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Nuclear-Encoded lncRNA MALAT1 Epigenetically
Controls Metabolic Reprogramming in HCC Cells
through the Mitophagy Pathway
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Mitochondrial dysfunction is a metabolic hallmark of cancer
cells. In search of molecular factors involved in this dysregula-
tion in hepatocellular carcinoma (HCC), we found that the nu-
clear-encoded long noncoding RNA (lncRNA) MALAT1
(metastasis-associated lung adenocarcinoma transcript 1) was
aberrantly enriched in the mitochondria of hepatoma cells.
Using RNA reverse transcription-associated trap sequencing
(RAT-seq), we showed that MALAT1 interacted with multiple
loci on mitochondrial DNA (mtDNA), including D-loop,
COX2, ND3, and CYTB genes. MALAT1 knockdown induced
alterations in the CpG methylation of mtDNA and in
mitochondrial transcriptomes. This was associated with
multiple abnormalities in mitochondrial function, including
altered mitochondrial structure, low oxidative phosphoryla-
tion (OXPHOS), decreased ATP production, reduced mitoph-
agy, decreased mtDNA copy number, and activation of
mitochondrial apoptosis. These alterations in mitochondrial
metabolism were associated with changes in tumor phenotype
and in pathways involved in cell mitophagy, mitochondrial
apoptosis, and epigenetic regulation. We further showed that
the RNA-shuttling protein HuR and the mitochondria
transmembrane protein MTCH2 mediated the transport of
MALAT1 in this nuclear-mitochondrial crosstalk. This study
provides the first evidence that the nuclear genome-encoded
lncRNA MALAT1 functions as a critical epigenetic player in
the regulation of mitochondrial metabolism of hepatoma cells,
laying the foundation for further clarifying the roles of
lncRNAs in tumor metabolic reprogramming.

INTRODUCTION
Dysregulation of cellular energetics has long been recognized as one
of the hallmarks of malignancy, including hepatocellular carcinoma
(HCC),1,2 as changes in mitochondrial bioenergetics, biosynthesis,
and signaling are essential requirements for tumorigenesis.3 Cancer
cells ferment glucose as the major metabolic pathway for proliferation
even in the presence of oxygen, a paradoxical process known as aer-
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obic glycolysis or the Warburg effect.4,5 The high level of reactive ox-
ygen species (ROS) found in cancer cells induces genomic instability
and ultimately tumorigenesis.6,7 Targeting this abnormal energy
metabolism in cancer cells may become an important strategy in
developing novel cancer therapeutics.

Long noncoding RNAs (lncRNAs) are critical regulators of cellular
metabolism.8 Mitochondria-associated lncRNAs, including both the
RNAs derived from mtDNA and from nuclear-encoded lncRNAs
that are transported into the mitochondria, may work in concert
with transcription factors and other epigenetic regulators to modulate
mitochondrial gene expression and mitochondrial function. These
mitochondria-associated lncRNAs are important components of
several gene regulatory networks,9,10 potentially acting as epigenetic
messengers to coordinate nuclear and mitochondrial functions.11,12

Abnormal regulation of mitochondria-associated lncRNAs may
lead to cell aging and oncogenesis.10,13 Nuclear genome-encoded
lncRNAs can function as “anterograde signals” to regulate mitochon-
drial function by hitching a ride with RNA transporters into mito-
chondria,12 while mitochondrial genome-transcribed lncRNAs may
shuttle via RNA transporters to the nucleus, where they can regulate
the function of the nuclear genome, acting as a “retrograde signal.”
Using RNA fluorescence in situ hybridization (FISH) coupled with
MitoTracker staining, we have recently shown that aberrant shuttling
Authors.
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of lncRNAs, whether nuclear genome-encoded or mitochondrial
genome-transcribed, may play a critical role in abnormal mitochon-
drial metabolism in cancer cells.14 For example, mitochondria
genome-derived lncND6 and lncCytB were enriched in the nucleus,
while the nuclear genome-transcribed lncRNA MALAT1 was found
in the mitochondria of hepatocellular carcinoma cells. Therefore,
lncRNAs may act as important messenger molecules linked to the
regulation of both the nuclear and mitochondrial genomes.

In this study, we performed transcriptome sequencing to delineate the
mitochondria-associated lncRNAs in HCC cells. We found that the
nuclear genome-encoded lncRNA MALAT1 was highly enriched in
the mitochondria of HepG2 cells, supporting the hypothesis that
MALAT1 may act as an important factor in cancer metabolism re-
programming and mitochondrial function.14 Although MALAT1 is
known to be involved in invasion and metastasis of numerous tu-
mors,15,16 its role in the regulation of cancer cell mitochondria has
not been appreciated. We propose that MALAT1 functions as a
nuclear-mitochondrial epigenetic messenger to control metabolic re-
programming in HCC cells. Using the loss- and gain-of-function as-
says, we also explored the molecular mechanisms underlying the role
of MALAT1 in mitochondria in HCC.

RESULTS
Nuclear-Encoded lncRNAMALAT1 Is Aberrantly Enriched in the

Mitochondria of Hepatoma Cells

To characterize regulatory components of metabolic reprogramming,
we isolated mitochondria from hepatoma HepG2 cells (human hepa-
tocellular carcinoma cell line) and normal hepatic HL7702 cells (hu-
man normal hepatocyte cell line). A modified protocol of the Mito-
chondria Isolation Kit was used to isolate mitochondria by avoiding
contamination with nuclear RNAs. The isolated mitochondria were
treated with RNase A prior to gradient purification. The quality of iso-
lated mitochondria was assessed by quantitating the presence of small
nuclear (snRNA) U6 control (Figure S1). We detected enrichment of
MALAT1, but not U6, in isolated mitochondrial RNAs.

After validating the quality of isolated mitochondria, we performed
RNA transcriptome sequencing (RNA-seq) to identify the RNAs
residing in mitochondria (Figure 1A). Using the criteria of >2 fold-
change, p < 0.05, and the threshold of fragments per kilobase of tran-
script per million (FPKM) mapped reads >50, we identified a total of
246 RNAs that were differentially expressed between HepG2 and
HL7702 cells (Figure 1B). We assessed the quality of the mitochon-
drial RNA-seq data by examining IGV reads for nuclear snRNAs
U6 and U2. As expected, we did not observe the presence of either
U6 or U2 in the mitochondrial RNA-seq data (Figures S2B and S2C).

