent cells were first cross-linked with 2% formalde-
hyde solution for 10 min at 37 ◦C, and the cross-linking reaction was
terminated by adding 500 mM glycine solution. Cross-linked cells
were disrupted using the lysis buffer (10 mM Tris-HCl pH 7.5, 500 mM
LiCl, 0.5% DDM (n-Dodecyl-beta-D-maltoside), 0.2% SDS, 0.1%
sodium deoxycholate, protease inhibitor cocktail, RNase Inhibitor) for
30 s on ice by the Ultrasonic Cell Disruptor (Sonics). The cell lysate
was treated with DNase for 10 min at 37 ◦C, followed by termination
with a stop buffer (10 mM EDTA, 5 mM EGTA, and 2.5 mM TCEP).
Then the cell lysate was incubated with 2 × volume of the hybrid buffer
(1.5 mM Tris-HCl pH 7.5, 7.5 mM EDTA, 750 mM LiCl, 0.75% DDM,
0.3% SDS, 0.15% sodium deoxycholate, 6 M urea, and 3.75 mM
TCEP) for 10 min on the ice, followed by 10 min centrifugation at
16,000g at 4 ◦C. Next, the supernatant was used for hybridization
reaction with biotin-labeled antisense probes against MALAT1 at 37
◦C for 2 h, and the probes against lacZ were used as control. The
designed antisense probes were synthesized by GENEWIZ, and the
sequences were listed in supplemental Table S3. Streptavidin-coated
magnetic beads (Thermo Fisher Scientific) were added to bind the
probes by incubating for 30 min and separated by a magnetic stand.
To elute the probe-binding RNAs, the beads were resuspended by the
elution buffer (20 mM Tris-HCl pH 7.5, 10 M EDTA, 2% N-laur-
oylsarcosine and 2.5 mM TCEP) and heated to 95 ◦C for 10 min, then a
final concentration of 1 mg/ml Proteinase K (Beyotime) was added to
digest the protein for 1 h at 55 ◦C. Finally, TRIzol was used to isolate
RNAs from the digested mixture.

Cell Proliferation Assay

Transfected cells were plated at 2000 cells per well in 96-well plates
and incubated with or without 10 μM oleic acid (Sigma-Aldrich) for 48
h at 37 ◦C. Then the cells were measured with the CCK8 assay
(Dojindo) according to the manufacturer’s protocol. Briefly, 10 μl of
CCK8 solution was added to each well, and the samples were incu-
bated at 37 ◦C for 2 h before the absorbance was measured at
450 nm.

Wound Healing and Invasion Assays

Wound healing and invasion assays were carried out as previously
described (43). In brief, for the wound healing assay, cells were seeds
in 6-well plates and grown to 80 to 90% confluence. The cells were
scratched with a pipet tip in the middle of the plate and then washed
with PBS to remove the detached cells. Then, the plates were incu-
bated in DMEM containing 1% FBS and 10 μM oleic acid (Sigma-
Aldrich) for the rescue experiments. The wound closure was moni-
tored microscopically at different time points (0, 3, 6, 9, 12, 24 h) and
photographed at 0 and 24 h, respectively.

The invasion assay was performed using Matrigel-coated transwell
inserts (Millipore) containing polycarbonate membranes with 8 μm
pores. Serum-starved cells were trypsinized and counted. Then
5 × 104 cells in serum-free DMEM medium were added to the upper
chamber, and 600 μl of DMEM supplemented with 10% FBS was
added to the lower chamber. After incubation for 24 h at 37 ◦C,
nonmigrating cells on the upper membrane surface were removed
4 Mol Cell Proteomics (2021) 20 100141
with a cotton swab. The migrating cells on the under surface were
fixed and stained with a Richard-Allan Scientific Three-Step stain kit
(Thermo Fisher Scientific). The migrating cells were counted in six
random regions at 200× under microscope.