In addition to those lncRNAs that have previously been reported to be
located within the mitochondria, including RMRP, RPPH1, and
RN7SK,12,17 we found that the nuclear genome-encoded MALAT1
was enriched in the mitochondria of HepG2 cells (Figures S1, S2D,
and S2E). Using qPCR, we also confirmed that mitochondrial
MALAT1 abundance was �12-fold higher in hepatoma HepG2 cells
than that in normal hepatic HL7702 cells. In addition, this nuclear-
encoded lncRNA was also abundantly localized in the mitochondria
of two other human hepatoma cell lines (Huh751 and SMMC-
7721) (Figure 1C).

We then validated the presence of MALAT1 lncRNA in the HepG2
mitochondria using RNA FISH. The location of mitochondria was
tracked by a MitoTracker dye. Two types of fluorescence probes
were used for RNA FISH. First, we used commercial fluorescent anti-
sense oligonucleotide probes as provided in the Fluorescent In SituHy-
bridization Kit (RiboBio, Guangzhou, China). We observed colocaliza-
tion of MALAT1 (red) and MitoTracker (green) in individual, snake-,
and small fragment-like mitochondria (Figure 1D, enlarged panels).
Second, we performed RNA FISH using digoxigenin-11-deoxyuridine
triphosphate ( DIG-11-dUTP)-labeled single-stranded DNA probes as
prepared by asymmetric PCR.14 We confirmed the colocalization of
MALAT1 (green) and MitoTracker (red) in individual mitochondria
(Figure S3).Quantitation of RNA FISH also confirmed the localization
of MALAT1 in mitochondria (Figures 1E, 1F, S3B, and S3C). The
MALAT1-mitoTracker merged area of each field was quantified using
the ImageJ and Particle Analysis Plugin.18,19 The quantitative co-local-
izationwas observed betweenMALAT1 andmitochondria, with Rcoloc
values of 0.73 ± 0.03 for commercial antisense oligonucleotide probes
and 0.61 ± 0.12 for single-stranded DNA probes. As expected, the co-
localization signal of MALAT1 was decreased in cells that were trans-
fected with shMALAT1 lentivirus (Figure S4).

To exclude the possibility thatMALAT1 is located in the cytoplasm it-
self or in some other cytoplasmic organelles, we isolated mitochondria
and performed the RNA FISH assay for the isolated mitochondria on
smearing slides. By combining the MitoTracker and probe staining, we
validated the presence of MALAT1 in the isolated mitochondria (Fig-
ure S5A, top panel). RNA FISH quantitation also confirmed the co-
localization of MALAT1 in isolated mitochondria, with Rcoloc values
of 0.91 ± 0.03 (Figures S5B and S5C). Like MALAT1, the lncRNA
H19 is often overexpressed in HCC, and its dysregulation is closely
related with tumorigenesis, metastasis, prognosis, and diagnosis.20,21

However, H19 was not found in the list of mtRNA-seq lncRNAs,
and therefore we usedH19 as a lncRNA control.H19 was not detected
in isolated HepG2 mitochondria (Figure S5A, bottom panel). These
data suggest that the nucleus-encoded lncRNAMALAT1 can be trans-
ported to the mitochondria in HepG2 cells.

MALAT1 Binds to mtDNA and Alters Its Epigenotype

In the nucleus,MALAT1 regulatesmultiple gene targets by altering ep-
igenotypes where the lncRNA binds to DNA. For example, MALAT1
controls the histone 3 lysine 4 (H3K4) epigenotype in the EEF1A1
promoter.22 To determine whether MALAT1 utilizes a similar mech-
anism to regulate mitochondrial genes, we performed RNA reverse
transcription-associated trap sequencing (RAT-seq)23–25 to identify
the specific MALAT1-mtDNA interaction sites and found that
MALAT1 interacted with multiple mtDNAs, including MT-RNR1,
MT-RNR2, MT-CO2, MT-ND3, and MT-CYTB (Figure 2A, red
arrows).
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Figure 1. Nuclear lncRNA MALAT1 Is Enriched in

Mitochondria

(A) Identification of MALAT1 as a mitochondria-associated

lncRNA by mitochondrial RNA-seq. HepG2: HCC cells;

HL7702: normal hepatic cells. (B) Distribution of 247 mito-

chondria-associated RNAs. (C) Differential enrichment of

MALAT1 in mitochondria comparing hepatoma HepG2 cells

and normal hepatic HL7702 cells.MALAT1was quantitated

by quantitative real-time PCR. The Ct value was normalized

over that of COX2 (mitochondrial housekeeping gene) and

then standardized by setting normal HL7702 cells as 1 for

comparison. ****p < 0.0001 between two cell lines. (D) RNA

FISH of mitochondria-associated MALAT1 in HepG2 cells.

MALAT1was probed with antisense oligonucleotide probes

(red) provided in the Ribo Fluorescent In Situ Hybridization

Kit (C10910, RiboBio). Mitochondria were labeled with

MitoTracker (green). Cells were counterstained with DAPI

and imaged under a confocal laser-scanning microscope

(Carl Zeiss). Scale bar = 10 mm. Note the colocalization of

MALAT1 and MitoTracker in individual mitochondria

(enlarged windows). (E) Quantitation of MALAT1 RNA FISH

images. Pearson’s correlation coefficient was calculated for

the entire image (Rtotal) and the pixels above thresholds

(Rcoloc) in 5 tested fields of view. (F) Scatterplot ofMALAT1

and MitoTracker. Channel 1 (red), MALAT1; channel 2

(green), MitoTracker. The regression line is plotted alongwith

the threshold level for channel 1 (vertical line) and channel 2

(horizontal line). Mean ± SEM is indicated in the right upper

corner of the image.
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The MALAT1-mtDNA interaction was validated by a ChIRP assay
(chromatin isolation by RNA purification). Mitochondria were iso-
lated from HepG2 cells, and three 30-end biotinylated oligonucleotide
DNA probes were hybridized to MALAT1. The biotinylated probe/
MALAT1/chromatin mtDNA complex was pulled down with strepta-
vidin C1 beads, and mtDNA was quantitated by qPCR at the specific
MALAT1-mtDNA interaction sites. This assay confirmed the binding
of MALAT1 to the mtDNA at the D-loop, MT-CO2, and MT-ND3
sites (Figure 2B).