Experimental Design and Statistical Rationale

The proteomics and transcriptomics experiments were performed
as described in Figure 1, and three biological replicates for each
condition were investigated for both analyses. To get a deep coverage
of the proteome, the tryptic peptides were separated using high-pH
reversed-phase chromatography before LC-MS/MS analysis, and
proteins observed in at least two biological replicates were considered
for the label-free quantification of the proteome. The statistical sig-
nificance was evaluated by a simple linear model and moderated t-
statistics using an empirical Bayes shrinkage method implemented in
the R/Bioconductor package limma (version: 3.44.3) (38). Proteins with
a fold change larger than 1.5 and a p value <0.05 were defined as
significantly differentially expressed. Cell assays were performed in
triplicates and analyzed by Student′s t test for comparison between
two groups. Wound healing results were analyzed by repeated mea-
sures analysis of variance (ANOVA). All statistical analyses were per-
formed using R (version: 3.6.3) or GraphPad Prism (version: 8.4.3).
Data were presented as means ± sd, and p < 0.05 was considered as
a significant difference.
RESULTS

MALAT1 Is Overexpressed in HCC

To investigate the level of MALAT1 in HCC, we obtained
RNA sequencing data of liver tumors and normal tissues from
The Cancer Genome Atlas (TCGA) database, including 50
normal tissues and 371 liver tumors. The results showed that
the level of MALAT1 was significantly increased in HCC tu-
mors compared with normal tissues (fold change = 2.85, p <
0.001) (Fig. 1A). Next, we analyzed the level of MALAT1 in
seven different HCC cell lines, including Hep3B, MHCC97L,
HepG2, Huh7, MHCC97H, PLC, and HCCLM3. The results
suggested that the level of MALAT1 elevated with the
increasing invasiveness of the investigated HCC cells
(Fig. 1B). In the three HCC cells with lower invasion capability,
such as Hep3B and MHCC97L, MALAT1 was detected with
relatively lower abundance. The level of MALAT1 was mark-
edly increased in HCC cells with higher metastatic ability, such
as HCCLM3 (Fig. 1B).
Earlier studies have shown that one of the major mecha-

nisms by which MALAT1 exerts its biological function is to
regulate mRNA splicing (29, 30). Our previous study also
demonstrated that MALAT1 could pull down multiple subunits
of the RNA spliceosome and other splicing-related proteins
(31). We reanalyzed the data and constructed an interactome
network for MALAT1 associated with RNA splicing, showing
MALAT1 as an important factor in this critical step of gene
expression (Fig. 1C). However, the target genes regulated by
MALAT1 are still largely unknown. Therefore, in order to sys-
tematically understand the regulatory roles of MALAT1 in
HCC, an integrated transcriptomics and proteomics analysis
was performed in this study to investigate the alterations in the



FIG. 1. The expression of MALAT1 in HCC tumor tissues and cell lines. A, comparison of the expression of MALAT1 between tumor and
nontumor samples from the TCGA-LIHC (Liver Hepatocellular Carcinoma) transcriptomics data. Transcripts Per Million (TPM) values were used
for quantification. Boxplot center lines = median, lower bound = 25% quantile, upper bound = 75% quantile, lower whisker = the smallest
observation greater than or equal to the lower hinge −1.5 × interquartile range (IQR), upper whisker = the largest observation less than or equal to
the upper hinge +1.5 × IQR. Wilcoxon rank-sum test was used for statistical analysis. B, relative levels of MALAT1 across seven HCC cell lines.
Data represent mean ± s.d. C, interacting proteome network of MALAT1 involving in RNA splicing. The network was constructed by Cytoscape
(version: 3.8.0). D, the workflow of the experimental approach employed in this study.
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landscape of gene expression in HCCLM3 cells at both mRNA
and protein levels induced by MALAT1 knockdown (Fig. 1D).

MALAT1 Modulates Gene Expression in HCC Cells

The transcriptome analysis quantified 19,312 transcripts,
the majority of which were protein-coding RNAs (72%), while
lncRNAs and antisense RNAs accounted for 6% and 8% of
the total identified transcripts, respectively (Fig. 2, A–C and
supplemental Table S4). A total of 6937 proteins were
detected by the proteomic analysis, and 6836 proteins
(98.5%) were also detected at the RNA level in the tran-
scriptome data (Fig. 2B). Correlation analysis showed decent
reproducibility between the replicates (supplemental Fig. S1),
and the correlation analysis between the transcriptome and
proteome data showed a moderate degree of correlation be-
tween the two datasets (r = 0.52, p < 0.001) (Fig. 2D).
For the transcriptomics analysis, a total of 2662 differen-