We recently reported that mitochondrial CpG DNA methylation
changes during stem cell senescence.26 In order to determine if the
binding of MALAT1 would alter the epigenotype at CpG islands of
mtDNA, we used two short hairpin RNAs (shRNAs) to knock
down MALAT1 in HepG2 cells by targeting the middle and the 30

fragment of MALAT1 (Figure S6A).22 CpG methylation was then
examined by sodium bisulfite sequencing (Figure S6B). Mitochon-
drial CpG island 3 was predominantly unmethylated in HepG2 cells.
266 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
After MALAT1 knockdown, we observed
increased DNA methylation at one CpG site of
CpG island 3 (Figure S6C). The status of DNA
methylation at CpG island 1, however, was not
significantly affected by MALAT1.

We then determined if the binding of MALAT1
would affect the transcription of mitochondrial
genes. After MALAT1 was knocked down using shRNA, we found
decreased abundance of multiple mitochondrial genes, including
MT-CO1, MT-CO2, MT-ND5, and MT-ND3 (Figure 2C). Western
blot analysis also showed reduction in the corresponding proteins
(Figure 2D).

In order to determine ifMALAT1 regulates the morphology or num-
ber of mitochondria, we used transmission electron microscopy
(TEM) and observed a reduction in mitochondria number in MA-
LAT1-knockdown cells (Figure S7). The number of mitochondria
was reduced by about half of the control cells (Figure 2E). As
compared with the vector control (HepG2), the shRNA control group
(shCT) also showed a slight reduction of mitochondrial number per
cell (though not statistically different), suggesting that lentiviral infec-
tion itself may also have some effect on mitochondrial function.

We quantitated mitochondrial copy number by measuring DNA
abundance from mitochondrial anterior, middle, and posterior



Figure 2.MALAT1 Binds to mtDNAs and Affects Their

Synthesis

(A) The binding of MALAT1 to mtDNAs. RNA reverse

transcription-associated trap sequencing (RAT-seq) was

performed to find the MALAT1-interacting mtDNAs. The

red arrows point to the MALAT1 binding sites in the

mitochondrial genome. (B) MALAT1-mtDNA interaction by

ChIRP (chromatin isolation by RNA purification). Isolated

mitochondria are cross-linked to fix the lncRNA-chromatin

DNA complex. The lncRNA-interacting chromatin DNA is

extracted, and the lncRNA-interacting target signal is

quantitated by quantitative real-time PCR. For compari-

son, the Ct value was normalized over that of input and set

the random probe control as 1. ***p < 0.001 as compared

with the random control group. (C) The mtDNA tran-

scriptome in MALAT1 knockdown cells. The expression of

each mitochondrial gene was quantitated by quantitative

real-time PCR. Error bars represent the standard error of

the average of three independent PCR reactions.

Throughout the manuscript, the shCT group was set as 1

for comparison unless otherwise indicated. ****p < 0.0001

between the treatment and control groups. (D) Measure-

ment of the mitochondrial proteome. Western blot was

utilized to detect the expression of MT-CO1 protein

COX-1. (E) Mitochondria number. The number of mito-

chondria per cell was counted under transmission electron

microscopy. n = 50 cells. ****p < 0.0001 between groups.

(F) mtDNA copy number. The mtDNA copy number was

quantitated by quantitative real-time PCR for three mtDNA

genes (ND1, CYB, and MT-CO2). ****p < 0.0001 between

groups. (G) Mitochondria. DNA replication factor SSBP1.

The expression of SSBP1 was measured by quantitative

real-time PCR. ****p < 0.0001 between groups. (H) mtDNA

replication factor PLOG1 by quantitative real-time PCR.

****p < 0.0001 between groups. (I) mtDNA replication

factor TFAM. The expression of TFAM was measured by

quantitative real-time PCR. ****p < 0.0001 between

groups.
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genes, including MT-ND1, MT-CO2, and MT-CYB. In agreement
with the electron microscopy data, we found that mtDNA copy
number was significantly decreased after MALAT1 knockdown
(Figure 2F).

mtDNA replication is independent of nuclear DNA replication, as mito-
chondria have their own replication complex.27 PLOg is a mammalian
Molecular T
DNApolymerase that is present inmitochondria.28

Mitochondrial single-stranded DNA-binding pro-
tein (mtSSBP) andTwinkle (TWNK) aremitochon-
drial helicases that work together to achieve helix
destabilization during replication.29 TFAM (mito-
chondrial transcription factor A ) is an essential
component of the nucleoid, which has been shown
to be directly proportional to the mtDNA copy
number.30 We measured the expression of these
mtDNA replication complex genes and found that
all of these genes were significantly downregulated
in shMALAT1-1/2 cells, in parallel with the decreased mtDNA copy
number (Figures 2G–2I).

MALAT1 Is Essential for Mitochondrial Function in HepG2 Cells

Having shown thatMALAT1 affectsmitochondrial number, we exam-
ined whether it participates in the regulation ofmitochondrial biogen-
esis and energetics. MALAT1 knockdown cells exhibited a reduction
herapy: Nucleic Acids Vol. 23 March 2021 267
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Figure 3. MALAT1 Knockdown Induces Mitochondrial Dysfunction

(A) MALAT1 knockdown interferes with metabolic potentials in HepG2 cells. Metabolic potentials were assessed by measuring OCR. Treatment with shMALAT1-1 and

shMALAT1-2 attenuated basal mitochondria respiration ability and relative OXPHOS ability. Data are presented as mean ± SEM from three independent assays. Significant

differences were determined by one-way ANOVA followed by Tukey’s post hoc test. ****p < 0.001 compared with the control groups. (B) Glycolytic function in MALAT1

knockdown cells. Glycolytic function was assessed by measuring ECAR. No statistical differences were detected among the treatment groups. Data are presented as

mean ± SEM from three independent assays. (C)MALAT1 affects ATP production. The shMALAT1-1- and shMALAT1-2-treated cells show impaired ATP-producing ability

compared with the control groups. (D) Fluorescence of the MitoSox-stained mitochondrial ROS. ****p < 0.0001, ordinary one-way ANOVA, followed by Student’s t test. (E)

Mitochondria Mn-SOD activities. **p = 0.0016, ordinary one-way ANOVA, followed by Student’s t test. (F) Mitochondrial ROS production. Mitochondrial ROS showed red

fluorescence by MitoSox staining. Scale bar = 50 mm. MALAT1 knockdown cells show diminished ROS compared with control groups.
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in four phases of the real-time oxygen consumption rate (OCR): basal
respiration, ATP-producing capability, maximum respiration, and
spare respiratory capacity decline. AfterMALAT1 depletion, the basal
respiration ability inHepG2 cells was reduced in comparison to that of
the control cells (Figure 3A).However, there was no significant change
in glycolytic function, as assessed by the extracellular acidification rate
(ECAR) (Figure 3B).We then quantitated themitochondriaATP-pro-
ducing capability. MALAT1 knockdown significantly decreased ATP
synthesis as compared with the controls (Figure 3C).

Cancer cells have increased production of mitochondrial-derived
reactive oxygen species (mROS), a byproduct of the mitochondrial
electron transport chain that may lead to the activation of tumori-
genic signaling and metabolic reprogramming.31 We measured
268 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
mROS using MitoSOX and found that mROS was significantly lower
in the shMALAT1-1/2 cells than that in the control cells (Figures 3D
and 3F).We also measured the activity of mitochondrial Mn-SOD, an
antioxidative enzyme that eliminates mROS.We found that knocking
down shMALAT1 significantly enhanced its specific enzymatic activ-
ity in the mitochondria (Figure 3E).

Enrichment of MALAT1 Affects Mitochondrial Apoptosis

Mitochondria apoptosis was increased in shMALAT1-treated HepG2
cells, where we observed swollen mitochondria, enlarged vesicular
matrix compartments, small vesicular matrix compartments sur-
rounding swollen vesicular compartments, and an absent inner
boundary membrane (Figure 4A). In some mitochondria, two
lamellar cristae were contained within a swollen matrix bound by



Figure 4. Knockdown of MALAT1 Induces Mitochondrial Apoptosis

(A) Abnormal mitochondrial structure in MALAT1 knockdown HepG2 cells. Scale bar = 0.5 mm. Under TEM, mitochondria had swollen vesicular matrix compartments and

small vesicular matrix compartments surrounding a swollen vesicular compartment. (B) Mitochondria apoptosis biomarkers. Western blot was used to measure the bio-

markers for mitochondrial apoptosis, including Bcl-2, Bax, Caspase-3, and cytochrome C. b-Actin andMT-CO1 were used as the cytoplasmic and mitochondrial controls.

(C) Quantitation of western blot results. Data are presented as mean ± SEM. Significant differences were determined by one-way ANOVA followed by Student’s t test. ****p <

0.001 compared with the shCT group. (D) FACS analysis of cell death. Standard dot plot diagram from FACS shows the progression of cell death. Q1, double negative

(annexin V and 7-AAD negative) represented healthy cells; Q2, annexin V positive and 7-AAD negative represented apoptotic cells; Q3, annexin V &7-AAD double positive

represented necrotic cells. (E) Percentage of cell population. Apoptotic, healthy, and necrotic cells were quantitated by flow cytometry. ****p < 0.0001 compared with the

shCT control group. (F) Mitochondria membrane potential. Themembrane potential wasmeasured by JC-1 staining. FCCPwas used as the positive control of cell apoptosis.

In cells with high mitochondrial membrane potential, JC-1 spontaneously forms complexes with intense red fluorescence. In apoptotic or unhealthy cells, JC-1 was stained

with green fluorescence. The ratio of green to red fluorescence is associated with the membrane potential. ****p < 0.0001, **p < 0.01 compared with the shCT control group.
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an inner boundary membrane, and the outer membrane appeared to
be ruptured. However, some differences in mitochondrial
morphology were noticed between the two shRNA-treated groups.
In the shMALAT1-1 group, mitochondria had an expanded matrix
space with less dense staining of the matrix and fewer cristae, and
the outer membrane was ruptured by the expanded matrix. However,
the shMALAT1-2 group exhibited less severe apoptosis.

As seen in Figures 4B and 4C,MALAT1 knockdown induced a series
of events related to mitochondrial apoptosis, including caspase-3 acti-
vation, increased expression of cytochrome C, and attenuated
expression of Bcl-2. The mitochondrial apoptosis activator BAX was
downregulated in shMALAT1-treated cells, suggesting that shMA-
LAT1-induced apoptosis may not be derived from the formation of
an activated BAX oligomeric pore.32 Again, we also observed some
variations in apoptosis markers between the HepG2 and shCT con-
trols. It is likely that the lentiviral infection itself may have some effect
on these variables.

Apoptotic cells were further quantitated using Annexin V/7-AAD
fluorescence-activated cell sorting (FACS) staining (Figures 4D and
4E). Standard dot plot diagrams from FACS illustrate the progression
of cell death (Figure 4D). Q1, Q2, and Q3 represented healthy,
apoptotic, and necrotic cells, respectively. We found that MALAT1
knockdown induced apoptosis in HepG2 cells. These findings
demonstrate thatMALAT1 is required for maintaining normal mito-
chondrial function by suppressing mitochondria-specific apoptosis.

We also measured mitochondria membrane potential using JC-1
staining (Figure 4F). JC-1 green fluorescence indicates a decrease in
mitochondrial membrane potential, an early event in apoptosis.
FCCP (carbonylcyanide p-(trifluoromethoxy) phenylhydrazone)
was used as the positive control for cell apoptosis. We showed that
MALAT1 knockdown increased the loss of mitochondrial membrane
potential, confirming that knockdown ofMALAT1 in HepG2 triggers
an early event in apoptosis.