tially expressed transcripts (15%) were detected induced by
MALAT1 knockdown (fold change > 1.5, p < 0.01) (Fig. 2E
and supplemental Table S4), of which 1195 were upregu-
lated in MALAT1 knockdown cells and 1467 were down-
regulated, and MALAT1 itself was decreased by 5.4-fold
(Fig. 2F). Principal component analysis (PCA) results
showed that the cells in the siNC group and the siMALAT1
group exhibited significant differences at the transcriptome
level (Fig. 2G).
For the quantitative proteomics analysis, a total of 1149

differentially expressed proteins (19%) were detected after
MALAT1 knockdown (fold change > 1.5, p < 0.05) (Fig. 2H and
supplemental Table S4), of which 664 were upregulated and
485 were downregulated (Fig. 2I). PCA analysis showed sig-
nificant difference between the siNC cells and the siMALAT1
cells in their proteomes (Fig. 2J). The integrated tran-
scriptomics and proteomics analysis indicated that MALAT1
knockdown posed profound effect on the global landscape of
gene expression in HCC cells.

Genes Regulated by MALAT1 Exert Diverse Biological
Functions

To better understand the biological functions of the differ-
entially expressed genes potentially regulated by MALAT1, we
classified them by the Panther online annotation tool Protein
Class (39). The most enriched protein classes of the differ-
entially expressed proteins and RNAs included metabolite
interconversion enzyme, nucleic acid binding protein, protein
modifying enzyme, gene-specific transcriptional regulator,
membrane traffic protein, etc. (Fig. 3, A and B and
supplemental Table S5). Of note, we observed that many TFs
were differentially expressed in MALAT1 knockdown cells. In
order to further reveal the roles of MALAT1 in gene regulation,
we constructed a MALAT1-TFs-Targets network by mapping
the TFs with changes at the protein level and the differentially
expressed transcripts based on information acquired from the
CHIP-seq databases (supplemental Fig. S2). The results show
6 Mol Cell Proteomics (2021) 20 100141
that TFs, such as myc proto-oncogene protein (MYC), tran-
scription factor jun-B (JUNB), and CCAAT/enhancer-binding
protein β (CEBPB), may act as mediators for MALAT1 to
regulate the expressions of a large spectrum of genes in HCC
cells.
Next, we performed KEGG pathway overrepresentation test

on the genes with altered expression induced by MALAT1
knockdown (Fig. 3, C and D and supplemental Table S6). The
analysis results showed that the differentially expressed
mRNAs and proteins were enriched in distinct pathways. For
example, the upregulated proteins were most significantly
enriched in the ribosome, mitophagy and endocytosis path-
ways, while the upregulated mRNAs were highly associated
with immune related pathways (Fig. 3C). Intriguingly, the
downregulated mRNAs and proteins were both significantly
enriched in the AMPK signaling and biosynthesis of unsatu-
rated fatty acids pathways (Fig. 3D and supplemental Fig. S3).
AMPK signaling promotes the uptake of glucose that is con-
verted to citrate in the tricarboxylic acid (TCA) cycle, and cit-
rate is then transported back to the cytosol to produce acetyl-
CoA for fatty acid biosynthesis (44, 45). We observed 18
differentially expressed mRNAs and nine differentially
expressed proteins enriched in the AMPK signaling pathway
(supplemental Table S6). SREBF1and RAB14 were detected
to be downregulated at both mRNA and protein levels (Figs. 2,
F and I and 3E). Moreover, seven mRNAs and three proteins
were enriched in the biosynthesis of unsaturated fatty acids
pathway (supplemental Table S6). For example, SCD, fatty
acid desaturase 1 (FADS1), and acyl-CoA oxidase 1 (ACOX1)
were downregulated at both mRNA and protein levels (Figs. 2,
F and I and 3E). These results suggest that MALAT1 may play
an important regulatory role in lipid metabolism by targeting
multiples genes in the AMPK and unsaturated fatty biosyn-
thesis pathways.

MALAT1 Knockdown Inhibited the Expression of Genes
Regulating Lipid Metabolism

Accumulating evidence has shown the multifaceted func-
tions of MALAT1 in tumor progression by regulating cell pro-
cesses such as cell proliferation, apoptosis, migration, and
angiogenesis (20, 21, 24). A recent study showed that
MALAT1 may promote hepatic steatosis and insulin resistance
by modulating lipid accumulation through SREBP-1c (46).
However, its complete role in lipid metabolism is still largely
unclear. Intriguingly, our data showed that MALAT1 knock-
down reduced the expression level of multiple signaling mol-
ecules and key enzymes involved in lipogenesis. For example,
SCD is a crucial enzyme that catalyzes the biosynthesis of
monounsaturated fatty acids (47). The expression of SCD is
known to be regulated by SREBF1, a membrane-bound
transcription factor that controls the rate of lipid synthesis in
animal cells by activating fatty acid and triglyceride synthesis
genes (48). The RNA sequencing and mass spectrometry data
showed significantly downregulation of SCD and SREBF1 at



FIG. 2. MALAT1 knockdown induced perturbation of gene expression at the transcriptome and proteome level. A, the relative
expression of MALAT1 in the negative control (siNC) and siMALAT1-treated HCCLM3 cells as measured by qRT-PCR. Data represent mean ±
s. d. of triplicate independent experiments (***p < 0.001, by two-sided Student’s t test). B, the overlap of genes quantified at the RNA and protein
levels. C, percentages of the indicated biotypes of the quantified transcripts. D, comparison of the protein intensities as in intensity-based
absolute quantification (iBAQ) values versus mRNA intensities (TPM). Pearson correlation analysis was conducted. E and H, the percentages
of the differently expressed transcripts (E) and proteins (H). F and I, volcano plots and heatmaps showing the differently expressed transcripts (F)
and proteins (I). G and J, principal component analysis of all quantified RNAs (G) and proteins (J).
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both of the mRNA and protein levels (Figs. 2, F and I, and 3E).
Therefore, we further validated this observation by qRT-PCR
and immunoblotting using two different types of HCC cells,
including PLC and HCCLM3. The results showed MALAT1
knockdown decreased the abundances of both SCD and
SREBF1 (Fig. 4, A and B).
Mol Cell Proteomics (2021) 20 100141 7



FIG. 3. Functional analysis of the differently expressed mRNAs and proteins induced by MALAT1 knockdown. A and B, protein class
classification of the upregulated (A) and downregulated (B) proteins and mRNAs. Pantherdb was used for the analysis (http://www.pantherdb.
org/). C and D, KEGG pathway overrepresentation analysis of the upregulated (C) and downregulated (D) proteins and mRNAs. The analysis was
conducted by clusterProfiler (version: 3.16.0) R/Bioconductor package. E, differently expressed genes detected in the AMPK signaling and
biosynthesis of unsaturated fatty acids pathways.
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AMPK is a key regulator of cellular energy homeostasis,
comprised of a catalytic α subunits and the regulatory β and γ
subunits. AMPK increases the activity of Rab family G pro-
teins, such as RAB14, and induces membrane translocation of
GLUT4 to stimulate glucose uptake (49). From the omics data,
we found that the expression levels of AMPK subunit β1
(PRKAB1), subunit γ1 (PRKAG1), and RAB14 were down-
regulated at mRNA or protein levels (Figs. 2, F and I, and 3E).
Next, we examined their expression alterations by qRT-PCR
and western blotting, and the results showed that the levels
of all these three genes were decreased at both mRNA and
protein levels in siMALAT1 cells (Fig. 4, A and B).
Furthermore, to understand how MALAT1 regulates the

expression of the genes of interest, we examined the pre-
mRNA levels of these genes using primers targeting the
exon–intron junctions. The results showed that MALAT1
downregulation had no significant effect on the pre-mRNA
levels of SREBF1, PRKAB1, PRKAG1, and RAB14; however,
pre-SCD was reduced to a similar level compared with its
mRNA (Fig. 4C). Notably, pre-SREBF1 was not amplified in
samples treated without reverse transcriptase, excluding the
possibility of DNA contamination (Fig. 4D). To further validate
the role of MALAT1 in regulating the expression of selected
genes. We overexpressed the 6918 to 8441 nt fragment of
MALAT1 in HCCLM3 cells and examined the mRNA and pre-
mRNA levels of SREBF1, RAB14, PRKAB1, PRKAG1, and
SCD (supplemental Fig. S4). In agreement with the results
from the knockdown experiment, the mRNA levels of these
genes were significantly increased by the overexpression of
MALAT1, and no significant change of the pre-mRNAs was
observed, except for pre-SCD. The data indicated that the
investigated genes were likely regulated by MALAT1 at the
posttranscriptional level, except for SCD.
Engreitz et al. (30) reported that MALAT1 could indirectly