MALAT1 Functions via the Mitochondrial Autophagy Pathway

Damaged mitochondria are normally removed by a specialized auto-
phagy process, called mitophagy. Selective autophagy targets different
groups of substrates and damaged organelles for autophagosome-
lysosomal degradation.33,34 Several pathways are activated in mitoph-
agy. In the PINK1/Parkin pathway, phosphorylation of Parkin and
binding to phosphorylated-ubiquitinated proteins result in the accu-
mulation of ubiquitinated chains on a variety of mitochondrial pro-
teins, which are recognized by selective cargo receptors, including
SQSTM1/p62, Optineurin, and NDP52.35,36 In the BNIP3L/Nix
pathway, BNIP3 and BNIP3L/Nix bind to members of the LC3 family
to target mitochondria to autophagosomes. We were interested to
learn whether mitochondrialMALAT1might be involved in the regu-
lation of this mitophagy pathway.

We used western blot to measure these mitophagy pathway proteins.
shMALAT1-treated cells exhibited a significant decrease in mitoph-
270 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
agy events. Compared with the control cells, MALAT1 knockdown
cells showed reduced expression of mitophagy markers, particularly
PINK1, SQSTM1/p62, NDP52, BNIP3, and LC3B-I/II (Figures 5A
and 5B).

Microtubule-associated protein 1 light chain 3 (LC3) plays a critical
role in autophagy. The LC3B II/I ratio, designated the cytosolic
LC3 ratio, reflects the total proteolytic flux and is a sensitive quanti-
tative index to monitor autophagy in the cell. The LC3B-II/I ratio in-
creases when autophagy is induced. After MALAT1 knockdown, the
LC3B-II/I ratio was significantly decreased (Figure 5C), suggesting
the critical role of MALAT1 in this autophagy process.

We also examined mitochondria and lysosomal surface markers.
There was a decrease in the mitochondria outer membrane marker
Cyclophilin F (CYDP) and an increase in the lysosome-associated
membrane glycoprotein (LAMP-1) (Figures S8A and S8B). Lyso-
somal enzymes function optimally in an acidic environment, and
increases in lysosomal pH can impede enzymatic ability. We labeled
lysosomes using lysotracker and found that the number of red-stained
(acidic) lysosomes decreased significantly in the MALAT1-treated
cells compared with the control group cells (Figures 5D and S8C),
suggesting impairment of lysosomal function in MALAT1-deficient
cells.

Effect of MALAT1 on the Biological Behavior of Hepatocellular

Carcinoma Cells

MALAT1 is associated with lung carcinoma invasion and metastasis.
We examined the invasion of shMALAT1-1/2 cells using Transwell
assays and found that the average number of invading MALAT1
knockdown cells was significantly lower than that from HepG2
random vector cells (shCT) (Figure 6A). Similarly, MALAT1 knock-
down also altered cell proliferation (Figure 6B), wound healing (Fig-
ure 6C), progression through the cell cycle (Figure S9A), and clone
formation (Figure S9B).

In an initial step to examine the shuttling of nuclear MALAT1 to
mitochondria, we isolated mitochondria from HepG2 cells and per-
formed RNA chromatin precipitation (RNA immunoprecipitation
[RIP]) for HuR12,37,38 and MTCH2 (mitochondrial carrier homolog
2).39–41MALAT1 interacted with MTCH2 both in the whole cell (Fig-
ure S10A) and in isolated mitochondria (Figure S10B).MALAT1 also
interacted with HuR (Figure S10C). These data suggest thatMALAT1
may be shuttled by the HuR and MTCH2 complexes into mitochon-
dria, where MALAT1 regulates metabolism and apoptosis
(Figure 6D).

DISCUSSION
MALAT1, a highly conserved lncRNA, exerts an oncogenic role in
multiple cancers, including HCC. Previous work has mainly focused
on the role of MALAT1 in metastasis, prognosis, and tumorigen-
esis,15,42 but its role in mitochondrial dysfunction and aberrant en-
ergy metabolism has not been examined. In this study, we provide
the first evidence that in hepatoma HepG2 cells, the nuclear



Figure 5. MALAT1 Knockdown Impairs Mitophagy

(A) Mitophagy biomarkers were detected by western blot. b-Actin was used as the control. (B) Quantitation of mitophagy biomarker western blot results. ****p < 0.0001, **p <

0.01 compared with the shCT control group. (C) The LC3B II/I ratio. Autophagy was assessed by LC3B-II/I ratio. After knockdown of MALAT1, the LC3B-II/I ratio was

significantly decreased. ****p < 0.0001 compared with the shCT control group. (D) Acidic lysosome by Lysotracker staining. The intensity of the fluorescence stained by

lysotracker was measured. ****p < 0.0001 compared with the shCT control group.

www.moleculartherapy.org
genome-encoded lncRNA MALAT1 is aberrantly transported to the
mitochondria, where it plays a pivotal role in regulating mitochon-
drial function. MALAT1 binds to multiple loci on mtDNA, where it
epigenetically regulates mitochondrial function. Knockdown of
MALAT1 induces alterations in the structure, transcriptome, and
function of mitochondria. MALAT1-deficient cells show multiple
abnormalities in mitochondrial function, including mitochondrial
copy number, oxidative phosphorylation (OXPHOS), ATP produc-
tion, mitophagy, and apoptosis. This study suggests that the nuclear
genome-encoded lncRNA MALAT1 may function as an epigenetic
factor in the regulation of mitochondrial metabolism in HCC cells
(Figure 6D).