bind many pre-mRNAs through protein mediation in spliceo-
some and regulate their splicing. Therefore, we hypothesized
that MALAT1 may modulate the expression of SREBF1,
PRKAB1, PRKAG1, and RAB14 via RNA splicing. To test this
hypothesis, we investigated their interactions with MALAT1 by
cross-linking assisted RAP. HCCLM3 cells were first cross-
linked with formaldehyde, and then MALAT1 and the associ-
ated pre-mRNAs were purified with biotin-labeled antisense
probes. The results showed that MALAT1 was efficiently
enriched in the pull-down sample (fold enrichment = 36.6, p =
0.002), and pre-SREBF1(fold enrichment = 6.3, p = 0.007),
pre-PRKAB1(fold enrichment = 8.0, p = 0.002), pre-
PRKAG1(fold enrichment = 5.7, p = 0.01), and pre-RAB14
(fold enrichment = 4.8, p = 0.02) were copurified with
MALAT1 (Fig. 4E). Interestingly, pre-SCD was not isolated
together with MALAT1 (Fig. 4E), suggesting that it did not bind
with MALAT1 as the other investigated RNAs.
To further explore the effect of MALAT1 on regulating RNA

splicing, we investigated the alternative splicing events using
the transcriptomics data by rMATS (50). The analysis identified
a total of 3475 differential alternative splicing events, including
2394 skipped exon (SE) events, 453 mutually exclusive exons
(MXE) events, 192 alternative 5′ splice site (A5SS) events, 153
alternative 3′ splice site (A3SS) events, and 283 retained intron
(RI) events (supplemental Fig. S5A). The results revealed the
broad effect of MALAT1 on the process of alternative splicing.
Interestingly, we detected differential SE events of SREBF1
and PRKAB1 (supplemental Fig. S5B). The inclusion levels (ψ)
of SREBF1 exon 2 and PRKAB1 exon 5 were significantly
lower in siMALAT1 cells compared with the control cells. The
results further demonstrated the regulatory role of MALAT1 in
the expression of lipid metabolism-related genes by modu-
lating RNA splicing.
In summary, these results indicated that MALAT1 could

regulate the expression of multiple genes related to lipogen-
esis in HCC cells via distinct mechanisms. MALAT1 may
modulate the splicing of the pre-mRNAs of SREBF1, PRKAB1,
PRKAG1 and RAB14, but regulate the expression of SCD at
transcriptional level likely through SREBF1, a transcription
factor well-known for targeting SCD.

MALAT1 Knockdown Inhibited Lipogenesis

Since AMPK signaling is a key regulator of glucose uptake,
we examined whether MALAT1 could affect glucose uptake
by measuring the abundance of fluorescent glucose analog 2-
NBDG in siMALAT1 cells and siNC cells using flow cytometry.
We observed that the downregulation of MALAT1 reduced
glucose uptake in both HCCLM3 and PLC cells (Fig. 5A). The
data indicated that MALAT1 knockdown decreased glucose
uptake likely by inhibiting AMPK signaling.
The integrated omics analysis revealed that MALAT1

knockdown reduced the expression level of SCD, an impor-
tant enzyme for lipogenesis. Therefore, we examined the
regulatory effect of MALAT1 on unsaturated fatty acids
metabolism by measuring the abundance of total unsaturated
fatty acids in MALAT1 knockdown cells and the correspond-
ing control cells. The results showed that MALAT1 down-
regulation significantly reduced the total abundance of
unsaturated fatty acids in two different types of HCC cells
(Fig. 5B).
The de novo synthesized fatty acids can be converted to TG

for energy storage. Therefore, we also examined the total
amount of TG in siNC and siMALAT1 cells. The results
showed that MALAT1 knockdown indeed reduced the abun-
dance of TG in the both HCCLM3 and PLC cells (Fig. 5C).
On the other hand, fatty acids may also constitute phospho-

lipids, one of the main components of the cell membrane. To
further understand the effect ofMALAT1 on lipidmetabolism,we
investigated several major types of lipid molecules by targeted
LC-MS/MS. As a result, we observed reduced levels of
multiple lipid molecules that contain 18:1 MUFAs, such as 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphate (16:0/18:1 PA), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol (16:0/18:1 PI)
and 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (16:0/
Mol Cell Proteomics (2021) 20 100141 9