The mitochondrial genome consists of 16,569 base pairs of DNA that
encode 37 genes to synthesize core subunits of the oxidative phos-
phorylation system.43,44 The mitochondrial genome, however, cannot
independently produce all of the protein components needed for en-
ergy metabolism. Instead, mitochondria rely heavily on imported
proteins, and perhaps RNAs, encoded by the nuclear genome.9,10

Here, we provide the first evidence thatMALAT1 lncRNA may func-
tion as an epigenetic messenger to coordinate a variety of functions
between the nucleus and themitochondria.MALAT1 does not encode
a protein, but it is able to bind to mtDNAs and epigenetically regulate
mitochondrial function. Inhibition of this MALAT1-mediated
communication network interrupts the function of mitochondria,
including mitochondrial biosynthesis and energy metabolism. In
addition, MALAT1 knockdown stimulates mitochondrial apoptosis
and suppresses mitophagy. Recently, we also demonstrated that
lncCytB, a mitochondrial genome-encoded lncRNA, can be aber-
rantly transported into the nucleus in HepG2 cells.22 Clearly, there
is significant crosstalk between the nucleus and mitochondria that
can modify cancer cell metabolism.9,45 Shuttled lncRNAs, such as
the nuclear genome-encoded MALAT1 and the mitochondrial
genome-encoded lncCytB, may function as essential molecules to
deliver epigenetic signals to tightly coordinate mitochondrial and nu-
clear function.9,10

MALAT1 was first identified as an oncogenic lncRNA in association
with the survival and metastasis of non-small-cell lung cancer. Recent
studies have also associated its expression with the survival and pro-
gression of multiple malignancies, including uterine endometrial
stromal sarcoma, breast cancer, and HCC.46,47 Although its associa-
tion with clinical outcomes has been well studied, its mechanism of
action has not been well characterized. Several studies have been
focused on its role as a competing endogenous RNA (ceRNA) to regu-
late microRNAs (miRNAs), including miR-195, miR-183, miR-23c,
miR-155, miR-197, miR-203, and miR-20b-5p. Our data reveal a
novel mechanism forMALAT1 action in cancer. In the mitochondria,
MALAT1 regulates energy metabolism, mtDNA replication, tran-
scription, mitochondrial apoptosis, mitophagy, and mitochondria
stability.

Autophagy (macroautophagy) is a fundamental cellular process that
helps cells maintain the metabolic state to afford high-efficiency en-
ergy requirements.48 Autophagy targets damaged intracellular organ-
elles andmisfolded proteins to the lysosome for degradation. Mitoph-
agy, a special form of autophagy, plays a critical role in the removal of
damaged mitochondria and in the control of mitochondria
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Figure 6. MALAT1 Affects Cancer Biology Behavior

(A) MALAT1 knockdown cells showed decreased cell in-

vasion ability. Ordinary one-way ANOVA, followed by Stu-

dent’s t test. ****p < 0.0001 compared with the shCT

control group. (B) Cell proliferation assay. Total cells were

counted after 24 h, 48 h, 72 h, and 96 h. Ordinary one-way

ANOVA, followed by Student’s t test. ****p < 0.0001

compared with the shCT control group. (C) Wound healing

assay. Scale bar = 50 mm. MALAT1 knockdown cells

showed slower wound healing capability indicating slower

migration ability. (D) The putative model of MALAT1 as an

epigenetic messenger in controlling cancer metabolism.

MALAT1 is aberrantly expressed in HCC mitochondria,

where it binds to mtDNA and alters mtDNAmethylation and

mitochondrial function, including mitochondria synthesis,

metabolism, mitophagy, ROS regulation, and apoptosis.
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quality.49,50 Autophagy facilitates metastasis in HCC by upregulating
the expression of epithelial-mesenchymal transition (EMT).51 In this
study, we demonstrate thatMALAT1-deficient cells exhibit decreased
expression of the mitophagy markers PINK1, SQSTM1/p62, NDP52,
BNIP3, and the LC3B-II/I ratio. By labeling lysosomes using Lyso-
Tracker, we show that the number of red-stained lysosomes was
reduced in the shMALAT1-treated cells, suggesting that MALAT1
plays a critical role in the regulation of autophagy in hepatoma cells.

The data from this study indicate that, in addition to its regulatory role
at the transcriptional and/or post-transcriptional levels,MALAT1may
act as a nucleus-to-mitochondriamessenger.MALAT1 is aberrantly ex-
pressed in HCC cells. After being transported into mitochondria,MA-
LAT1 binds to multiple sites of mtDNA and alters the status of DNA
methylation at the CpG 3 site in front of MTCO1. Both quantitative
real-time PCR and western blot assays document the downregulation
of COX1 in MALAT1 knockdown cells. Mitochondrial metabolism is
also altered in these cells. Our results thus support the concept that
retrograde and anterograde signaling occur as lncRNAs shuttle be-
tween the nucleus and mitochondria.9,10 As a result of this crosstalk,
lncRNAs function as epigenetic messengers, altering mitochondrial
metabolism during oncogenesis. Mitochondria-derived lncRNAs, on
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the other hand, may also shuttle into the nucleus,
where theymay regulate target genes related to tu-
mor phenotypes.22

Dysregulation of cellular energetics is a hallmark
of cancer cells, with enhanced absorption and
utilization of glucose and glutamine. lncRNAs
are implicated in the regulation of this metabolic
reprogramming. For example, glutamine meta-
bolism and ROS, the most important by-prod-
ucts of the electron transport chain in the mito-
chondria, are regulated by lncRNAs HOTTIP,52

CCAT2,53 and UCA1.54 lncRNAs Ftx and p21
promote the Warburg effect and enhance tumor
progression.55,56 HOTAIR decreased UQCRQ
(Ubiquinol-Cytochrome C Reductase, Complex III Subunit VII),
leading to the impairment of the mitochondrial respiratory chain.57

SAMMSON interacted with mitochondrial surface protein P32 in
cancer cells.58,59 Nuclear MALAT1 mediated glycolysis through the
HIF-1a pathway in HCC.60 In this study, we show that MALAT1
functions as a nucleus-to-mitochondria epigenetic messenger to con-
trol metabolic reprogramming.MALAT1 binds to mtDNA and regu-
lates mitochondrial genes epigenetically. Knockdown ofMALAT1 in-
duces multiple abnormalities in mitochondrial function, including
altered mitochondrial structure, low OXPHOS, decreased ATP pro-
duction, reduced mitophagy, decreased mtDNA copy number, and
activation of mitochondrial apoptosis.