FIG. 4. MALAT1 knockdown inhibited the expression of genes in the AMPK signaling and lipid metabolism pathways through pre-
mRNA splicing or transcription. A, the relative RNA levels of MALAT1, SREBF1, SCD, RAB14, PRKAB1, and PRKAG1 were measured by
qRT-PCR in HCCLM3 (upper panel) and PLC (lower panel) cell lines. B, the expression of the proteins of interest in HCCLM3 (upper panel) and
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18:1 PG) (Fig. 5D and supplemental Table S7). Intriguingly, the
abundance of PUFAs, such as docosahexaenoic acid (DHA) and
arachidonic acid (AA), was elevated in siMALAT1 cells (Fig. 5D
and supplemental Table S7). Higher levels of MUFAs have been
widely observed in transformed cells and cancerous tissue as a
result of enhanced lipogenesis. On the other hand, PUFAs are
essential fatty acids obtained from the nutrients. The data
showed that MALAT1 knockdown cells exhibited lower level of
lipogenesis and higher dependence on lipid uptake from the
extracellular nutrient supplies.
Furthermore, we investigated whether the alteration in

phospholipid composition could affect the physical properties
of the cell membrane. A fluorescence photobleaching recov-
ery experiment was performed using Dil perchlorate, a lipo-
philic dye highly fluorescent when incorporated into the lipid
bilayer. The results showed that knockdown of MALAT1
significantly reduced the fluidity of the cell membrane (Fig. 5E).
Taken together, our findings indicated that MALAT1

knockdown rewired the lipid metabolism in HCC cells by
decreasing glucose uptake and inhibiting lipogenesis, leading
to decreased TG abundance, altered phospholipid composi-
tion, and reduced membrane fluidity.

MALAT1 Knockdown Suppressed HCC Cell Proliferation,
Migration, and Invasion

As a major component of the cell membrane, lipids are
highly demanded by proliferating cells, and lipogenesis has
been recognized as one of the key drivers for tumor pro-
gression. To further understand whether MALAT1 exerts its
oncogenic function through regulating lipogenesis, we
examined cell proliferation in HCC cells by CCK-8 experi-
ments. The results showed that downregulation of MALAT1
inhibited the proliferation of both HCCLM3 and PLC cells, and
incubation with oleic acid, the major product of SCD activity,
can partially restore the inhibitory effect of siMALAT1 on cell
proliferation (Fig. 6A). Additionally, siMALAT1 cells were more
sensitive to oleic acid treatment compared with the control
cells, suggesting that the rescue effect of oleic acid was
associated with MALAT1 knockdown (Fig. 6A).
Next, we investigated whether MALAT1 can regulate the

migration of HCC cells through lipogenesis. The results from
wound-healing assay and invasion assay showed that the
downregulation of MALAT1 significantly decreased the
migratory and invasiveness of HCCLM3 and PLC cells. In
addition, oleic acid can also partially restore the inhibitory
effect of MALAT1 knockdown on cell migration and invasion
(Fig. 6, B and C). Taken together, the data show that the role of
PLC (lower panel) cells was examined by western blotting. The densities
displayed on the right. C, relative quantification of the mRNAs and the
mRNA of SREBF1 by qRT-PCR with or without reverse transcriptase (R
by biotinylated anti-MALAT1 probes. The anti-LacZ probes were used as
experiments (*p < 0.05, **p < 0.01, ***p < 0.001, by two-sided Student’s
MALAT1 in lipogenesis could contribute to its function in
promoting the progressive phenotype of HCC cells.
DISCUSSION