Overall, this study greatly expands our knowledge of the nucleus-en-
coded oncogenic lncRNAMALAT1 in regulating mitochondrial func-
tion. We provide the first evidence that the nuclear genome-encoded
lncRNAMALAT1 functions as a critical epigenetic player in the regu-
lation of mitochondrial metabolism of hepatoma cells, laying the foun-
dation for further clarifying the roles of lncRNAs in tumor metabolic
reprogramming. Additionally, this study provides solid evidence that
lncRNAmay function as an epigenetic messenger to coordinate a vari-
ety of functions between the nucleus and the mitochondria.
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It is possible that knocking down MALAT1 using shRNAs may not
target MALAT1 specifically in mitochondria. Future studies are
necessary to target MALAT1 using other approaches, like antisense
LNA GapmeRs and CRISPR Cas9. Ideally, it would be preferable to
target the lncRNA specifically in mitochondria, while preserving
the nuclear MALAT1. An unbiased global gene expression profile
could then be used to evaluate the effect on pathways related to mito-
chondria, autophagy, and apoptosis.

Wehavedemonstrated that thenuclear-encodedMALAT1canbe shuttled
to mitochondria by RNA-binding proteins HuR andMTCH2. Perhaps a
post-transcriptionalmodification, likem6A,might act as a signal that reg-
ulates the mitochondrial translocation of the nuclear MALAT1. Finally,
MALAT1 may also function as a precursor and produce a highly
conserved, tRNA-like61bpcytoplasmicRNA(MALAT1-associatedsmall
cytoplasmic RNA, MASCRNA).61 It would be interesting to learn if this
small tRNA-like cytoplasmic RNA is also shuttled into mitochondria.

In conclusion, the lncRNA MALAT1 is a nucleus-to-mitochondria
epigenetic messenger that influences metabolic reprogramming in
HCC cells by regulating mitochondrial function in cancer cells.

MATERIALS AND METHODS
Cell Culture

HepG2 cells and 293T cells, purchased from ATCC, were maintained
in high-glucose DMEM media supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. The normal hepatic
cell line HL7702 was purchased from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China) and was main-
tained with 20% FBS and 1% penicillin/streptomycin in high-glucose
DMEM media at 37�C with 5% CO2.

Mitochondria Isolation, Reverse Transcription, and RNA

Sequencing

Mitochondria were isolated using aQproteomeMitochondria Isolation
Kit (QIAGEN, Cat.#37612) with modifications as previously
described.62,63 Specifically, the combined mitochondria supernatants
were treated with RNase A buffer (4 mg/mL RNase A) at room temper-
ature for 15 min to remove any cytoplasmic RNA on the outer mito-
chondrial membranes. After centrifugation at 6,000�g for 10 min, the
pellet was suspended inMitochondria Purification Buffer and was sub-
jected to gradient purification following the manufacturer’s manual.

The isolated mitochondria and whole-cell lysate were used for RNA
extraction using Trizol (Invitrogen, CA, USA). To confirm the purity
of the isolated mitochondria, mitochondrial RNAs were reverse tran-
scribed into cDNAs, and qPCRwas performed to quantitate the mito-
chondria genome-encoded RNA (COX2) and the nuclear RNA (U6).
Mitochondrial RNAs were then subjected to Illumina sequencing
(Shanghai Biotechnology, Shanghai, China).

Quantitation of Gene Expression by Quantitative Real-Time PCR

Whole-cell and mitochondrial cDNAs were synthesized, and quanti-
tative real-time PCR was performed using the FastStart Universal
SYBR Green Master mix (Millipore Sigma, MA, USA) with a StepO-
nePlus real-time PCR system (ABI Prism 7900HT; Applied Bio-
systems, USA). The threshold cycle (Ct) values of target genes were
normalized over the Ct ofCOX2 for gene expressions inmitochondria
and the Ct of b-actin in whole cell lysate. For comparison, the shCT
group was set as 1 unless otherwise indicated. Primers used for real-
time PCR and quantitative real-time PCR are listed in Table S1.

Western Blot for Mitochondrial Proteins

Western blot was used to detect mitochondrial proteins. Antibodies
used for western blot were: Anti-LAMP1 antibody-Lysosome Marker
(ab24170), Anti-Cyclophilin F antibody (ab110324), Mitophagy
Antibody Sampler Kit (Cell Signaling Technology [CST], #43110),
Bcl-2 (124) Mouse monoclonal antibody (mAb) (CST, #15071), Cy-
tochrome c (D18C7) Rabbit mAb (CST, #11940), Caspase-3 antibody
(CST, #9662), Bax (D2E11) Rabbit mAb (CST, #5023), b-Actin
(8H10D10) Mouse mAb (CST, #3700), and BID antibody (CST,
#2002). The blots were developed by Odyssey clx Imaging System
(LI-COR).

Knockdown of MALAT1 in HepG2 Cells

To study the role ofMALAT1 in HCC cells, two shRNAs were cloned
into a pGreenPuro vector to knockdownMALAT1: shMALT1-1#: 50-
CACAGGGAAAGCGAGTGGTTGGTAA-30 and shMALAT1-2#:
50-GATCCATAATCGGTTTCAAGGTA-30. The copGFP reporter
in the vector was used to track the lentiviral transfection. A random
shRNA (50-GCAGCAACTGGACACGTGATCTTAA-30) was cloned
in the same vector as the assay control (shCT). Three days after len-
tiviral infection, HepG2 cells were selected by puromycin, and mixed
stable cells were collected for gene analysis by RT-PCR.

RAT-Seq

An RNA RAT-seq assay64 was used to examine lncRNA-mtDNA in-
teractions. After in situ reverse transcription in the isolated nuclei us-
ing gene strand-specific reverse transcription and biotin-dCTP
(deoxycytidine triphosphate), the biotin-cDNA/chromatin DNA
complex was isolated with streptavidin magic beads (Invitrogen,
CA, USA) and used for PCR amplification of the genomic DNA
that interacts with the lncRNA.

RNA FISH Assay

FISH was performed using two probes. In the first approach, we per-
formed RNA FISH forMALAT1 using commercial antisense oligonu-
cleotide probes in a FISH Kit (C10910, RiboBio, China). Briefly, cells
were fixed in 4% formaldehyde for 10 min and were permeabilized in
1 � PBS containing 0.5% Triton X-100 for 5 min at 4�C. After treat-
ment with pre-hybridization buffer at 37�C for 30 min, hybridization
was carried out with fluorescent probes following the protocol pro-
vided by the manufacturer. Images were obtained using a confocal
laser-scanning microscope (Carl Zeiss).