In this study,weperformedan integrated transcriptomics and
proteomics analysis and observed a total of 2662 transcripts
and 1149 proteins differentially expressed in MALAT1 knock-
down cells. Our data showed a profound impact of MALAT1 on
the landscape of gene expression in HCC cells. MALAT1 has
been reported to influence RNA translation as a competitive
endogenous RNA (ceRNA) (51, 52). In addition, MALAT1 may
regulate pre-mRNA splicing (29, 53). In this study, we found that
MALAT1 can be copurified with the pre-mRNAs of SREBF1,
PRKAB1, PRKAG1, andRAB14,which further confirmed its role
in RNA splicing. Moreover, MALAT1 is highly involved in the
process of gene transcription. A previous study has shown
MALAT1 binding to Pc2 to activate gene expression by pro-
moting transcription factor E2F1 SUMOylation (32). Two recent
studies have shown that MALAT1 can extensively interact with
gene sites that are actively transcribed (30, 54). In our study, we
found that MALAT1 can affect the abundances of many
important transcription factors, such as MYC, CEBPB, and
SREBF1, and we constructed a TFs-targets network that pro-
vided a systematic view for the role of MALAT1 in gene regu-
lation. Our data suggest that MALAT1 may regulate its target
genes by coordinating various mechanisms involving gene
expression regulation.
Several lncRNAs have been reported to be involved in lipid

metabolism in HCC. For example, lncRNA highly upregulated
in liver cancer (HULC) regulates lipid metabolism in liver
cancer cells through upregulating acyl-CoA synthetase sub-
unit ACSL1 (55). Another study reported that lncARSR pro-
motes lipid accumulation by activating the IRS2/AKT pathway
in HCC cell line (56). MALAT1 has been reported to be
involved in lipid metabolism in the context of atherosclerosis
(57). However, the underlying mechanism is still largely un-
clear, and its role in the lipid metabolism of cancer cells has
not been investigated before.
In this study, we discovered that genes with altered

expression induced by siMALAT1 were highly enriched in both
of the AMPK signaling and fatty acid metabolism pathways.
Intriguingly, our observations suggest that MALAT1 may exert
its biological roles by acting at the level of pathways rather
than targeting individual genes. AMPK is known to be a
metabolic sensor responsible for nutrients uptake, and it plays
critical roles in the regulation of both anabolism and catabo-
lism of lipids (44, 58). Our data show that MALAT1 may rewire
of the corresponding protein bands were measured by Image J and
corresponding pre-mRNAs by qRT-PCR. D, measurement of the pre-
T). E, qRT-PCR analysis of the pre-mRNAs copurified with MALAT1
negative control. Data represent mean ± s.d. of triplicate independent
t test).
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FIG. 5. MALAT1 knockdown decreased lipogenesis in HCC cells. A, glucose uptake in HCCLM3 (left panel) and PLC (right panel) cells
treated with siMALAT1. Data represent mean ± s.d. of triplicate independent experiments (*p < 0.05, **p < 0.01, by two-sided Student’s t test). B,
the concentration of unsaturated fatty acids extracted from HCCLM3 (left panel) and PLC (right panel) cells treated with siMALAT1s. Data
represent mean ± s.d. of triplicate independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, by two-sided Student’s t test). C, the con-
centration of TG extracted from HCCLM3 (left panel) and PLC (right panel) cells treated with siMALAT1. Data represent mean ± s.d. of triplicate
independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, by two-sided Student’s t test). D, targeted LC-MS/MS analysis of lipids with altered
abundance between siNC and siMALAT1 treated HCCLM3 cells. Data represent mean ± s.d. of five biological replicates (*p < 0.05, **p < 0.01,
***p < 0.001, by two-sided Student’s t test). E, representative cell membrane images of HCCLM3 cells at the indicated time points after pho-
tobleaching. Fluorescence intensities of the photobleached areas at indicated time points were shown on the right.
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cellular metabolism by simultaneously promoting AMPK-
mediated glucose uptake and the downstream lipogenesis
to support the elevated cell proliferation.
Herewe found thatMALAT1 couldmodulate the expression of

multiple lipid metabolism-related genes, including SREBF1 and
SCD, at both the mRNA and protein levels. SREBF1 is a key
membrane-bound transcription factor regulating lipid synthesis,
and SCD is a direct target gene of SREBF1 involved in the
biosynthesis of unsaturated fatty acids (48). The resultant
12 Mol Cell Proteomics (2021) 20 100141
MUFAs are then converted into TGs for energy storage or into
phospholipids for membrane formation and signaling trans-
duction. The upregulateddenovo lipogenesis of cancer cells has
now been widely recognized, and it may provide a survival
advantage to the tumor cells to become less dependent on the
circulatory lipids in the inadequately vascularized tumor micro-
environment (59). Our results showed that MALAT1 knockdown
significantly inhibited lipogenesis, and oleic acid partially
restored the phenotype alterations in HCC cells induced by