In a second approach, RNA FISH was performed using asymmetric
PCR-derived antisense DNA probes.14 FISH probes are prepared as
antisense single-stranded DNA molecules using a simple asymmetric
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PCR and labeled with digoxigenin-labeled dUTP (Digoxigenin
labeling DNA mix, Cat.11277065910 ROCHE). After probe hybridi-
zation, lncRNAs in the mitochondria are detected by anti-digoxige-
nin-fluorescein. For RNA FISH of the isolated mitochondria smear,
we first treated mitochondria supernatants with RNase A buffer
(4 mg/mL RNase A) at room temperature for 15 min to remove the
cytoplasmic RNA on the outer mitochondrial membranes. After
centrifugation, mitochondria were smeared on slides for RNA
FISH. In combination with MitoTracker (MitoTracker Red CMXRos,
Cat.M7512, Invitrogen), RNAs can be visualized within mitochon-
dria. The locations ofMALAT1 FISH probes are shown in Figure S11.

ChIRP

Mitochondria were first isolated following the Qproteome Mitochon-
dria Isolation Kit (QIAGEN, Cat. #37612) manual. After treatment
with RNase (4 mg/mL RNase A), the isolated mitochondria were
cross-linked, lysed, and sonicated. Three 30-end biotinylated oligonu-
cleotide DNA probes were hybridized to MALAT1. The biotinylated
probe/MALAT1/chromatin mtDNA complex was pulled down with
streptavidin C1 beads (Invitrogen 65002). The MALAT1-pulldown
chromatin mtDNAwas extracted and quantitated by qPCR for the in-
teracted mtDNA.24

Mitochondrial Oxidative Phosphorylation and Glycolysis

Mitochondrial metabolism was determined by measuring the OCR
and ECAR of the cells with the XF-96 Flux Analyzer (Seahorse Bio-
sciences, North Billerica, MA, USA) at the Gerontology Seahorse
Core Facility.65 Seahorse XF Cell Mito Stress Test and Glycolysis
Stress Test were used to examine OCR and ECAR, respectively,
following the manufacturer’s instructions. All readings were normal-
ized to total DNA content.

Detection of mtDNA Copy Number

mtDNA copy number was examined using a previous protocol.65

Briefly, genomic DNA was extracted from 300,000 cells by phenol-
chloroform extraction. The mitochondrial copy number was estimated
by real-time PCR (CFX Connect Real-Time System, Bio-Rad) using
three mtDNA targets (ND1, CYB, andMT-CO2) and one cytoplasmic
DNA target (b-actin) (IntegratedDNATechnologies [IDT], CA, USA).

Detection of mtDNA Methylation

mtDNA methylation was measured as previously described.26,42 The
PCR primers used to amplify the bisulfite-treatedmtDNA are listed in
Table S1. PCR products were cloned into the pJet vector and
sequenced for the quantitation of CpG methylation. DNA methyl-
ation was calculated as the average percentage of all CpG sites.

Transmission Electron Microscopy

Transmission electron microscopy was used to examine structural
changes of mitochondria. Control and shMALAT1-treated HepG2
cells were pre-fixed with 4% glutaraldehyde and then fixed with 1%
citric acid. Samples were dehydrated with ethanol, embedded with
Eponate 12 epoxy resin, and semi-thin sliced by LEICA EM
UC7 Ultra-Thin Slicer. After double staining with uranyl acetate
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and lead citrate, slides were observed under transmission electron mi-
croscopy (FEI Tecnai Spirit). For mitochondrial number quantita-
tion, electron microscope slides were viewed and counted by two in-
dependent technicians. In each group, 3 cells (N = 3) were counted for
the number of mitochondria in the treatment group.

Detection of mROS, Mitochondrial SOD Enzyme Activity, and

JC-1 Mitochondria Membrane Potential

mROS was detected by MitoSOX (M36008), following the manufac-
turer’s instructions. Plasma superoxide dismutase (SOD) activity was
detected using a Cu/Zn-SOD and Mn-SOD Assay Kit (S0103) from
Beyotime Institute of Biotechnology (Beijing, China) according to
manufacturer’s protocol.8 Mitochondrial membrane potential was
detected by the JC-1 kit (C2006) from Beyotime Institute of Biotech-
nology (Beijing, China), following the manufacturer’s protocol.

RIP

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(EMD Millipore, #17-700) was used to assess the interaction of the
lncRNA with MTCH2/HuR following the manufacturer’s specifica-
tions.66 Rabbit anti-IgG was used as the RIP control. We used DCt
values for determining enrichment fold change relative to IgG
controls.

Cell Cycle and Apoptosis Analysis by Flow Cytometry

Cells were fixed in absolute ethyl alcohol at �20�C overnight, washed
twice with PBS, and resuspended in PI staining solution containing
0.1 mg/mL RNase A, 50 mg/mL propidium-iodide, and 0.2% Triton.
Cell cycle distribution was analyzed using bivariate flow cytometry on
a Fortessa flow cytometer. To detect cell apoptosis, 2 � 105 cells were
harvested, and then resuspended in 500 mL Annexin V binding buffer,
and incubated with 5 mL Annexin V for 10 min and 5 mL 7-AAD for
15 min, following the manufacture’s instruction by flow cytometry.

Statistical Analysis

The data are expressed as mean ± standard deviation of at least three
sample replicates, unless stated otherwise. For comparison, the value
of the random shRNA control group (shCT) was set as 1, and the fold-
change was calculated for the shMALAT1-1/shMALAT1-2 groups.
Data were analyzed using GraphPad software (version 6.0c; PRISM,
San Diego, CA, USA). Student’s t test or one-way ANOVA (Bonfer-
roni test) was used to compare statistical differences for variables
among treatment groups.

Results were considered statistically significant at p < 0.05.

Availability of Data and Material

Raw FASTQ sequencing files comprised of three cell mitochondrial
RNA datasets have been deposited to the NCBI Gene Expression
Omnibus under accession number GEO: GSE119946.
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