FIG. 6. The role of MALAT1 in lipid metabolism contributes to its functions in promoting cell proliferation, migration, and invasion. A, cell
proliferation ofHCCLM3 (upper panel) andPLC (lower panel) cellswithMALAT1 knockdownculturedwithorwithout oleic acid (10μM). The increase of
cell proliferationdeliveredbyoleic acidsupplementation (relativeproliferation)wascalculatedbydividing theabsorbanceof cells treatedwitholeic acid
supplementation with the absorbance of the corresponding untreated cells. Data represent mean ± s.d. of triplicate independent experiments (*p <
0.05, **p < 0.01, ***p < 0.001, by two-sided Student’s t test). B, matrigel invasion assay using HCCLM3 (left panel) and PLC (right panel) cells with
MALAT1 knockdown cultured with or without oleic acid (10 μM). Representative images of the invaded cells are shown on the left in each panel. Data
representmean ± s.d. of triplicate independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, by two-sidedStudent’s t test).C, migration assay using
HCCLM3 (left panel) and PLC (right panel) cells with MALAT1 knockdown cultured with or without oleic acid (10 μM). Representative images of the
migrated cells are shown on the left in each panel. The plots on the right show the cell migration distances at the indicated time points. Data represent
means ± s.d. of triplicate independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, by two-tailed student’s t test).
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FIG. 7. The proposed molecular mechanism by which MALAT1 promotes cell proliferation and invasion through regulating lipogen-
esis. MALAT1 modulates the expression of genes in the AMPK signaling and unsaturated fatty acid biosynthesis pathways, thereby elevates
glucose uptake and lipogenesis. The synthesized fatty acids are converted to TG for energy storage and phospholipids for cell membrane
construction, which facilitates the cell proliferation and invasion of HCC cells.
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MALAT1 knockdown, suggesting that the role ofMALAT1 in lipid
metabolism may contribute to its oncogenic effects.
Moreover, besides regulating RNA splicing, MALAT1 may

be involved in lipid metabolism through other mechanisms.
For example, Zhou et al. (60) reported that MALAT1 could bind
with forkhead box protein O1 (FOXO1), a transcription factor
that plays an important role in both glucose and lipid meta-
bolism. In contrast to the function of SREBF1, FOXO1 pro-
motes lipolysis instead of lipogenesis. Additionally, our
previous MALAT1 interactome study identified several en-
zymes involved in lipid degradation, such as propionyl-CoA
carboxylase and hydroxyacyl-coenzyme A dehydrogenase,
suggesting the possibility of MALAT1 to regulate lipid meta-
bolism through directly binding to metabolic enzymes. How-
ever, further investigation is required to test such hypothesis.
In addition, cross-linking-assisted enrichment may reveal
other MALAT1 binding proteins and further complete the
mechanisms by which MALAT1 regulates lipid metabolism.
14 Mol Cell Proteomics (2021) 20 100141
In conclusion, this study systematically describes the
impact of MALAT1 on gene expression in HCC cells and re-
veals its role in the regulation of lipid metabolism. As shown in
Figure 7, our observations suggest that MALAT1 promotes the
expression of multiple genes in the AMPK signaling and un-
saturated fatty acid metabolism pathways through pre-mRNA
splicing and transcription, leading to upregulated glucose
uptake and lipogenesis, which contributes to the role of
MALAT1 in tumor cell proliferation and invasion. This study
reveals the molecular mechanism by which MALAT1 involves
in the dysregulation of lipid metabolism in HCC cells and
further supports the potential therapeutic opportunities for
targeting MALAT1 in HCC treatment.
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